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Introduction

Jorge Aguilera

Abstract Concentrating photovoltaics (CPV) is an alternative to flat-plate module
to produce cost-competitive electricity. It is based on the use of an optical system of
decreased cost that is able to concentrate solar light on a very small surface
(high-efficiency solar cell). It has numerous benefits such as greater energy density,
greater efficiency, and lower surface and lower semiconductor material require-
ments. Nevertheless, some technical and economic barriers must be removed to
decrease the electricity production costs using this technology and to make it really
cost-competitive. In the past years, researchers in CPV technology have experi-
mented with important technological advances that are mainly focused on the
increase the high-efficiency solar cells. Recently, a four-junction solar cell, with an
efficiency of 44.7 % under 297 suns and the expectations to reach 50 % in next
years, has been developed. Despite such technological advances, CPV technology
has a marginal position in the photovoltaic market and must show, even still, a
long-term reliability similar to the flat-plane PV module to improve its position in
the market. Some arguments could explain this situation: the high competition of
the flat-plane PV, the lack of CPV-module testing methods and standards, and the
lack of trust of private sector investors. For CPV technology to gain momentum, it
is necessary to continue economical and technical support of development and
testing of pilot projects to show long-term reliability and achieve a better under-
standing of the CPV technology performance, which would result in greater con-
fidence of the private sector.

1 Introduction

From the beginnings, CPV technology appeared like a real alternative to flat-plate
modules to produce cost-competitive electricity to concentrate the solar light on a
very small surface (high-efficiency solar cell). Its benefits are clear: greater energy
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density, greater efficiency, and lower surface and semiconductor areas. Comparing
its position on the learning curve of flat-plate modules, CPV technology is further
behind. Taking into account the continuous increase of solar cell efficiency, CPV
technology shows an extremely high potential for a decrease in cost. Nevertheless,
linked to these advantages there appear to be some technical barriers that must be
eliminated to dramatically decrease electricity-production costs.

When light falls onto a monojunction solar cell, only photons with energy
greater than the band gap energy are able to break covalent bonds to create
electron-hole pairs, which are separated by the device structure and produce elec-
trical current. This current can be used to power an electric circuit. Photons with
lower energy cannot produce more electricity. Multijunction (MJ) solar cells try to
eliminate such losses by having various subcells placed of different semiconductor
material, and, thus they have a different band gap energy. The subcell placed on the
top has the greater band gap energy, and the rest of the subcells are ordered by
decreasing band gap. In this sense, spectrum solar range used to produce electricity
is wider [1, 2] and the efficiency increases.

The efficiency of MJ solar cells increases with the number of cells that form the
stack, but this increase is less each time the overall number of cells increases [3]. In
practice, MJ solar cells are limited to five or six subcells, and, in fact, the best
results are obtained with triple-junction monolithic solar cells.

Concerning the optical concentrator, it can be simple, or it can consist of primary
and secondary optical devices. The primary optical device collects and concentrates
direct normal irradiation (DNI), and the secondary optical device distributes light
uniformly across the solar cell. The use of a secondary optical device allows an
increase of the uniformity of the DNI, thus improving the performance of the system
[4, 5]. Currently, research lines are focused to improve the design to decrease the
nonuniformity on different subcells [6]. Different optical concentrators are currently
being used (parabolic dishes, Fresnel lenses, linear parabolic reflectors, etc.), but
most of the CPV systems use optical devices based on Fresnel lenses [7].

In the past years, researcher in CPV technology has experimented with important
technological advances mainly focused on two research lines: (1) the increase of
high-efficiency solar cells; and (2) the improvement of optical concentrators.

Concerning solar cells, Table 1 shows the evolution of efficiency records from
previous years. A relative increase in efficiency, nearly 20 %, has been seen in only
10 years. It is worth mentioning that on 2013, the Sharp Company reached an
efficiency of 44.4 % with a three-junction (InGaP/GaAs/InGaAs) solar cell under
302 suns, and Fraunhofer Institute reported an efficiency of 44.7 % with a
four-junction (GaInP/GaAs/GaInAsP/GaInAs) solar cell under 297 suns. The effi-
ciency of MJ solar cells not only is the highest in PV technologies, but also there is
an expectation to obtain 50 % in following years [8, 9].

These results join together some intrinsic advantages of CPV technology—such
as the decrease of solar cell material requirement for the same capacity, lowers
balance-of-system costs (BOS), greater energy density, decreased land costs—all of
which make this technology very attractive for massive electricity production.

2 J. Aguilera



However, despite such technological advances, CPV technology must show,
even still, a long-term reliability similar to that of the flat-plane PV module to
consolidate a stronger market position.

In the present context—in which the price of conventional crystalline silicon PV
modules has decreased sharply from €3.5/W to €0.5/W [22], which is linked to the
absence of a small- to medium-size application market, which would in turn
facilitate CPV technology to reach a maturity—it is complicated to think about
CPV obtaining a solid position in terms of market penetration during the short term.
In fact, CPV technology has marginal participation in the global PV market.
According to the European Photovoltaic Industry Association (EPIA), the total PV
power installed in 2012 was approximately 102 GW, of which only 100 MW can be
attributed to CPV technology. These figures show a share participation of <0.1 %
[23]. Despite very limited market share, it is worth mentioning that at the end of
2013, the total power of CPV technology was approximately 160 MW [24, 25],
which represents a 60 % increase compared with the previous year. The following
three arguments could be made for this situation.
Argument No. 1
The first argument is the low cost, the very well-known good reputation, and the
highly reliable technology of the flat-plane PV. In fact, in the last 10 years, the
market penetration of PV has increased greatly worldwide. Such technology has
shown a high degree of maturity and has earned PCV the confidence not only of
public institutions but also of private companies regarding its capacity to produce
cost-competitive electricity.

Trying to obtain the present privileged position of flat-plane PV has not been
easy, and it has required an enduring collaboration of many actors (governmental

Table 1 Evolution of the indoor efficiency record for 2003–2013

Date Type of cell Suns Efficiency
(%)

Q4 2003 [10] GaInP/GaAs/Ge (2 terminals)—spectrolab 309× 36.9

Q4 2004 [11] GaInP/GaAs/Ge (2 terminals)—spectrolab 175× 37.3

Q4 2005 [12] GaInP/GaInAs/Ge (2 terminals)—spectrolab 236× 39.0

Q4 2006 [13] GaInP/GaInAs/Ge (2 terminals)—spectrolab 179× 39.3

Q4 2007 [14] GaInP/GaInAs/Ge (2 terminals)—spectrolab 240× 40.7

Q4 2008 [15] GaInP/GaAs/GaInAs (2 terminals)—NREL 140× 40.8

Q4 2009 [16] GaInP/GaInAs/Ge (2 terminals)—spectrolab 364× 41.6

Q4 2010 [17] InGaAp/GaAs/InGaAs (2 terminals)—spire 406× 42.3

Q4 2011 [18] GaInP/GaAs/GaInNAs (2 terminals)—solar junction 418× 43.5

Q4 2012 [19] InGaAp/GaAs/InGaAs (monolithic)—sharp 306× 43.5

Q4 2013 [20] InGaP/GaAs/InGaAs
(monolithic)—sharp

302× 44.4

Q4 2013 [21] GaInP/GaAs//GaInAsP/GaInAs—(Fraunhoffer
institute)

297× 44.7
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bodies on both national and local levels, decision makers, private companies,
electric utilities, national government organizations, etc.) that were able to launch a
wide variety of promotional strategies and dissemination programmes worldwide.
In fact, in past years, economies of scale have been a key factor in the sharply
decreased the costs of flat-plane PV, and CPV must be able to follow a steeper
learning curve [26]. So, for a relatively novelty technology such as CPV to compete
in such scenario assumes the facing of manifold challenges.

The use of CPV has numerous benefits such as greater energy density, greater
efficiency, and needs for lower surface and semiconductor material requirements,
thus resulting in a decrease of the associated costs. Nevertheless, additional costs
are needed due to use of optical devices, lenses, trackers, and operation and
managements costs, etc. Therefore, it is necessary to remove some technical and
economic barriers to decrease the electricity production costs using this technology
and to make it truly competitive in the marketplace.

Argument No. 2
The second argument is the lack of CPV-module testing methods and standards
[27, 28]. Many years ago, numerous domestic and international consensus stan-
dards (IEC 61215, IEC 60904, IEC 61853, etc.) were developed for the design
qualification and type approval of terrestrial crystalline silicon for the rating of
flat-plane photovoltaic modules under different meteorological conditions, etc.
Therefore, based on the use of such testing methods and standards, it is possible to
study and compare the performance of different module types and to accurately
predict how much energy a PV module will deliver under real meteorological
conditions during a specific period of time. This information has been used by
government bodies, prospective owners, private companies, etc., to study by means
of classical investment analysis in order to project the profitability of PV projects
and to analyze the “bankability” of this technology. In general, all of the standards
published and elaborated by the International Electrotechnical Commission and
different International Organizations (National Renewable Energy Laboratory,
ASTM International, Institute for Environmental Protection and Research, etc.) that
are relevant for photovoltaics have been well accepted for the PV market. Ulti-
mately, they have contributed to increase the confidence in PCV technology and to
pave and make easier the development of PV. In CPV technology, the present
situation is far from here, and it can be characterized by a lack of testing methods
and standards for rating and studying the performance of CPV modules.

A short time ago, the International Electrotechnical Commission published the
first part of IEC-62670 standard [29], which defines standard test conditions under
which suppliers must measure the CPV system and deliver the main electrical
parameters of CPV modules. The second and third part of this standard was not
published until date [30]. Both parts will define the procedure to evaluate generated
energy and determine the performance ratio of CPV plants. The lack of standards
for CPV modules to analyze CPV modules performance under different meteoro-
logical conditions is one of the most important technological barrier, and it would
be necessary to remove it as soon as possible to drive the sector to take off.

4 J. Aguilera



Argument No. 3
Finally, the third argument is the lack of trust of private sector investors in a
relatively new technology that must show a long-term reliability. In this sense, it is
necessary to develop a methodology that permits anlaysis of the bankability of CPV
projects to decrease the risk of investing in them. Such a methodology would be
based on the evaluation of the real performance of a CPV through on-site experi-
mental campaigns [31, 32]. The conducting of experimental campaigns would
allow development of a database to deeper analyze CPV performance and to
forecast energy production over the long term. An accurate prediction of the energy
production of a CPV plant would increase investors confidence in this technology.
Table 2 shows some of the strengths, weaknesses, opportunities, and threats
(SWOT diagram) to high-CPV technology [33, 34].

Forecasting the evolution of the market for a new technology is a complex issue
mainly due to the lack of historical data and because of rapid advances that occur
during the first stages of development. In addition, this evolution will be dependent
on other factors such as the economic crisis, support programs implemented by
several countries, etc. However, the increase forecasts for CPV technology are
optimistic, and numerous technical reports have predicted a rapid increase of the
global market share [35–37]. To achieve this goal, a crucial issue will be not only to
continue the economical and technical support of development and testing of pilot
projects but also to foster the installation of multi-MW PV plants. In this way, it
will provide establishment of quality, safety, and reliability standards as well as a
better understanding of CPV technology performance under real meteorological

Table 2 SWOT diagram for HCPV technology

Strengths Weaknesses

• High efficiency
• Modularity and scalability
• Mature technology
• Several pilot MW plants installed
• Widely used materials (steel, glass,
aluminum, plastics)

• High-energy yield (kWh/kWp) for
high-DNI locations

• Low LCOE for high DNI locations
• Smaller area per MW than flat plate

• Only suitable for locations with high DNI
• Not suitable for building integration
• Need for high-accuracy tracking
• Higher cost per Wp
• Low production and installed capacity
• Long-term reliability not proven
• Few years of field performance data
• Lack of standardization of power rating or
system acceptance criteria

Opportunities Threats

• Market emergence of utility-scale
projects

• Specific political incentives
• Perceived as a distinctive technology
• Green/local job creation policies
• More cost decrease potential than CSP
plants

• Lower maintenance cost than CSP
plants

• Perceived technology risk
• Decreasing costs of flat-plate
• Perceived high cost
• Bankability
• Energy storage is easier in CSP plants

LCOE levelised cost of electricity; CSP concentrated solar power
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conditions. The undertaking of large projects, such as the installation of 44-MW
CPV in South Africa or a 50-MW CPV in China, shows the path we must take to
allow CPV technology to really gain share in the marketplace [38] (Fig. 1).
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Multijunction Concentrator Solar Cells:
Analysis and Fundamentals

Eduardo F. Fernández, Antonio J. García-Loureiro
and Greg P. Smestad

Abstract Multijunction (MJ) concentrator solar cells are primarily constructed of III-V
semiconductor materials. The high solar-conversion efficiencies of these devices are
dependent on precise control of growth conditions using one of several techniques such
as molecular beam epitaxy, metal organic chemical vapour, or metal organic
vapour-phase epitaxy deposition. The use of several junctions in an MJ tandem stack
allows these devices to achieve efficiencies that are not possible for single-junction
devices. Their behaviour is consequently complex, but it can be understood through an
examination of the external quantum efficiency and the temperature dependence of each
cell in the stack. This chapter lays out a systematic approach for understanding the
spectral and temperature dependence of the overall MJ device by way of consideration
of its component subcells. The efficiency of the cell as a function of temperature and
concentration is described for both lattice-matched and metamorphic triple-junction
(TJ) solar cells. The electrical characteristics and current–voltage curves are described
from these considerations, and the performance of MJ solar cells under real operating
conditions are then presented by considering a term describing the overall thermal factor
and another term for the spectral factor. These terms can be understood from the
background presented in the previous sections. Finally, the power output for the
complete cell incorporated into a Fresnel lens based high-concentration photovoltaic
system is presented for a particular geographic location using meteorological data.

1 Introduction

Multijunction (MJ) solar cells comprised of III-V materials are routinely used in
space applications, for example, on satellites, unmanned space probes, planetary
landers, and the International Space Station (ISS) [1, 2]. In contrast, when these
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solar cells are used for terrestrial applications, they are used together with con-
centrator optics so that the cell cost becomes a small fraction of the overall system
cost. This creates several challenges to overcome that stem from the increase in the
irradiance on, and temperature of, the cell [3–5]. The MJ solar cell approach offers
significant advantages and disadvantages that can only be understood by analysing
a given design’s composition and performance from a fundamental perspective.
This is the goal of this chapter.

An MJ solar cell is a quantum solar converter based on the use of two or more
subsolar cells (subcells) comprised of semiconductor materials with different energy
gaps (i.e., band-gaps, Egap). It can take the form of a spectral splitting system [1, 4, 5]
or stacked tandem junctions. Both approaches can be accomplished by using dif-
ferent stoichiometric semiconductor materials or by varying the composition of
semiconductor alloys. An example of a stacked tandem device was first introduced in
the late 1970s. It used two subcells each with a p–n junction: The bottom cell was
based on gallium arsenide (GaAs) and the top cell (exposed to sunlight) was based
on aluminium gallium arsenide. A different approach was later developed by the
National Renewable Energy Laboratory based on an indium gallium phosphide (or
InGaP alloy) junction on top of a GaAs middle junction grown on a germanium
(Ge) substrate. This formed a triple-junction (TJ) tandem cell [1–5]. Further
refinements replaced the GaAs with InGaAs alloys. The stacked-subcell approach
has resulted in MJ cells of >40 % solar conversion efficiency [6–8]. Further work
includes quantum well and quantum dot layers as well as inverted metamorphic
(IMM) TJ solar cells [1, 9]. Combinations of GaAs and GaSb have also shown
promise [5].

The basic idea in all such MJ cells is to improve the solar conversion efficiency,
η, of the whole solar cell by optimizing the light absorption and photocurrent
generation of each subcell for a narrow wavelength range. As shown in Table 1, a
single-junction (SJ) solar cell, built with only one light-absorber material, has a
maximum theoretical (thermodynamic) efficiency at a one-sun concentration of 30–
34 % in sunlight. To improve on this efficiency, it is necessary to concentrate the
sunlight on the cell and/or to interconnect several subcells. The efficiency limit
increases to approximately 86.8 % for an infinite number of subcells at the maxi-
mum concentration ratio that can be achieved on Earth [10, 11].

Table 1 is for a cell temperature of 298 K. If the cell temperature increases
beyond this, thermodynamics requires that the cell voltage decreases [12, 13]. An
approximate relationship holds for the open circuit voltage, Voc, at a given tem-
perature, T, as follows:

dðqVocÞ
dT

¼ �Egap � qVoc

T
ð1Þ

Here, q is the charge on an electron. In actual solar cells, this temperature
dependence often leads to solar conversion efficiencies that are lower at greater cell
temperatures. The temperature dependence of several key cell parameters will be
the topic of subsequent chapters.
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Although the efficiencies obtained in actual cells are noteworthy and have
improved over time, there exists a considerable gap between theoretical and
experimental values. This is due to one or more loss mechanisms operating in solar
cells. For example, not every photon that a subcell absorbs gives rise to an
electron-hole pair that is collected at the electrical contacts. This is reflected by an
external quantum efficiency (EQE) that is less than unity [1, 4, 6]. In addition, there
are both optical losses, such as those from parasitic absorption by interconnection
layers, and electrical losses, such as those caused by internal series and shunt
resistance. In the section that follows, an overview of MJ concentrator solar cells is
presented, and the precise growth conditions necessary to create MJ devices are
outlined. Then an analysis of the whole MJ cell will be presented that allows one to
characterize and understand the losses of a particular design. This leads to the
ability to predict the performance of MJ cells under the actual conditions found
under deployment in a high-concentrator photovoltaics (HCPV) system.

2 Overview of MJ Concentrator Solar Cells

The key to the success of modern III-V solar cells is based on the development of
advanced growth technologies, mainly molecular beam epitaxy, metal organic
chemical vapour deposition, metal organic vapour phase epitaxy and other similar
techniques [14–17]. It is necessary to have high-accuracy epitaxial growth to obtain

Table 1 The maximum solar conversion efficiency for tandem cells as a function of the number of
subcells in the stack, n, for different concentration ratios, X [10, 11]

Concentration ratio (X) No. of cells in the stack (n) Maximum efficiency (η)

1 1 31.0

2 42.9

3 49.3

… –

∞ 68.2

100 1 35.2

2 48.4

3 55.6

… –

∞ 76.2

46,300 1 40.8

2 55.7

3 63.9

… –

∞ 86.8

The theoretical analysis assumes blackbody radiation for the sun, rather than the AM1.5 standard
solar spectrum, but the general results (and the efficiency values) are quite similar if the actual solar
spectrum is considered
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a highly efficient MJ solar cell. This means that there is little difference between the
lattice constants of adjacent layers. The growth techniques allow for unprecedented
control on the atomic level of the semiconductor devices. This makes it possible to
grow new materials, including pseudomorphic and alloy multiple compositions, for
example, SixGe1−x, AlxGa1−xAs, or InxGa1−xAs, where x is the mole fraction that
specifies the composition of the alloy [18]. It is necessary to consider that the alloy
components are distributed uniformly over the whole layer without any type of
clustering. This is reasonable in the case of solar cells due to the dimension of the
active region of these devices compared with the lattice constant.

A semiconductor material has many types of properties [19–22], but the most
relevant considerations in the design of an efficient MJ solar cell are the energy gap
and the lattice constant. The energy gap is equivalent to the energy that is necessary
to free a bond electron in the crystal, thereby creating a hole in the valance band and
an electron in the conduction band. In this case, it corresponds to the minimum
energy of the photon to be absorbed for the semiconductor material. The lattice
constant is the physical dimension of the unit cell in the crystal lattice of the
semiconductor. The ideal situation should be that the different materials of multi-
layer semiconductor devices have the same lattice constant, or at least as close as
possible, to decrease the number of defects and thermal, mechanical, and electrical
stresses. The results of such stresses are recombination centers within the band-gap
that lead to efficiency losses. In most cases, it is not a trivial matter to grow a
mechanically and electrically stable solar cell, and thus it is necessary to consider a
critical thickness of the semiconductor layer that corresponds to the maximum
thickness of the material necessary to avoid dislocations and similar defects that can
act as recombination centres [23]. Figure 1 shows the energy gap versus lattice
constant for several elements and alloy materials [24]. In the case of an alloy
composition of three or more materials—as in AlxGa1−xAs, InxGa1−xP, or GaxIn1
−xAsyP1−y with two molar fractions, x and y—the lattice constant and the energy
band-gap of the resulting material is a complex function of the mole fraction.

An MJ solar cell with two, three, or more junctions is a set of the same number
of p–n junctions made from different materials, stacked on the top of each other,
including metallic contacts on the top and bottom of the solar cell [25–27]. The idea

Fig. 1 Energy band-gap versus lattice constant for several semiconductors used in MJ HCPV cells
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is to subdivide the incident solar spectrum into several parts to be absorbed for the
different subsolar cells; each one has an optimized efficiency for a certain range of
wavelengths in the spectrum of the incident sunlight. The goal is to find the best and
most advantageous band-gap combination for each subsolar cell to convert the total
incident solar light with the maximum possible efficiency. It is also necessary to
take into account low-resistance metal contacts for obtaining a high-efficiency solar
cell. There are several possibilities to connect the different p–n junctions, but one of
the most efficient methods is to use a tunnel junction with very low resistance and
very thin layers to decrease, as much as possible, the absorbed light in these layers
[28]. In addition to all of the previously mentioned factors, one should not overlook
the importance of the semiconductor materials and the thickness of the various
subcells as part of the design. This is necessary to obtain the best current balance
among all of the subcells. The ideal situation is when all of the subcells generate the
same light-generated current under the relevant spectral conditions outdoors.
However, there is inevitably a subcell of the MJ with the lowest current, which
limits the total current of the MJ because the p–n junctions are connected in series
[29]. The total device voltage is the sum of the voltage of each subcell minus the
voltage of the tunnel junctions because they are in reverse bias. A typical structure
of a TJ solar cell is depicted in Fig. 2. In this case, each subcell is based on several
materials with different band-gaps. The p–n solar cell with the highest band-gap is
located on the top of the MJ solar cell stack to absorb the highest-energy photons,
and the other subcells are placed in decreasing order of the band-gap with the aim to
capture photons with less energy (longer wavelengths). The plot shows the air mass
(AM) 1.5 direct (AM1.5D, ASTM G-173-03) reference spectrum [30] with the
dashed vertical lines indicating the band-gaps for the top [gallium indium

Fig. 2 Portions of the solar spectrum absorbed in a TJ solar cell (left) and a schematic of a typical
monolithic TJ HCPV solar cell (right)
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phosphide (GaInP; 1.88 eV)] and middle [gallium indium arsenide (GaInAs)
(1.41 eV)] subcells. The bottom subcell in this example is Ge (0.67 eV). Absorption
of the photons is determined by the energy gap of the semiconductor material alloy
and its absorption coefficient [19]. The latter parameter indicates how far into
material photons of a specific energy can penetrate before they are absorbed by the
material. To improve the efficiency of the MJ solar cell, each one is designed to
absorb only one part of the spectrum of sunlight (e.g., AM1.5D). Window layers
should be included on the top subcells to decrease the surface recombination
velocity, and a back surface field (BSF) layer should also be used to minimize
scattering and loss of charge carriers at the tunnel junction [31]. It is necessary that
both layers should be as transparent as possible so the photons can be absorbed in
the active regions of the device. This is shown in Fig. 2 (right side).

One of the main problems of the MJ solar cell is related to the various lattice
constants of the semiconductor alloy material of each layer and the need to grow an
MJ solar cell when several materials with different lattice constants are necessary to
obtain the highest overall device efficiency. If the materials of the separate p–n
junctions have the same lattice constant, then it is easier to grow the MJ solar cell.
In this approach, the cells are called lattice-matched (LM) cells. [32]. The main
disadvantage of this strategy is that the materials with different band-gaps selected
for the subcells should have the same, or a very close, lattice constant. This con-
straint decreases maximum efficiency because it is not possible to select the best
materials for each subcell in terms of band-gap. One approach to increase the
number of possible semiconductor materials that can be selected is to use materials
with different lattice constants but with thin layers to decrease the stress in the
structure. These solar cells are called metamorphic-mismatched (MM) cells. This
option increases the list of possible materials that can be used, but it still limits the
flexibility to select the best materials for the subcells. This problem is critical when
four or more different materials with several lattice constants are necessary to create
an MJ solar cell [33].

There is another device structure called inverted-metamorphic (IMM) [34–36].
In this case, the MJ solar cell is grown in an inverted order on a suitable substrate
starting with the top subcell. Later, the original growth substrate is removed, and the
front metallic contact is deposited on the top layer [37]. In addition, more flexible
techniques exist that use materials with different lattice constants. For example, it is
possible to mechanically stack cells to connect several separate subcells or use
fabrication by way of wafer bonding [38–40]. This last method combines semi-
conductor materials with different lattice constants by forming semiconductor
bonds at the common interface layer. Each subcell, or group of subcells, are grown
on different substrates and then joined together. Afterward, the substrate of the top
cell is removed. For this process to succeed, it is necessary to have high-quality,
low-roughness surfaces. A good example of this technique is a four-junction device
comprised of GaInP/GaAs//gallium indium arsenide phosphide (GaInAsP)/GaInAs,
which has an efficiency of approximately 45 % [41].
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In the case of the application of the device in an HCPV system, optimization of
the front metal grid pattern is essential for a specific irradiance level and solar
concentration (i.e., 500× to 1000×). The main objective is to maximize light
absorption and decrease, as much as possible, the ohmic and shadow losses gen-
erated for the metal grid [31]. The design and analysis of MJ solar cells begins with
this criterion and by considering their behaviour versus the input solar spectrum,
temperature, and electrical properties.

3 Analysis of the Behaviour of MJ Solar Cells

The behaviour of MJ solar cells is inherently different than that of conventional SJ
solar cells. The internal series connection of several junctions with different
band-gaps makes these devices more sensitive to incident spectral irradiance. In
addition, the electrical parameters and temperature dependencies are significantly
influenced by the irradiance level. In this section, the basic aspects for under-
standing the performance of MJ solar cells under different operating regimes are
presented.

3.1 EQE

The external quantum efficiency (EQE) offers valuable information for under-
standing the performance of a solar cell. The EQE, as a function of wavelength,
represents the ratio of the number of electrons collected at the external contacts of
the cell to the number of incident photons as follows:

EQE kð Þ ¼ number of electrons
number of photons kð Þ ð2Þ

The wavelength interval for measurements of EQE (λ) typically ranges from 1 to
10 nm. EQE can be related to the spectral response (SR). The SR represents the
amperes generated per watt of incident light of a given wavelength and can be
expressed as follows:

SR kð Þ ¼ qk
hc

EQE kð Þ ð3Þ

where q is the electric charge, λ is the wavelength, h is Planck’s constant, and c is
the speed of light. Given this relationship, the short-current density (Jsc) of a cell for
a particular spectral distribution E(λ) can be estimated as follows:
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Jsc ¼
Z

SR kð ÞE kð Þdk ð4Þ

The Jsc is measured at the point at the I-V curve where V = 0 and is typically
expressed in mA/cm2. The standard (or reference) spectral distribution for AM1.5D
is shown in Fig. 2. However, as will be described in a subsequent chapter, the actual
spectral distribution under the operating conditions found for an MJ cell used in a
deployed (real-world) HCPV system is a function of the location of the system as
well as the time of year and time of day.

As discussed previously, to improve the conversion efficiency, MJ solar cells are
based on several junctions interconnected in series in which each subcell responds to
a particular band of the spectrum. Because of this, the short-current density of an MJ
solar cell is the subcell with the lowest current. This is usually expressed as follows:

Jsc ¼ min
Z

SRi kð ÞE kð Þdk
� �

ð5Þ

where the index i represents the junction, or subcell, considered in the MJ solar cell.
Figure 3 shows the EQE, at 25 and 75 °C, of an LM GaInP/GaInAs/Ge solar cell

as an example of the number of photons collected in each spectral band of a typical
MJ solar cell. This plot shows the EQE’s variation with temperature. As can be
seen, the absorption range is mainly determined by the band-gap. Because of this,
the key to understanding the variations of EQE with temperature is by considering
the change of the band-gap energy (Egap) versus temperature. This variation can be
explained with the Varshni relation as shown [42]:

Egap Tð Þ ¼ Egap 0ð Þ � aT2

T þ b
ð6Þ

where Egap(0) is the band-gap energy at 0 K, and α and β are material constants. The
Eq. (6) shows that the energy gap decreases as the temperature increases. Hence, as
the device temperature increases, the MJ solar cell is able to absorb photons with
lower energy. This explains the shift in EQE for the top, middle and bottom
junctions at longer wavelengths as shown in Fig. 3. In addition, a loss in EQE for
the middle and bottom junctions at shorter wavelengths is also observed. This can
be mainly explained due to the gain in EQE at longer wavelengths by the junction
directly above. This effect is also observed to a lesser degree in the EQE of the top
junction, probably due to the decrease with temperature of the band-gap energy of
the window layer of the MJ solar cell [43, 44].

The effect of temperature on the EQE described previously clearly suggests that
the influence of temperature on the electrical parameters of an MJ solar cell is more
complex than in an SJ device. The Jsc of the current-limiting junction increases with
temperature due to the decrease of its energy gap. However, this increase is less-
ened by the effect of the junction immediately above because the current of this
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junction is also increased with temperature. Bearing this in mind, the temperature
coefficient of an MJ solar cell (dJsc/dT) can be expressed as follows [45]:

dJsc
dT

¼ dJsc;i
dT

� dJsc;i�1

dT
ð7Þ

where (dJsc,i/dT) and (dJsc,i−1/dT) are the temperature coefficient of the
limiting-junction and the temperature coefficient of the junction above, respectively.
This phenomenon implies that (dJsc/dT) depends on the incident spectrum and that
the temperature coefficient of the whole MJ cell could not be always positive. At the
same time, the I-V characteristics of an MJ solar cell are strongly affected by the
current balance among the junctions. Hence, the influence of temperature on the rest
of the electrical parameters is also expected to be affected by the incident spectral
distribution and the limiting junction [46, 47].

3.2 Influence of the Input Spectrum

It is well known that MJ solar cells have a larger spectral dependence than SJ solar
cells because of the series connection of several subcells with different energy gaps

Fig. 3 Experimental EQE of the top junction (top left), middle junction (top right), and bottom
junction (bottom) of an LM GaInP/GaInAs/Ge TJ solar cell at 25 and 75 °C [48, 49]. The
oscillations in the external quantum efficiency for the Ge subcell are due to optical interference
effects from the many thin layers above it [50, 51]
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[52]. This is shown graphically in Fig. 2. Taking this into account, the temperature
dependence of the electric parameters of an MJ solar cell are also expected to be
influenced by the incident spectrum as was previously commented on. To clarify
this issue, Fig. 4 shows the main electrical parameters of an LM GaInP/GaInAs/Ge
solar cell under illumination by different spectra at 25 and 75 °C. The spectra are
expressed through the spectral matching ratio (SMR) index for the top and middle
subcells as shown [53]:

SMRðtop=middleÞ ¼ JL;top
J1:5DL;top

=
JL;middle
J1:5DL;middle

ð8Þ

where JL,top and JL,middle are the photo current densities of the top and middle
junctions, respectively. Figure 4 (top left) shows Jsc versus SMR for the two
temperatures. A maximum at SMR = 1 can be seen. This maximum represents the
spectral condition where the top and middle subcells generate the same current
(current-matched condition). Around this point, Jsc decreases due to the current
limitation in one of the subcells. On the left side of the maximum, the current of the
middle subcell is increased, whereas the current of the top subcell is decreased. This
corresponds to red-rich spectra, and the top subcell is limiting the current
(SMR < 1). On the right side of the maximum, the current of the top subcell is
increased, whereas the current of the middle subcell is decreased. Hence, these

Fig. 4 Experimental short-circuit current density (Jsc), open-circuit voltage (Voc), P, and FF
versus SMR for the top and middle subcells at 25 and 75 °C of an LM GaInP/GaInAs/Ge solar
cell. SMR = 1 corresponds to AM1.5D, ASTM G173-03, 1000 W/m2 where the three subcells
generate the same current as under reference conditions [55, 56]

18 E.F. Fernández et al.



spectral conditions are more blue-rich, and the middle subcell is limiting the current
(SMR > 1). Related to temperature, the cell shows an increase in current with
temperature more or less independent of the SMR. The open-circuit voltage (Voc)
versus SMR for the two temperatures is shown in Fig. 4 (top right). As can be seen,
no significant dependence on incident spectrum is found. In addition, the cell shows
a decrease in open-circuit voltage with a temperature independent of the SMR.
Figure 4 (bottom left) shows the maximum power density (P) versus SMR for the
two temperatures. P shows a similar behaviour to Jsc under spectral changes.
A maximum in P at SMR = 1 can be observed. In addition, around the maximum,
P decreases due to the current limitation by one of the subcells. Regarding tem-
perature, the cell again shows a decrease in temperature more or less independent of
the spectral changes. The fill factor (FF) versus SMR for the two temperatures is
given in Fig. 4 (bottom right). In this case, FF shows the opposite behaviour
compared with Jsc and P under spectral changes but with less variation. There is a
minimum at SMR = 1, and the FF increases around it. As for the previous
parameter, the cell shows a decrease in temperature more or less independent of the
spectral changes. The different behaviour of the FF under spectral changes can be
explained by analysing the relationship between FF and the rest of the electrical
parameters as follows:

FF ¼ P
JscVoc

ð9Þ

Voc can be considered independent of incident spectrum as a first approximation. At
the same time, Jsc shows a larger spectral influence than P. Hence, the FF grows
when Jsc decreases because P decreases to a lesser extent under spectral changes.
This behaviour exhibited by the FF under spectral variations can be used as a tool to
evaluate the current-matching among the subcells of an MJ solar cell under oper-
ating conditions [54].

As presented, the electrical parameters of an MJ solar cell are strongly influenced
by the spectral distribution. However, the temperature dependences of MJ solar cell
parameters can be considered independent of spectrum with a low margin of error
[49, 55, 57].

3.3 Influence of Optical Concentration

MJ solar cells show an important spectral dependence as was previously com-
mented on. In addition to this, the I-V parameters of MJ concentrator solar cells are
also affected by the illumination level. Furthermore, the temperature coefficients of
the electrical parameters are also affected by the optical concentration under
operating conditions [58].
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Under uniform irradiance, the short-circuit current can be considered linear with
respect to the concentration and is usually expressed as:

Isc ¼ X � Isc;1 sun ð10Þ

where X is the concentration factor or effective concentration, and Isc,1sun is the
short-circuit current at one sun (1000 W/m2). The concentration factor is sometimes
called the “concentration ratio” and is given the symbol “C” in some texts.
Accordingly, the absolute temperature coefficient of Isc can be expressed as a
function of concentration as follows:

dIsc
dT

¼ X
dIsc;1 sun

dT
ð11Þ

The rest of the electrical parameters and temperature coefficients show a more
complex relationship versus concentration. To clarify this point, Fig. 5 shows the
main electrical parameters of an LM GaInP/GaInAs/Ge solar cell under different
concentration levels at 25 and 65 °C.

Figure 5 (top) shows Voc versus concentration for the two temperatures. As can
be seen, Voc grows with a logarithmic dependence as the concentration increases.
For subcells connected in series, this dependence can be expressed as [57]:

Fig. 5 Experimental open-circuit voltage (Voc), FF, and efficiency (η) versus concentration (X) at
25 and 65 °C of an LM GaInP/GaInAs/Ge solar cell [61, 62]. The front metal grid of the cell is
optimized for operating at concentrations between 250× and 500×
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Voc ¼
Xn
i¼1

Voc;i;1 sun þ kT
q

Xn
i¼1

mi ln Xð Þ ¼ Voc;1 sun þ mkT
q

ln Xð Þ ð12Þ

where n is the number of subcells in series, Voc,1sun is the open-circuit voltage at one
sun, m is the diode ideality factor, k is Boltzmann’s constant, and q is the electric
charge. As is also shown in Fig. 5 (top), the temperature dependence of Voc

decreases with concentration. This can be explained by writing Eq. (11) as follows:

dVoc

dT
¼ dVoc;1 sun

dT
þ mk

q
lnðXÞ ð13Þ

The first term on the right, which is the temperature coefficient at one sun, is
negative. The second term on the right is positive and increases with concentration
such that the temperature coefficient of Voc decreases in absolute value versus
concentration. It is important to note that to know Voc and dVoc/dT at a particular
concentration ratio from their values at one sun, the value of the ideality factor
should be known. Reported ideality factors for TJ solar cells are usually in the range
3–4 for concentration levels from 1× to 1000× [58]. The ideality factor is influenced
by the recombination mechanism and the concentration ratio (which determines the
injection level) [59]. The dominant recombination mechanism for an MJ solar cell
has been shown to be different at low and high irradiance levels. The trend is toward
the radiative limit (m = 1 for each subcell) as concentration increases [57, 60].
Because of this, it is necessary to perform an analysis of m as a function of
concentration [m = m(X)] to accurately predict Voc and dVoc/dT. This behaviour can
be seen in the change and decrease of the slope of Voc as a function of ln(X) shown
in Fig. 5 (top).

Figure 5 (bottom left) shows the FF versus concentration for the two tempera-
tures. As can be seen, the FF increases with concentration ≤30×. Above this point,
the FF decreases gradually due to series resistance losses. As in the previous case,
the temperature dependence of FF decreases with concentration. This can be
explained by writing the temperature coefficient of the FF as [45]:

dFF
dT

¼
ln Voc;1; sun

qT
mkT þ ln Xð Þ þ 1

� � dVoc;1 sun

dT
q

mkT � Voc;1 sun
q

mkT2

� �
ðVoc;1 sun

q
mkT þ ln Xð Þ þ 1Þ2 ð14Þ

This equation expresses the variation of the temperature coefficient for FF with
concentration assuming a negligible series resistance. As shown, the numerator is
negative and grows in absolute value with concentration. However, the denomi-
nator increases to a larger extent with concentration. As a result, dFF/dT decreases
in absolute value with concentration, and this explains the behaviour described
previously.

Figure 5 (bottom right) shows the efficiency (η) versus concentration for the two
temperatures. As can be seen, η increases with concentration until >250×. This
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increase is dominated by the logarithmic increase of Voc with the intensity of the
light. However, as the concentration increases, this effect is counterbalanced by the
decrease of the FF due to series resistance losses. As a result, the efficiency is
decreased above a certain concentration level. As in the previous cases, the tem-
perature dependence of η is decreased with concentration. This can be explained by
writing the temperature coefficient of η as shown [61]:

1
g
dg
dT

¼ 1
Voc

dVoc

dT
þ 1
FF

dFF
dT

þ 1
Isc

dIsc
dT

ð15Þ

The temperature coefficients of Voc and FF decrease with concentration, whereas
the temperature coefficient of Isc is kept constant. Furthermore, in Eq. (15), the
dominant term is the temperature coefficient of Voc. Hence, the temperature coef-
ficient of η should decrease with concentration and will be mainly given by the
temperature coefficient of Voc as follows:

1
g
dg
dT

� 1
Voc

dVoc

dT
ð16Þ

It is important to note that this approximation may not be valid at increased
concentration levels due to the strong decrease of dVoc/dT as discussed in the
literature [45]. However, experimental results show that the temperature coefficient
of η can be approximated using Eq. (16) with a low margin of error until con-
centration levels reach even the extreme values of 10,000× [60].

Table 2 shows an example of the relative temperature coefficients of η and Voc of
an LM and MM TJ solar cell at different concentration levels. As was discussed, the
temperature coefficients of Voc and η are similar and decrease with concentration for
both types of MJ solar cells. In addition, the MM solar cell shows a slightly greater
temperature dependence than the LM solar cell.

Table 2 Experimental temperature coefficients of η and Voc of an LM and an MM
GaInP/GaInAs/Ge TJ solar cell at different concentration levels [61]

LM MM

X 1/η dη/dT
(%/K)

1/Voc dVoc/dT
(%/K)

1/η dη/dT
(%/K)

1/Voc dVoc/dT
(%/K)

1 −0.257 −0.241 −0.305 −0.272

100 −0.134 −0.160 −0.188 −0.184

250 −0.132 −0.143 −0.179 −0.172

500 −0.129 −0.129 −0.172 −0.162

750 −0.117 −0.126 −0.163 −0.151

1000 −0.109 −0.122 −0.157 −0.147
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4 Equivalent Circuit Models of MJ Solar Cells

An MJ solar cell can be considered as several series connected p–n junctions. Each
junction can be represented by an equivalent circuit model. The most frequently
used models are the single exponential model (SEM) and the double exponential
model (DEM) [59]. Figure 6 shows an example of the equivalent circuits of a TJ
solar cell by connecting the three subcells circuits in series.

Taking into account the SEM model, the current density of each subcell can be
mathematically expressed as follows:

J ¼ Jsc;i � J0;i exp
ViþJRs;ið Þ
miVT � 1

� �
� Vi þ JRs;i

Rp;i
ð17Þ

where each i subcell is characterized by a set of five parameters: the short-current
density (Jsc,i), the diode-saturation current density (J0,i), the diode ideality factor
(mi), the series resistance (Rs,i), and the shunt (or parallel) resistance (Rp,i). VT is the
semiconductor thermal voltage given by VT = kT/q.

Equation (17) combines the different recombination mechanisms into one diode
term that takes place in an MJ solar cell. Bearing this in mind, the current density of
each subcell can be more accurately expressed by the DEM model as shown:

J ¼ Jsc;i � J01;i exp
ViþJRs;ið Þ
m1;iVT � 1

� �
� J02;i exp

ViþJRs;ið Þ
m2;iVT � 1

� �
� Vi þ JRs;i

Rp;i
ð18Þ

where each i subcell is characterized by a set of seven parameters: the short-current
density (Jsc,i), the diode-saturation current densities (J01,i, J02,i), the diode ideality
factors (m1,i, m2,i), the series resistance (Rs,i), and the shunt resistance (Rp,i). The
first diode term represents the surface and bulk region recombination, which usually
dominates at high irradiance levels with m1,i ≈ 1, and the second diode term

Fig. 6 Equivalent circuit models of a TJ solar cell by using the SEM (left) and the DEM (right)
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represents the depletion region recombination, which usually dominates at low
irradiance levels with m2,i ≈ 2 [57].

The total voltage of the MJ solar cell, neglecting the voltage decrease on the
tunnel junctions [63], can simply be obtained by adding the voltages of each subcell
as shown:

V ¼
Xn
i¼1

Vi ð19Þ

The model’s parameters described previously depend on the operating condi-
tions, such as concentration and cell temperature, for the MJ solar cell [64]. At the
same time, current MJ solar cells are usually fabricated monolithically and incor-
porate only two electrical terminals. Because of this, the separate measurement of
the individual subcells and the determination of their parameters is a complex task
[65]. Some investigators have proposed different methods to obtain the parameters
of the subcells by making different assumptions and simplifications. Examples of
extraction methods based on the SEM scheme can be found in the literature [46, 55,
59, 66–68] as can results from those based on the DEM scheme [59, 69–71]. It is
important to note that these studies usually estimate the parameters at a particular
set of operating conditions. Furthermore, the ability to translate the parameters at a
desired operating condition is still challenging; thus the application of these models
is often limited. Figure 7 shows an example of the modelled I-V characteristics of a
typical GaInP/GaInAs/Ge device using Eqs. (17) and (19) by setting Rs,i = 0 and
mi = 1 under 1× concentration.

Fig. 7 Modelled I-V characteristics of each individual subcell and for the whole device of an LM
GaInP/GaInAs/Ge solar cell under reference conditions (AM1.5D, ASTM G173-03, 1000 W/m2,
25 °C)
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5 Performance of MJ Solar Cells Under Real Operating
Conditions

Currently the use of MJ solar cells for terrestrial applications is limited to HCPV
due to their relatively high cost. HCPV technology is based on the use of less
expensive optical elements to collect direct incidence sunlight and concentrate it to
approximately 300× to 2000× on the surface of the solar cell. The aim is to decrease
the cost of electricity, thus decreasing the semiconductor material by the use of the
less expensive optics [72–75].

Under actual conditions, the performance of MJ solar cells in an HCPV system
will be affected by time-varying atmospheric parameters. Therefore, it is necessary
to quantify the impacts of the different phenomena to accurately estimate their
performance. In this section, a discussion is presented on the main parameters that
affect the behaviour of MJ solar cells outdoors. A procedure to quantify these
parameters is addressed.

5.1 Thermal Factor

As presented in Sect. 3, the operating temperature of an MJ solar cell affects its
electrical performance. Under real operating conditions, the cell temperature is not
constant because it is affected by the changes in the direct normal irradiance (DNI),
air temperature (Tair), and wind speed (Ws) [76, 77].

As already discussed, the effect of temperature on the electrical parameters of MJ
solar cells can be quantified, with a low margin of error, using linear coefficients.
Bearing this in mind, the effect of cell temperature on the power output can be
quantified as shown:

TF ¼ 1� cðTc � T�
c Þ ð20Þ

where TF is defined as the thermal factor (TF), γ is the maximum power temper-
ature coefficient at the operating concentration, Tc is the cell temperature, and Tc

* is
the cell temperature under reference conditions (Tc

* = 25 °C).
In contrast, direct measurement of the cell temperature in HCPV systems is a

complex task due to the special features that arise because the cells are surrounded
by different peripheral elements [78]. Because of this, the scientific community has
devoted considerable effort to develop methods for indirectly predicting the cell
temperature in HCPV devices from different parameters (i.e., atmospheric param-
eters and/or easily measurable parameters in the concentrator) [77]. Among the
different procedures, the methods based on atmospheric parameters present the
advantage of allowing estimation of the cell temperature for a specific location
without directly measuring the concentrator. Because of this, they are a more useful
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tool for the electrical characterization at a desired location if the atmospheric data
are available.

A simple method based on linear coefficients as a function of DNI, Tair, and Ws

has been proposed [76]. The procedure is based on the following relation as
follows:

Tc ¼ Tair þ a1DNIþ a2Ws ð21Þ

where a1 and a2 are specific coefficients of the concentrator. In addition, if we
assume that the influence of Ws does not play an important role in the estimation of
cell temperature, Eq. (21) can be simplified as:

Tc ¼ Tair þ a1DNI ð22Þ

A slightly more sophisticated expression as a function of the same atmospheric
parameters has been proposed [79]. In this case, the cell temperature is obtained as
follows:

Tc ¼ Tair þ b1DNI exp
� Ws

2W0

� �
þ b2

 !
ð23Þ

where b1, b2, and W0 are specific coefficients of the concentrator. As in the previous
relations, the method assumes that the cell temperature is proportional to DNI, but it
uses an exponential correction based on the wind speed.

5.2 Spectral Factor

As was discussed in Sect. 3, the performance of MJ solar cells shows strong spectral
dependence. Furthermore, the spectral distribution of incident irradiance is affected
by atmospheric parameters and changes during the course of day, month, or year. In
particular, the atmospheric parameters with the largest influence on the spectral
irradiance and on the performance of MJ solar cells are, in order of importance,
AM, aerosol optical depth (usually quantified at 500 or 550 nm), and precipitable
water [80–84].

As was also mentioned, the performance of MJ solar cells under spectral vari-
ation is mainly determined by the current balance among the subcells. This effect
can be quantified through the spectral factor (SF) as [84]:

SF ¼ min Jsc;iEb kð Þ� � R
Eb;ref kð Þdk

min Jsc;i Eb;ref kð Þ� �� � R
Eb kð Þdk ð24Þ
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where the short-circuit current density of each i junction in a concentrator is
given by:

Jsc;i ¼
Z

Eb kð Þgopt kð ÞSRi kð Þdk ð25Þ

where Eb(λ) is the incident direct normal spectral distribution, Eb,ref(λ) is the direct
reference spectrum, and ηopt(λ) is the optical efficiency of the concentrator.

Equation (24) evaluates the performance of an MJ solar cell as a function of the
mismatch among the short-circuit current densities of the different junctions relative
to the value obtained under illumination by the reference spectrum. To explain this
in more detail, Fig. 8 shows the simulated SF and short-circuit current densities of

Fig. 8 Simulated SF and short-circuit current densities of an LM GaInP/GaInAs/Ge solar cell with
an SOG Fresnel lens as a primary optic at the summer and winter solstices in Granada, southern
Spain. The other parameters are kept constant at the reference values defined by the AM1.5D,
ASTM G-173-03 reference spectrum [30]

Fig. 9 External quantum efficiency of an LM GaInP/GaInAs/Ge solar cell and the transmittance
of an SOG Fresnel lens. Refer to this plot, together with the solar spectrum shown in Fig. 2, for the
discussion and results found in this section
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each junction for an LM GaInP/GaInAs/Ge solar cell with a silicone-on-glass
(SOG) Fresnel lens as a primary optic (see Fig. 9 for the EQE and transmittance) for
2 example days at Granada, southern Spain. The complete procedure followed is
explained in detail in the next subsection.

To show a contrasting variation between data, the summer and winter solstices
were selected as shown in Fig. 8. These days represent the minimum and maximum
daily average AM values, respectively. As can be seen, the behaviour of the SF is
similar for both days. The maximum spectral losses are produced at sunrise and
sunset when the AM values are greater, and the minimum spectral losses are
produced at midday when the AM values are lower. Although the behaviour of the
SF is similar on both days, the spectral losses are significantly greater on the winter
solstice than at the summer solstice with average SF values of approximately 0.7
and 0.8, respectively. This difference can be explained by taking into account that
the AM values are significantly greater at the winter solstice than at the summer
solstice. This can be also observed from the analysis of the short-circuit current
densities of the top and middle junctions. As can be seen for low AM values, the
top and middle junctions yield similar currents. However, for high AM values, the
top junction strongly limits the current, thus resulting in an overall decrease of the
SF of the MJ solar cell [80, 84].

5.3 Power Output

The power output of the cell is a key parameter because it allows knowledge of the
energy yield of a particular photovoltaic device. The power produced by an MJ
solar cell as a function of the incident DNI can be expressed as shown:

P ¼ DNI � Acell � X � gcell ð26Þ

where ηcell is the efficiency of the cell at the operating concentration, and other
conditions are held at the reference conditions. The effective concentration can be
related to the geometric concentration (Cgeo) of the HCPV device as shown:

X ¼ gopt � Cgeo ð27Þ

where geometric concentration is defined as:

Cgeo ¼ Alens

Acell
ð28Þ

where Alens is the area of the primary optics, Acell is the area of the cell, and ηopt is
the optical efficiency.

By itself, Eq. (26) neglects the cell temperature and spectral effects. Combining
Eqs. (20), (24), and (26), the power generated by an MJ solar cell can be more
accurately expressed as:
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P ¼ DNI � Acell � gopt � Cgeo � gcell � TF � SF ð29Þ

This equation estimates the power output of an MJ solar cell in a concentrator as
a function of its temperature and direct normal incidence characterized by its
irradiance (W/m2) and spectral distribution.

Figure 12 shows an example of the simulated annual power density of an MJ
solar cell with an SOG Fresnel lens as a primary optic in Granada, southern Spain.
The external quantum efficiency of the cell and transmittance of the Fresnel lens
used are plotted in Fig. 9. The system has a geometric concentration of 700×, an
optical efficiency of 85 %, and a cell efficiency under reference conditions of
38.5 %.

To quantify the effect of cell temperature, the times series of air temperature is
estimated from the maximum, minimum, and average values obtained from the
NASA atmospheric database for an entire year [85–87]. The cell temperature was
calculated using Eq. (22) from the air temperature and considering a1 = 0.06
°C/Wm−2. Once the cell temperature is obtained, the TF is estimated using Eq. (20)
and by taking γ = −0.12 %/oC as shown in Fig. 10.

The spectral distribution of the direct normal irradiance for the whole year was
simulated using the simple model of the atmospheric radiative transfer of sunshine
(SMARTS) [88]. The AM was calculated as a function of the Sun’s zenith angle (θ)
as [89]:

AM ¼ 1

cos hþ 0:45665h0:07ð96:4836� hÞ�1:697 ð30Þ

and the monthly average values of aerosol optical depth at 550 nm and precipitable
water were gathered from the Aerosol Robotic Network data set [90]. In addition,
Granada is a nonindustrialized medium-size city; therefore, the rural aerosol model

Fig. 10 Simulated annual TF for an LM GaInP/GaInAs/Ge solar cell with an SOG Fresnel lens as
primary optics in Granada, southern Spain. The system has a geometric concentration of 700×, an
optical efficiency of 85 %, and a cell efficiency under reference conditions of 38.5 %
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was selected. The rest of the input parameters for the SMARTS model were held
constant at their reference values defined by the standard AM1.5D, ASTM
G-173-03 at which MJ solar cells and HCPV devices are rated [30]. Once the
spectral distribution is available, the SF was obtained using Eqs. (24) and (25), and
the data for the external quantum efficiency and lens transmittance shown in Fig. 9.
The result is shown in Fig. 11.

Finally, the power density of the cell per unit area is predicted using Eq. (29)
every 10 min for the whole year as a function of the simulated DNI, TF, and SF
values. This is shown in Fig. 12. In this figure, the generated power density ranges

Fig. 11 Simulated annual SF for an LM GaInP/GaInAs/Ge solar cell with an SOG Fresnel lens as
primary optics in Granada, southern Spain. The system is the same as the one described for
Figs. 10 and 12

Fig. 12 Simulated annual power density for an LM GaInP/GaInAs/Ge solar cell with an SOG
Fresnel lens as primary optics in Granada, southern Spain. The calculation utilized (Eq. 29) and the
results shown in Figs. 10 and 11
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from 0 to 18 W/cm2 and is dominated by the incident DNI. In contrast, the TF and
the SF lead to power losses as can be seen in Figs. 10 and 11. In particular, the SF
ranges from 0 to 1, whereas the TF ranges from 0.9 to 1. Based on this, it could be
concluded that the spectral effects produce greater energy losses than the temper-
ature effects. However, as can be seen in Fig. 10, the maximum thermal losses are
produced at midday and at summer months when the contribution to the final
annual energy yield is at a maximum. In contrast, as can be seen in Fig. 11, the
maximum spectral losses are produced at sunrise and sunset and at winter months
when the contribution to the annual energy yield is lower than in the previous case.
This implies that the spectral losses do not necessarily dominate the energy losses
of an MJ solar cell in a concentrator under real operating conditions for a particular
period of time. To analyse the factor that leads to greater energy losses, the TF and
SF terms of Eq. (29) must be carefully analysed and compared. Thermal and
spectral losses change during the course of a day, month, or year and for each
location. Consequently, this type of analysis should be performed for a given period
of time and a specific location to accurately analyse and quantify the impact of the
spectral and thermal effects on the energy harvested.

The procedure based on Eq. (29) described previously for estimating the max-
imum power of an HCPV device was evaluated at the Centre of Advanced Studies
in Energy and Environment at the University of Jaen in Southern Spain. The
electrical parameters of an HCPV module were monitored together with the main
atmospheric parameters during the course of 2 years (2013–2014). The HCPV
module was made up of 20 TJ LM GaInP/GaInAs/Ge solar cells with an area of
0.763 cm2 interconnected in series and each with the EQE shown in Fig. 9. The
module used SOG Fresnel lenses with the transmittance shown in Fig. 9 as a
primary optical element. The secondary optical element for each cell consisted of a

Fig. 13 Schematic diagram
of a single receiver of the
HCPV module under study
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truncated pyramid reflective cup that used an aluminium film layer to enhance its
reflectivity. The module had a geometric concentration of 700× and used passive
cooling to ensure that MJ solar cells operate at their optimal operation range, which
is 50–80 °C. The module had a nominal maximum power of 280 W under reference
conditions (DNI = 1000 W/m2, TC = 25 °C, spectrum = AM1.5D) [91]. Figure 13
shows a schematic diagram of a single receiver of the HCPV module under study.

Table 3 shows the root mean square error (RMSE), the mean bias error (MBE),
and the determination coefficient (R2) between actual and predicted data. This
shows that the procedure described above is valid for estimating the maximum
power of an HCPV device at a particular location if high-quality atmospheric
parameters are available.

6 Conclusions

MJ concentrator solar cells are complex devices because they consist of several
devices stacked in optical and electrical series. This allows them to reach effi-
ciencies that are not possible with SJ devices. The analysis of their behavior,
however, is still possible from consideration of their external quantum efficiency,
band-gaps, and temperature coefficients of individual subcells. This allows the
influence of the input spectrum to be considered so that the short-circuit current,
open circuit voltage, and FF can nonetheless be understood as a function of tem-
perature, input spectrum, and irradiance that is a result of the optical concentration
factor. A lumped parameter approach that considers a TF and an SF allows the
estimation of the power output for real HCPV systems. These factors, when
combined with atmospheric and meteorological data, allow for the calculation of
the power output as a function of time of day and time of year.

Future work can consider this approach for different geographic locations and for
several complex conditions faced by real HCPV systems in the field. The analysis
can also be expanded to consider lattice-MM and other device structures such as the
IMM. Not considered in the above basic description is the effect of transient irra-
diance, partial shadowing or cell mismatching. This can also be considered in more
complex modelling efforts. The general conclusion is that the behaviour of MJ
concentrator solar cells and modules can, and must, be understood from a funda-
mental perspective for large-scale HCPV deployment to be successfully
undertaken.

Table 3 RMSE, MBE, and R2 between actual and predicted output power for an HCPV MJ cell

RMSE (%) MBE (%) R2

3.46 −1.26 0.98
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Characterization of Multijunction
Concentrator Solar Cells

César Domínguez and Pablo García-Linares

Abstract This chapter summarizes the state of the art in instruments and methods
for the characterization of concentrator multijunction (MJ) solar cells (MJSC). The
current-voltage characteristic (I–V curve) under illumination and the spectral
response or quantum efficiency (QE) are the main properties of a solar cell. The
measurement of the I–V curve as a function of light concentration provides the most
relevant information on cell performance such as peak efficiency or series resistance
losses. Concentrator solar simulators should fulfill strict spatial uniformity and
spectral requirements to provide accurate measurements. Precise spectral tunability
is required to reduce errors in the measurement of latest-generation cell architec-
tures, especially those not based on a germanium bottom cell with an excess of
current. The main types of concentrator solar simulators are described, and advice
on appropriate reference sensors and measurement precautions is provided. Spectral
characterization under controlled simulator conditions is essential to analyze MJ
cell behavior under the ever-varying spectral conditions found in real operation.
The relevance of the QE is that it allows calculating the photocurrent generated by
each subcell under a particular spectral irradiance and diagnosing possible mal-
functioning of the different regions of the cell. Cell electroluminescence (EL) is also
discussed as a useful tool for assessing defects. Spatially resolved EL can be used to
analyze solar cell internal defects, sheet resistivity, or thermal inhomogeneity under
steady concentrated light. Typical characterization set-ups, test procedures, and
potential instrumentation issues are discussed for QE and EL.
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1 Introduction

Motivated by the interest of the satellite industry and a growing number of com-
panies working on terrestrial concentrator systems, the progress on multijunction
solar cells (MJSC) has been accelerated from the beginning of the century. The
increasing record efficiencies achieved boost the interest of their use as a source of
electricity in terrestrial photovoltaic (PV) plants. Appropriate characterization
methods are essential for the development and optimization of concentrator cells
achieving the highest efficiencies and energy yield on the field. However, the
successive new generations of MJ cells employ an increasingly diverse range of
semiconductor materials and architectures. Thus, classical PV characterization
methods and standards become insufficient or inappropriate.

This chapter summarizes the state of the art in instruments and methods for the
evaluation of concentrator cell performance. The majority of the instrumentation
issues described is related specifically to the measurements of MJ cells due to their
use of multiple subcells with different bandgaps that are internally series-connected
and make a broader use of the spectrum than conventional silicon cells. The
current-voltage characteristic (I–V curve) under illumination and the spectral
response are the main properties of a solar cell. Cell electroluminescence (EL) is
also discussed as a useful tool for assessing defects. Typical characterization
set-ups, test procedures, and potential instrumentation issues are discussed.

2 Quantum Efficiency

Quantum efficiency (QE) is a key measurement for photovoltaic devices in general
and MJSC in particular. This technique has been applied to MJSC for almost
30 years [1]. Regarding conventional single-junction cells, QE helps diagnosing
possible malfunctioning of the different parts or regions of the cell [2] such as low
carrier collection in the base, emitter, depletion region, high front surface recom-
bination, poor back surface passivation, antireflection coating (ARC), etc. In MJSC,
the aforementioned electronic and optical performance features can be identified
and quantified through QE for each of the subcells integrating the whole device [3].
The characterization of the spectral collection of each junction separately provides
valuable information that can be employed to establish an adequate comparison
between them. The relevance of the QE is that it allows calculating the short-circuit
current (Isc) generated by each subcell. Because MJSC are devices composed of
different types of materials with different bandgaps, they can absorb a different
portion of the sunlight spectrum. In addition, each material forms a p–n junction,
which is series-connected monolithically to the next junction in a cascade config-
uration with no physical access to its individual terminals [4]. The possibility of
determining the photogenerated current delivered by each subcell is essential during
the design of a MJSC for a particular set of operation conditions because the
smallest one limits the performance of the rest of the device. Obtaining the QE is a
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straightforward method to provide accurate feedback on the layer structure design,
the quality of the epitaxial process, or the convenience of a particular processing
step during the fabrication of the cell.

2.1 Definitions

To appropriately begin with the description of this technique, a number of useful
definitions that best fit this characterization technique are reviewed.

• External QE: number of carriers collected per incident photon directly measured
on the photovoltaic device terminals and therefore including the reflection of the
incident light produced on its front surface. It may be relative or absolute.

• Internal QE: number of carriers collected per incident photon resulting from the
measurement of the photovoltaic device once the reflected component of the
incident light has been subtracted. It may be relative or absolute.

The relation that links both internal (QEint) and external QE (QEext) through the
spectral reflectivity (R(λ)) is shown in (1):

QEext ¼ QEint 1� R kð Þ½ � ð1Þ

Three different expressions of the QE corresponding to a GaxIn1−xP p–n junction
that constitutes the top cell of a triple-junction MJSC are illustrated in Fig. 1. The
three curves included in the figure show the main differences between the afore-
mentioned definitions: the absolute external QE is smaller than its internal coun-
terpart because it includes in the denominator (i.e., the number of photons), the
incident photons that are reflected on the cell surface, R(λ) in (1), and thus never
penetrate into the active semiconductor layers of the cell. The relative QE corre-
sponding to the external QE is also represented.

The QE is then obtained from the ratio between two magnitudes which are
measured for this type of characterization: the number of photogenerated carriers

Fig. 1 QE plot of a
GaxIn1−xP p–n junction
where the absolute external
and internal QE are shown
together with relative
external QE
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(i.e., electrons) and the number of photons from the solid angle of the aforemen-
tioned light beam that excites the device under test. In the following section, the
set-up used to carry up this experimental technique is reviewed.

2.2 The QE Characterization Set-up

A typical QE set-up adapted to the measurement of MJSC requires a number of
elements, some of which are indispensable and others that are just recommended
but usually included for practical reasons. These elements, depicted in Fig. 2a, are
listed and described hereafter.

Fig. 2 Description of a QE system applied to the characterization of MJSC where the different
elements are indicated. a Sketch of the QE system. b Picture of an actual QE system
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Source of white light and power supply
The QE characterization system is spectrally resolved because it uses monochro-
matic light to excite the solar cell. This monochromatic light is selected from a
source of white light, typically produced by a Xe arc lamp or a quartz tungsten
halogen lamp with the power supply being provided by a tunable stable power
module. Xe sources are ultraviolet (UV) and visible-rich. They have a relatively
continuous spectrum in the 200- to 700-nm range, but in exchange they are slightly
more unstable than halogen lamps, which are more infrared (IR)-rich (their spectra
usually peak around the near-IR); however, they are also inexpensive to operate and
easy to handle. These halogen lamps are often combined with deuterium lamps,
which complement the relatively poor UV response. Power supplies in the range of
50–1000 W are often offered by specialized market suppliers.

Monochromator
This element converts the white light focused at its entrance into a monochromatic
beam. It typically works with diffracting gratings that spatially separate the spectral
components of the light. These gratings have a specific spectral response characterized
by particular peak efficiency and an operating range. A monochromator often hosts
more than one grating. The input and output openings are regulated by a set of slits, the
aperture widths of which enable tuning of the spectral resolution of the output
monochromatic beam. The selectedwavelength at the output is remotely controlled by
software, which sweeps a portion of the operating spectrum with a fixed step.

Antiharmonic filter-wheel
A set of longpass and/or bandpass filters disposed on a wheel that is automatically
controlled as a function of the scanning spectral range helps prevent harmonics and
stray light, which would hinder the QE measurement located in the optical path.

Calibrated detectors
A photovoltaic detector is required to measure the light impinging on the solar cell
under test. The fact that it is calibrated allows determining the absolute components
of the QE. The calibrated detector used for the acquisition of the reflected com-
ponent allows the measurement of the internal QE.

Lock-in amplifier and chopper
The electrical signals being handled in the QE characterization are low because the
initial luminous power from the white light source is strongly decreased throughout its
optical path, especially in the monochromator (there exists a trade-off between mono-
chromaticity and power of the light beam). For this reason the test light is chopped, and
the resulting modulated signal is demodulated, thus increasing the signal-to-noise ratio
(SNR) with the lock-in amplifier synchronous-detection technique.

Transimpedance amplifier
This optional element of the QE set-up is used to amplify the signal level as well as
to convert the current photogenerated by the test cell and from the calibrated
detectors into a proportional voltage signal. This stage is located before the lock-in
entrance because it can only accept voltage signals.
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Personal computer
A personal computer is used to run the software employed to synchronize the
different elements of the set-up, save the relevant data from each measured point,
and set the desired parameters of each measurement.

Thermally regulated chuck and vacuum pump
The solar cell or PV receiver is fixed onto a chuck, which, by means of the vacuum
produced by a vacuum pump, is thermally regulated with a close-cycle water
chiller, thermoelectric assembly or equivalent cooling system.

Bias light
As it will be reviewed later, the QE characterization of an MJSC requires a bias
light that is absorbed by all of the subcells from the device except the one under
test. Halogen lamps equipped with a combination of longpass and shortpass filters
and guided to the sample with optic fibers can be used. Another possible config-
uration can be implemented with lasers of different wavelengths. This solution
provides greater irradiance, but it is less versatile.

Voltage source
Another feature of the QE particularly applied to MJSC is the need for an electrical
voltage bias. This can be provided by an electrical active load, such as a voltage
source or a source-meter, which must operate in at least two quadrants.

2.3 The QE Characterization Applied to MJSC

The electrical configuration of the subcells within a MJSC makes necessary the use
of an alternative continuous bias light to saturate the junctions (in terms of
photogeneration) that are not meant to respond during each measurement, making
the one under test to limit the device performance and hence, command the oper-
ation [4]. In contrast, a voltage bias is necessary to avoid reverse bias of the solar
cell sub-junction under test.

In Fig. 3a, a simplified sketch is shown of the front metallization of a concen-
trator solar cell during QE characterization. The figure represents the relative
position of the monochromatic test light spot within a small concentrator cell
surface, which can significantly affect the absolute value of the measurement. This
effect is magnified on cells with a finger pitch in the range of the test light spot
dimension. This is explained by the fact that a different equivalent shading factor is
produced as a function of the position of the spot. If the position of the spot is
slightly varied throughout the cell surface, a different portion of the finger metal-
lization will be illuminated, and a different response will be measured. This
uncertainty has been characterized for this particular example. The result is shown
in Fig. 3b, where a 3 % difference exists between the two extreme equivalent
shading situations.
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Chromatic aberration of the test light spot passing through the refractive optics
of the QE system may also be responsible for a large artifact. This can be the case
when the test cell and the test light spot have approximately the same size. Obvi-
ously, if the light spot is larger than the cell, an absolute measurement cannot be
appropriately performed because part of the test light will be lost. However,
chromatic aberration can make the light spot partly impinge the busbar when
varying the test wavelength (Fig. 3c).

2.3.1 Light Bias

A light bias system with a special spectral distribution is one of the essential
elements of a QE characterization system applied to MJSC. This is explained by the
fact that series-connected circuits share a common current. A MJSC under illu-
mination is limited (and commanded) by the p–n junction that generates the
smallest photocurrent, and therefore a light bias is required to externally photo-
generate an excess of current in the junctions that are not to be measured so that the
one under test commands the device, and its response can be appropriately
acquired. The photocurrent in excess produced in the junctions that are not to be
measured is either radiatively and nonradiatively recombined by that same junction
or performed through the shunt resistance.

In principle, a QE measurement must be performed at a certain current bias.
Actually, because the QE feature can be used to calculate its ISC at one sun (through
the integration with the solar spectrum), a current bias level of approximately one

Fig. 3 a Sketch of a concentrator solar cell illuminated with a test light spot where the finger pitch
is approximately as large as the spot dimension. b Example of a QE measurement as a function of
the position of the test light spot. c Concentrator solar cell illuminated by different visible
wavelengths
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sun should circulate across the device. In general, the chopped test light from the
monochromator is weak and very far from the one-sun (0.1 Wcm−2) irradiance. As
a result, the cell electrical response during the QE measurement is far from one-sun
illumination conditions unless a bias light is also applied to the junction under test.
However, when all of the junctions that constitute the MJSC have a linear response
with respect to the incident light, there should be no need to apply such bias light
also to the junction under test.

Another figure of merit of the light sources used to bias the different MJSC
junctions is the power density provided by each of them. The larger the power
density of the bias lights, the smaller the artifact associated with small shunt
resistance of the cell. The effect of this artifact and ways to compensate for it will be
discussed in an upcoming section.

Different types of bias light systems are generally used in commercial and
homemade QE characterization systems:

• A set of lasers with a characteristic emission wavelength is centered within each
of the junction QE response ranges. The laser provides an excellent power
density, which is a positive point in favor of this choice. Regarding the linearity
issue, the laser solution will be effective in case the power of the lasers can be
tuned so that one of them is used to bias the junction under test close to one sun,
and the rest of the coherent sources are used to saturate the rest of the junctions.
Commercial lasers are not always tunable, and, in addition, their use may
require increasing the security of the laboratory environment. Natural substitutes
for them are the laser-diodes or directly the use of diodes with the maximum
possible collimation to increase the power density.

• White light sources with optical filters, like the ones presented in the sketch in
Fig. 2, are a versatile, easy-to-use, and inexpensive solution. Halogen lamps,
whose light is redirected with optic fiber, and a set of long-pass, band-stop, and
short-pass filters, such as the ones whose transmission responses are shown in
Fig. 4c–e, respectively, can be used to provide the appropriate bias light.
Actually, the bias of the junction under test can be tuned simply by choosing a
different cut-off wavelength for the filters. The negative point in this case is that
high irradiances are not easily achieved with these white light sources.

Typical QE signatures from a triple and quadruple MJSC are shown in Fig. 4a, b,
respectively. A quadruple cell with a bandgap distribution approximately such as the
one shown here has recently obtained a record efficiency [5]. Each of the junctions from
the MJSC requires a light bias with a particular spectrum to be measured. These lights
have been obtained in this case by means of halogen lamps tuned with long-pass,
band-rejected, and short-pass filters as the ones represented in that same figure.

2.3.2 Voltage Bias

The application of an external voltage bias is also an important element in the QE
characterization applied to MJSC. The reason is that the junction under test must be
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at zero volts during its characterization, and the difficulty with this is that the MJSC
is a series-connected, two-terminal device with no access to any of the intermediate
terminals. The external voltage (Vext) at the cell terminals equals the sum of the
individual voltages of the junctions. A voltage bias produced by an external source
must be applied to provide the appropriate bias conditions to the test junction.

The voltage scheme of the MJSC is expressed in Eq. (2), where Vtop, Vmiddle, and
Vbottom are the bias voltage of the top, middle, and bottom junctions, respectively.
According to this simple relationship, we can deduce that the junction under test
would be reverse-biased if no Vext is applied (i.e., for Vext = 0 V) because it would
become naturally biased at a reverse voltage equal in absolute value to the sum of
the other two junctions’ voltages.

Vext ¼ Vtop þ Vmiddle þ Vbottom ð2Þ

A graphic representation of the I–V curve of the MJSC, including each indi-
vidual subjunction I–V curve, is presented in Fig. 5a. In this case, the operating
point of the electrical-equivalent circuit of the triple-junction cell corresponds to a
situation where a QE experiment is being performed on the top junction with no
external voltage bias (Vext = 0 V). The monochromatic test light is absorbed by the
top junction, and the two other sources of bias light are absorbed by the middle and

Fig. 4 Absolute QE of a triple-junction cell (a) and a quadruple-junction cell (b). c–e show
long-pass, band-stop and short-pass filters, respectively, selected to measure the QE of top, middle
and bottom junctions. Blue and pink colors represent the transmitted and filtered components,
respectively (color in online)
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bottom junctions. The test light from the monochromator is supposed to have a
much lower irradiance, which is the reason why ISC,Top is lower than ISC,Mid, and
ISC,Bot and equal to ISC,Tot (short-circuit current measured at the whole-device
terminals). This same electrical operating point could also correspond to a situation
where an additional bias light illuminates (with a lower irradiance than the other
two bias lights) the test junction. This strategy would pursue biasing the total device
current close to the one-sun operation point. As represented in the figure, the
voltage distribution of the MJSC is as follows: because no external voltage is
applied, the transimpedance amplifier imposes zero volts on the cell output voltage
and VTot as well as the middle and bottom junction operating voltages, VMid and
VBot, are close to their corresponding VOC; therefore the test junction operating
voltage, VTop, becomes reverse-biased at approximately—(VOC,Bot + VOC,Mid).
Because this is unacceptable for the QE measurement of that p–n junction, a
compensating external bias voltage of Vext * (VOC,Bot + VOC,Mid) must be applied
on the MJSC terminals to impose VOC,Top = 0.

Once it has been stated that an external voltage must be applied during the
measurement of the QE of an MJSC, the procedure to select the appropriate value
will be detailed. First, it must be added that the estimation of this Vext depends on
the cell internal voltage distribution, i.e., the voltage supplied by each junction,
which cannot be directly measured. The Vext selected for each subcell measurement
depends on the VOC of the MJSC, which in turn depends on the number of subcells

Fig. 5 a Sketch of the I–V curves of the MJSC (dashed gray) as well as from each of the other
subcells. The top cell of the triple-junction cell is represented with a solid blue line, the middle cell
with a green solid line, and the bottom cell with a red solid line. b QE as a function of Vext. c QE at
λ = 500 nm and λ = 600 nm as a function of Vext from 0 V to 1.8 V (color in online)
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of the structure, the bandgaps of the different materials that constitute each subcell
junction, and the spectral irradiance of the bias illumination.

As recommended in Ref. [6], Vext must be obtained from the sum of the mean
values of VOC and voltage at the maximum power point (VMPP) of all subcells not to
be measured, i, regarding bias light conditions: Vext ¼ 1=2

P
i V i

OC þ Vi
MPP

� �
. But

these values cannot be easily known for a particular illumination and corresponding
spectral distribution. Therefore, a simple method is here proposed and exemplified
for a triple-junction cell:

• Sum all bandgaps present in the structure:
EG sumð Þ ¼ EG Topð Þ þ EG Midð Þ þ EG Botð Þ

¼ 1:85 eVþ 1:4 eVþ 0:75 eV ¼ 4 eV
• make a proportionality coefficient (Cj) for each junction:

CTop ¼ 1� ð1:85=4Þ ¼ 0:54; CMid ¼ 1� ð1:4=4Þ ¼ 0:65;
CBot ¼ 1� ð0:75=4Þ ¼ 0:81:

• and measure the cell VOC provided by the bias light used for the measurement of
the QE of each junction ðV j

OCÞ :
• ApplyVext ¼ V j

OC � Cj

At this point, an assumption is made regarding a linear relationship between the
VOC of a subcell and its material bandgap (EG) for all of the junctions present in the
structure when illuminated equivalently. This approximation is reasonably verified
if only direct III–V semiconductor materials subcells constitute the MJSC, although
a correction factor must be used when an indirect bandgap material is present.
A correction factor may also be required when the difference between the irradiance
with which a particular test junction is illuminated is much larger than the irradiance
used for biasing the rest of the junctions during that measurement.

The QE of a junction is particularly sensitive to the applied external voltage
when the shunt resistance is degraded. An example of the influence of Vext on the
QE measurement of a junction with a relative small shunt is shown in Fig. 5b. In
this case, the whole QE curve is measured with a 50-nm step for Vbias between
Vext = 0 V and 1.8 V. At low Vext, the junction is reverse-biased, and its QE is small.
The response increases as Vext increases until it reaches approximately 1 V where it
remains relatively stable for a wide range of Vext. For Vext close to the cell VOC, in
this case 1.8 V, the QE collapses. Figure 5c shows the evolution of the response of
the junction for two particular wavelengths, λ = 500 nm and λ = 600 nm.

2.3.3 Artifacts Caused by Shunt Resistance and Radiative Coupling

A junction affected by a small (degraded) shunt resistance presents a typical artifact
consisting of the response of an adjacent junction throughout its whole absorption
range [6, 7]. This is often the case in the current commercial triple-junction,
lattice-matched structures (GaInP/GaInAs/Ge). Actually, the Ge bottom junction is
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usually characterized by a relatively poor shunt resistance, which presents a strong
artifact response in at least one of the adjacent cells (mostly in the middle subcell).
The explanation of the physical mechanism that produces this artifact is out of the
scope of this work, and its fundamentals are extensively reviewed in Ref. [6]. The
work by Meusel et al. also explains that the magnitude of the artifact depends on the
irradiance level of the external bias light. Therefore, increasing the intensity of these
bias lights directly impacts this parasitic response, the origin of which (low shunt
resistance) cannot be avoided.

The artifact, when present, is easily recognizable in the absolute QE from the
bottom cell of a commercial triple-junction cell such as the one shown in Fig. 6a. It
presents a scaled version of the middle junction response in the same absorption
range of that junction (between 670 and 880 nm) corresponding to the short
wavelengths of the black solid curve in the figure. Another effect of the artifact is
the decrease of the QE signature corresponding to the actual absorption range of the
bottom junction (from 880 to 1800 nm). Actually, Siefer et al. [8] deduced that the
loss of response in the bottom cell range is proportional to the artifact manifested in
the middle cell absorption range. Their work also proposes a procedure to com-
pensate and correct this parasitic response to obtain the artifact-free real response of
the bottom junction (gray solid line in Fig. 6a). The correction procedure, based on
data treatment, is here detailed:

• Plot both middle and bottom cell absolute external QE in the same graph. Scale
down the whole middle junction QE until reaches the parasitic level produced
by the bottom subcell. The scaling factor (Sfmid) will be later used in the data
treatment.

• Subtract the scaled middle cell QE from the bottom cell QE only in the range of
the middle cell spectral response.

Fig. 6 a Bottom cell of an MJSC before and after data treatment used to correct the artifact caused
by shunt resistance. b Sketch of I–V curves corresponding to subcells showing the radiative
coupling
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• Correct the bottom junction response within the range corresponding to wave-
lengths longer than the absorption threshold of the middle junction (generally
from 880 to 1800 nm) by dividing the QE values by (1 − Sfmid).

• Plot together the result of the subtraction between the parasitic response of the
bottom cell and the scaled middle cell within the absorption range of the middle
cell and the rest of the bottom response scaled up a factor 1/(1 − Sfmid) to
compose the corrected artifact-free bottom absolute external QE.

The integration of the new bottom QE curve with the solar spectrum will now
correspond to the photogenerated current produced by this junction, which was not
the case with the curve directly obtained from the measurement comprising the
artifact and before data treatment correction. Therefore, the corrected QE can be
reliably used to adjust a solar simulator for a measurement of the I–V curve.

Luminescence or radiative coupling effects produced by the radiative recombi-
nation of the higher bandgap junctions of an MJSC at an energy corresponding to
their bandgap edge [as in a light-emitting diode (LED)] and toward the smaller
bandgap junctions is another performance feature that has gathered the attention of
the scientific community lately [9–12].

Once the higher bandgap junction has emitted through the next junction and this
has absorbed the incoming flux (the junction next to it has the largest probability of
absorption of the light rather than the lower junctions because (1) it is located
before in the optical path and (2) its absorption coefficient is generally greater than
the smaller bandgap cell), this intermediate junction can reemit to the smallest
junction in a cascade process. Regarding the emission from lower-bandgap junc-
tions, any luminescence from the bottom junction that is not reabsorbed is lost.
The QE signature of a junction affected by radiative coupling shows a tail in the QE
response range corresponding to the junction that is at the origin of the emission
and a decrease of the QE level within the absorption range of the junction. The
effect is thus similar to the one already tackled regarding the low shunt resistance
artifact. It is important to note that although the QE tail is produced by a particular
measurement condition, its presence does not necessarily imply that radiative
coupling will take place in the same way under realistic operating conditions [13].

High-quality, direct-bandgap junctions have a large radiative-to-nonradiative
recombination ratio and emit in the surrounding of the bandgap wavelength when
operating in relatively large forward bias, which is the normal operation under real
conditions. This emission is captured by the lower junction, thereby creating an
extra photocurrent. This effect is sketched in Fig. 6b where the I–V curves of the top
and bottom individual junctions of a double-junction cell, denoted as “top” and
“bot” in the plot and respectively represented in blue and red solid lines, are
represented together with the I–V curve measured on the device terminals. In this
case, the high-bandgap or top cell produces a strong radiative coupling, and most of
its emission is absorbed by the low-bandgap or bottom junction rather than sent out
of the cell through its front surface plane. Equation (3) is then verified, where I 0SC;Bot
and ISC,Bot are the short-circuit currents of the bottom junction with and without
taking into account the radiative coupling, and ILC is precisely the current produced
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by the radiative coupling from the top cell into the bottom cell. The fact that most of
the emission from the top cell radiative recombination is directed to the junction
underneath instead of escaping from the front surface of the device happens because
the difference between the refractive index of the medium out of the cell and that of
the top junction is large (note that nout = 1 and nin > 3.5) compared to the difference
in refractive index between the two subcell semiconductor materials. Luminescence
from the top junction enhances the photocurrent of its adjacent junction, thus
shifting its I–V curve upward. This in turn shifts the operating point of the top
junction up and therefore decreases the recombination current, which then
decreases the luminescence in an iterative process [11]. The dashed red line rep-
resents the equilibrium I–V curve of the bottom cell once the photocurrent produced
by the radiative coupling has been taken into account. The difference between the
top cell short-circuit current (ISC,Top) and I 0SC;Bot is denoted as IREC. This value
corresponds to the total excess of current photogenerated in the top junction that
will recombine within that junction, so that (4) is verified. The dashed gray line
represents the equilibrium I–V curve of the tandem.

I 0SC;Bot ¼ ISC;Bot þ ILC ð3Þ

ISC;Top ¼ I 0SC;Bot þ IREC ð4Þ

Steiner et al. proposed in [9] a method to identify, measure, and correct the
radiative components produced by a particular measurement conditions so the
appropriate QE signatures can be obtained. The latter allows tuning the solar
simulator so that realistic one-sun conditions prevail.

2.4 Influence of the Incident Angle and Temperature
on the QE Applied to MJSC

The QE of a solar cell has a dependence on temperature as has been reviewed in the
previous chapter [14]. As the temperature increases, the bandgap of a semicon-
ductor material decreases, and this produces a shift in the optical absorption edge.
A sketch of the temperature-dependent external QE of the top and middle junction
is shown in Fig. 7a, b. As the temperature increases, the decrease of the QE at high
wavelengths shifts toward longer wavelengths. The figure shows how the short
wavelength edge of the top cell remains the same because it only depends on the
absorption edge of the window layer and the corresponding surface recombination
velocity. This will be the case unless the window layer also suffers a noticeable shift
with temperature. The shift produced in the long wavelengths of the top junction at
high temperature is proportional to the shift suffered by the short wavelengths of the
bottom junction at those same temperatures. A systematic work on the influence of
temperature on the GainP/Ga(In)As/Ge triple-junction cell, including a thorough
analysis of its effect on each junction of the QE, can be found in references [15, 16].
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Relative photocurrent response as a function of the incidence angle, IL(α), such
as the one shown in Fig. 7c, is a common figure of merit that can be found in
commercial MJSC datasheets. Such a characteristic (represented in the figure with a
dark solid line) is acquired by means of I–V characterization; however, it can also
be obtained from angular-dependent analysis of the absolute QE. Figure 7c rep-
resents IL(α) obtained from the integration of the absolute QE of the limiting
junction of an equivalent MJSC described by the datasheet curve for two cases, i.e.,
with and without a silicone encapsulant (respectively represented by blue hollow
circles and red crosses).

QE characterization as a function of the incidence angle (α) and temperature can
also be used to study the optical coupling between the ARC and the transparent
element used to encapsulate the cell in certain concentrated photovoltaic
(CPV) configurations (a silicone-based material generally is used). This optical
coupling is modified because of the dependence of the refractive index with

Fig. 7 a, b Sketch of the QE of the top and bottom junctions of a MJSC as a function of
temperature. c Relative photocurrent response as a function of the incidence angle, IL(α). Data
from the datasheet are shown together with data from QE characterization from two samples, i.e.,
with and without a silicone encapsulant. d Sketch of a concentrator cell surface and incident rays in
a situation where the fingers are orientated transversal with respect to the plane of tilt
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temperature, which modifies the design conditions. This optical coupling has a
direct effect on the spectral response of each subcell. A performance analysis of
each individual junction of the MJSC for the case of a bare cell and a
silicone-encapsulated cell is assessed in [17] to evaluate differences in the optical
coupling for each junction as a function of α and T.

Some subtleties exist regarding the QE characterization procedure of a concentrator
cell as a function of α. Figure 7d shows a sketch of a concentrator cell with the metal
fingers transversally oriented with respect to the plane of tilt. Under this configuration,
themetallization is expected to block a significant part of the incident light. This shading
produced by the fingers decreases the measured absolute QE, and therefore the ISC
obtained is underestimated. Conversely, a longitudinal orientation does not block the
incident light. There is not a bad or a good way to orient the finger metallization with
respect to the tilt plane because under real illumination inside a concentrator, the light
bundle will impinge at every angle; however, at the very least, the measurement of the
different samples should be performed under the same conditions.

3 Eectroluminescence

Electroluminescence (EL) is another characterization technique that is widely used
for the characterization of an MJSC. It is based on the application of an external
current bias (Ibias) to the cell (in the opposite direction of the photogenerated
current) that is transported through the p–n junction associated diodes and produces
a separation of its quasi-Fermi levels, which in turn induce carrier recombination
within the cell. Part of this recombination is nonradiative (e.g., Shockley Read Hall
and Auger), but another part is radiative, which consists of the emission of photons.
Part of these photons are emitted within the cell volumen; they are reabsorbed by
the semiconductor (this phenomenon is known as “photon recycling”), and others
are emitted out of the cell by its front surface as occurs in an LED. When the
semiconductor recombines radiatively, a flux of photons of energy close to the
material bandgap is created. Actually, the emission is a Gaussian distribution
centered on the wavelength corresponding to the semiconductor bandgap. In the
case of an MJSC subjected to EL, the voltage bias corresponding to the current
injected into the device is divided into the different p–n junctions, creating a voltage
difference in each of them, which in turn is associated with a particular lumines-
cence. Therefore, an MJSC composed of n subcells that are subjected to EL will
produce a luminescence of n populations of photons, each of them characterized by
photons with energies corresponding to each of the n bandgaps. In most cases, the
subcell materials from a high-efficiency concentrator MJSC are III–V semicon-
ductors characterized by direct bandgaps, which have a strong emission, contrary to
indirect semiconductor materials such as silicon. Actually, the bottom junction of
the conventional lattice-matched MJSC approach (GaInP/Ga(In)As/Ge) is made of
Ge, an indirect group IV semiconductor, the emission of which is much less strong
than the emission from the middle and top junctions.
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This characterization technique has been applied in its spatial resolution format
to Si cells allowing the determination of some important diode parameters such as
minority carrier diffusion lengths [18–20] or the series resistance component pro-
duced by the front-grid metallization [21]. In turn, the spectrally resolved version of
the EL can be used to gather information on the mechanisms related to the
recombination of the cell [22]. This can be performed thanks to the reciprocity
relation between QE and EL [23]. Regarding MJSC, other more complex tech-
niques have been developed to extract information and enable accurate modeling on
sheet and shunt resistance present in individual subcells using a combined EL and
photoluminescence technique that avoids the coupling effects between subcells.

There are two main types of EL characterizations applied to MJSC, both of
which are shown in Fig. 8:

• Spatially resolved EL, in which the MJSC, placed on a thermally regulated chuck,
is excited by an external Ibias produced by a current (or a voltage) source. It
produces an EL flux that is spectrally selected by a bandpass filter (so that only one
of the subcells is imaged) before being detected by a charge-coupled device
(CCD) camera where the emission is captured, digitalized, and sent to the com-
puter for subsequent data treatment. The data resulting from this characterization
technique consists of an image of the EL intensity map exiting the front-surface of
the device corresponding to each of the junctions that constitute the MJSC.

• Spectrally resolved EL (Fig. 9), in which the EL is captured by a concentrator
optics which sends it to the entrance of a monochromator before passing through
a chopper wheel that modulates it to create a synchronous signal that will be
later demodulated by means of a lock-in amplifier. The different spectral
components of the emission are selected by the monochromator, which are
redirected toward a calibrated detector. This detector, made of a semiconductor
material of a bandgap lower or equal than the bottom cell material bandgap,
produces a current signal proportional to the monochromatic light received and

Fig. 8 a Sketch of a spatially resolved EL system. b Picture of the EL system with descriptions of
the parts
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sends this signal to a transimpedance amplifier, which amplifies and converts it
to a voltage signal that can be processed by the lock-in amplifier. The lock-in
reads the actual value of the emission of the MJSC at each particular wavelength
and sends this information to the computer that commands the whole EL sys-
tem. The spectral information is then reconstructed to show the peaks corre-
sponding to the emission from the cell.

3.1 Spatial EL

As shown by the work of Zimmerman on EL applied to the characterization of
MJSC [24–29], this technique can be useful for the identification of defects present
in these devices.

3.1.1 Shunt-Type Defects

Shunt-type defects can appear in MJSC during different stages of the production of
the CPV receiver used in CPV modules, i.e., during the epitaxial growth of the
wafer, during the processing of the metal contacts and mesa patterns of the cell, or
even during the dicing or the encapsulation of the individual cells into the receivers.
These kinds of defects can also be formed and enlarged during the life cycle of the

Fig. 9 Sketch of a spectrally resolved EL system
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CPV system. In any case, spatial EL is a useful technique to identify these defects,
and it is actually the most commonly used technique, together with the dark I–V
curve, to assess the degradation of the devices after accelerated aging experiments
[29–33].

Shunt defects, often found on the Ge junction of GaInP/Ga(In)As/Ge commer-
cial triple-junction cells, are expected to decrease the lifetime of a CPV system
because the current leaked through them heats up locally a spot of the cell pro-
ducing a thermal runaway that can trigger a chain effect that is one of the main
drivers of infant mortality. A shunt defect located in one of the junctions of an
MJSC is observed as a dark region in that junction. This is caused by the alternative
path that exists for the injected current, which is now transported through the lower
shunt resistance instead of through the diode. This in turn creates a lower biasing of
the associated diode (i.e., lower quasi-Fermi level separation), which decreases the
radiative recombination or EL. The adjacent junctions show a brighter EL caused
by redistribution of the current in the surroundings of the shunted area, which
induces a greater current density through the shunted cell element, in turn pro-
ducing a higher bias and a correspondingly greater luminescence. An example of
the EL signature from an MJSC affected by a shunt defect is shown in Fig. 10.

3.1.2 Other Defects Present in MJSC Imaged by EL

Shunts are not the only defects that can be imaged by EL. The technique can be used
to identify possible cracks in the structure derived from the mechanical stress to
which the whole device is subjected. Surface defects such as scratches—occuring
during manipulation of the cell while it is being mounted on the carrier or CPV
receiver, from semiconductor inhomogeneities produced by growth defect, or from
semiconductor damage from any other origin—can also be imaged by EL. In all of
these cases, the emission from dark areas corresponding to the defects is not gen-
erally more intense in the adjacent junctions. However, it is important to verify that
the defect observed by EL is not caused by a particle deposited on the front surface of
the cell that can be easily removed by blowing with clean air as it shown in Fig. 11a
where an elongated thin particle produces a shade similar to a semiconductor crack.
These particles can be identified by microscopy observation of the cell surface.

Fig. 10 Example of spatial EL showing a large shunt defect in an MJSC
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Spatial EL can also be used to test the sheet resistivity (ρ□, measured in
ohms/square or Ω/□) of a specific emitter layer. ρ□ is defined as ρ/t, where ρ is the
emitter layer resistivity and t the thickness of the layer. Figure 11b shows the
emission from an MJSC top junction with a high ρ□, where the so-called crowding
effect is present. The crowding effect consists of the inhomogeneous distribution of
the EL produced by a voltage loss gradient induced by the lateral flow of current.
The model and simulation tool developed in [25] is based on this principle. In the
case of the figure, the current injected by the bus bars flows through the fingers, and
then, when it must be transported laterally throughout the whole surface, the high
ρ□ hinders its lateral spreading, and the carriers recombine within the regions next
to the fingers (actually the image shows the EL in false blue color apparently
coming from the fingers because of diffraction effect produced by the thin metal-
lization). The crowding effect is also shown in Fig. 11c and is caused in this case by
the high series resistance introduced by the metal fingers when the current is
injected from only one busbar. This effect can be used to test the validity of the
front metallization, or the emitter thickness and/or resistivity, in terms of series
resistance for a particular concentrated illumination (i.e., associated with an ISC that

Fig. 11 a Elongated particle on a cell under EL. b EL from a junction with a high lateral
resistivity. c Example of crowding effect produced from the busbar. d EL from the adjacent device
to the one being contacted. e Image of the relative EL homogeneity analysis (RELHA) method for
the wafer inhomogeneity characterization
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is not supposed to produce a significant voltage decrease throughout its transport
within the semiconductor).

In Fig. 11d, a problem probably originating by a defective mesa is noted. Indeed,
the mesa should electrically isolate the cells in the wafer; however, in this exper-
iment the cell adjacent to the one contacted with the probes emits when biased, thus
implying that part of the current flows from the contacted cell to the one next to it.

Relative EL homogeneity analysis can be applied to processed wafers before
dicing. This technique allows the diagnosis of the wafer crystalline homogeneity at
each junction level by mapping the EL signature (acquired under precisely the same
electrical and optical conditions) of individual cells throughout the whole wafer
[34]. An example of this is shown in Fig. 11e where the different (false) colors of
the EL from each cell define an epitaxial quality mapping.

EL has also been proposed for the identification of thermal inhomogeneities
induced by the presence of voids at the bonding interface between the rear met-
allization of the cell and the substrate. This technique is applied by injecting very
high currents that emulate the operating conditions of the MJSC under concen-
tration such that the thermal runaway is produced and can be detected by this
enhanced EL characterization [35].

3.2 Spectral EL

Spectrally resolved EL is a useful tool used to verify the bandgap of a particular
subcell from the MJSC structure (by means of the wavelength of the EL peak) and
the crystalline quality of the junction (intensity of the EL peak). In MJSC, it can be
used together with the QE to infer the internal distribution of the cell external
voltage between the different subcells present in the structure as well as the
diode-quality factor [36–38]. The technique, authored by T. Kirchartz, analyzes EL
spectra at different injection intensities and employs the reciprocity theorem [23] to
derive the I–V curves of each individual junction. The reciprocity theorem relies on
the following equation:

/emission Eð Þ ¼ QE Eð Þ � /blackbody Eð Þ � exp
qV
kT

� �
� 1

� �
ð5Þ

where ϕemission is the spectral emission, ϕblackbody is the blackbody photon flux, V is
the internal voltage applied to the p–n junction, and kT/q is the thermal voltage.

Spectral EL as a function of temperature has also been studied [39] showing
subcell VOC and carrier concentration. This technique has also been experimentally
verified for VOC measurements acquired under concentrated illumination. The
extraction of the subcell bandgaps allows identifying an increase of temperature
produced by an enhancement in current density.
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4 I–V Characteristic

The I–V curve of a solar cell is probably the most common characterization in
photovoltaics and in MJSC in particular [40]. It renders valuable information on the
electronic properties of the p–n junction when measured under dark conditions and
allows studying the electrical performance, such as ISC, VOC, fill-factor (FF), and
efficiency (η), when acquired under illumination. The dark curve of a solar cell is a
useful tool to monitor the degradation of a solar cell during a particular operation
period (which can be the normal degradation over time or the product of an
accelerated process) or possible damage that occurred during manipulation (e.g.,
bonding or encapsulation) of the cell. In the case of the dark curve of the cell, the
electronic parameters of the diode and the associated series and shunt resistance can
be fitted to a model. The Shockley model of the diode is often used employing one
or two diodes. In the second case, two recombination regimes are identified: (1) the
low-voltage regime, which is dominated by Shockley Read Hall recombination in
the space charge region and characterized by a low exponential slope in the range of
q/2kT, where q is the electric charge, T is the temperature, and k is the Boltzmann
constant and (2) the high-voltage regime, which is dominated by recombination in
the neutral zones and characterized by an exponential slope of q/kT.

This type of characterization requires a simple set-up easily implementable in
any laboratory. Figure 12 shows two types of systems proposed for the measure-
ment of the I–V curve where the solar cell is represented on the left with a current
source in parallel with a diode. The set-up from Fig. 12a can be used under illu-
mination and is based on a variable load that takes the role of the power supply,
providing the cell biasing, which is swept within the operation range of the cell, and
the voltmeters register both the cell voltage (Vcell) and current (Icell) as the mea-
surement of the voltage at the calibrated shunt terminals.

A measurement performed with a source-meter in four-wire mode is shown in
Fig. 12b. In this case, the power supply (Isource) can be set to the current or voltage
source. In the first case, the current from the source is synchronized and commanded
by the reading from the ammeter Imeter, which provides feedback to adjust Isource to the

Fig. 12 Typical I–V characterization set-ups. a A system based on a variable load and b a system
based on a source-meter in four-wire mode
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desired current level, and the voltage is measured by Vsense. In the voltage source
mode, Isource is commanded by Vsense, which provides feedback to fix a particular
cell-voltage bias. The current is measured by the ammeter. In both cases, two
physically independent circuits, called “sense” and “source,” are present allowing the
sense circuit to drain a negligible current because the impedance of the voltmeter is
very large. As a consequence, the voltage decrease in the resistance associated with
the sense circuit, Rsense, is also negligible, and Vcell measures the actual voltage at the
cell terminals (this requires the shortest and less resistive common electrical path
between sense and source circuits before the cell terminals so that the voltage
decrease remains small). The resistance of the source circuit does not affect the
measurement in this case because a voltage decrease induced in this circuit only
demands a greater voltage on Isource terminals. The four-wire mode is suitable for high
or medium current measurement, whereas the conventional two-wire mode is suitable
for very low current measurements. The latter is a consequence of errors in the current
reading produced by the current drained through the sense circuit because of the
noninfinite impedance of the voltmeter, which allows the conduction of very small
currents (they can be in the range of pA in a performing source-meter) in the circuit in
parallel to the one where the actual measurement is performed. The two-wire mode
must be selected, which modifies the source-meter circuitry and allows the mea-
surement of the voltage on the Isource terminals.

Most I–V set-ups implement techniques to decrease the noise of the measure-
ment either by repeating each point multiple times, repeating the whole curve
multiple times (and averaging afterwards), or increasing the time constant related to
the duration of the acquisition.

5 Cell Testing Under Concentrated Light

The ultimate performance indicator for concentrator solar cells is their I–V curve
under high light intensity, i.e., test conditions resembling real operation within a
CPV module. This section describes state-of-the-art characterization techniques for
solar cells under concentration, notably at the solar simulator. Typical simulator
requirements, measurement procedures, instrumentation issues, and performance
parameters are detailed in this section. Most subtleties are linked to the use of
monolithic multijunction cells, which are very sensitive to the incident spectrum
because of their internal series connection.

5.1 International Standards on Concentrator Cells

International standards organizations, such as American Society for Testing and
Materials International or International Electrotechnical Commission (IEC), have
issued several standard specifications and test procedures on the calibration and
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characterization ofPVcells. In particular,ASTMstandardE2236-10 describesmethods
for determining the performance of nonconcentrator MJSC [41]. However, no inter-
national standard is yet available on the measurement of concentrator solar cells.

Only very recently has the IEC issued technical specification IEC TS 62789 on
the parameters to be specified for concentrator PV cells, both multijunction and
single-junction, with recommendations on appropriate measurement methods.
Specifically, it defines the measurement conditions under which the concentrator
cell performance must be reported [42]:

• Design irradiance in kW/m2 (equivalent to “suns”),
• spectral distribution AM1.5 direct (as specified in the future IEC 60904-3 Ed.

3.0, which is similar to the ASTM G173-03 distribution [43]), and
• 25 °C cell temperature.

Furthermore, IEC Technical Committee 82 is also about to release several other
standards related to PV concentrators or MJ cells:

• IEC 60904-1-1: Measurement of current-voltage characteristics of multijunction
PV devices. It will describe requirements and measurement conditions to be
fulfilled specifically when measuring the I–V curve of a multijunction cell.

• IEC 60904-3 Ed. 3.0, Photovoltaic devices–Part 3: Measurement principles for
terrestrial PV solar devices with reference spectral irradiance data. It will include
the reference spectral irradiance distribution AM1.5 direct.

• IEC 60904-9 Ed. 3.0, Photovoltaic devices Part 9: Solar simulator performance
requirements. The upcoming norm will extend the requirements to take into
account MJSC.

• IEC 62787, CPV solar cells and cell-on-carrier assemblies (reliability
qualification).

5.2 Solar Simulators

Solar simulators are used to measure solar cells under readily available synthetic
illumination and repeatable operating conditions. These devices illuminate a des-
ignated test area with a light that resembles the sun’s light according to some
predefined characteristics (typically spatial uniformity, temporal, stability and
spectral distribution) in such a way that makes the device under test perform like
under some predefined reference conditions.

A solar simulator also includes means for measuring said performance, i.e., the
I–V curve of the device as well as the measurement conditions. At least light
intensity, spectral irradiance and temperature are evaluated.

The quality and particular features required for a solar simulator depend on the
purpose of the measurements to be performed. Calibration, power rating, or com-
parison between cell technologies require very low measurement uncertainty and
therefore strict requirements for the simulator. Sorting of cells at the production line
or qualification tests before and after some aging tests can allow, on the contrary,
larger bias errors provided the repeatability (precision) of measurements is still high.
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5.2.1 Requirements

The quality of solar simulators is classified according to three characteristics: the
spatial uniformity of the irradiance, the match to a reference spectral irradiance
distribution, and the temporal stability of the irradiance during a measurement
(ASTM E927, IEC 60904-9, JIS C 8912). Each characteristic can be classified in
three different levels according to the specifications met: A—the strictest require-
ments, and B or C—the most flexible requirements. No classification is given
according to the angular distribution of the light beam over the receiver, although its
description might be required. However, the aforementioned norms do not take into
account requirements specific to multijunction cells or the use of concentration;
thus, supplementary constraints must be considered.

Light Intensity

CPV cells have are evaluated over awide range of concentration levels, typically from
1 sun to more than 1000 suns. The unit 1-sun refers to a total irradiance of 1000W/m2

under AM1.5 direct reference spectrum. Thus, the unit “kW/m2” can be used inter-
changeably with “suns.” The ASTM G173-03 is the international standard definition
of AM1.5D spectrum, although an IEC versionwill be published in the third edition of
the IEC 60904-3. The G173 spectrum actually integrates to a total irradiance of
900.1 W/m2, so it is normalized to 1000 W/m2 to achieve 1-sun conditions. Many
laboratories count on one highly tunable solar simulator for the measurement at 1 sun
and another onewith less stringent specifications for high-intensitymeasurements due
to the difficulty of tuning the spectrum of high-intensity simulators [44].

Spatial Uniformity of the Irradiance

Although concentrators hardly ever cast uniform light on the cell, spatial homo-
geneity is a typical requirement to solar simulators. If the intensity of the light is not
uniform over the test area, uncertainty in the measurement of the incident irradiance
is high and reproducibility of the results more difficult. The spatial nonuniformity of
the irradiance is calculated through the maximum and minimum light intensities
found over the defined test area. To do this, the irradiance is measured throughout a
matrix of equally spaced test positions over the test plane. ASTM E927 gives
detailed recommendations about the minimum proportion of the area that should be
checked. Nonuniformity is calculated as the ratio between the difference and the
average of the maximum and minimum values of irradiance. In IEC 60904-9, class
A is achieved if nonuniformity is <2 % over the designated test area.

The size of the sensor has an influence on the measured uniformity. If a sensor in
the same size as the device under test, irradiance variations with a shorter lengthmight
be hidden. Thus, a slight change in the location of the DUT aperture at the test plane
would introduce unknown levels of measurement uncertainty (hidden bias error).
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Depending on the concentration achieved by the simulator and its design, the
irradiance map might be very dependent on the height of the solar cell aperture.
Special care should be taken if the DUT and the reference cell are not the same
height to perform proper irradiance corrections.

Furthermore, this nonuniformity map may well be a function of wavelength [45].
Therefore, if the device under test is an MJ cell, uniformity should be studied
separately for the spectral region corresponding to each subcell. This is typically
performed using component cells (i.e., single-junction cells with the same relative
spectral response as the subcells in a MJ cell). When lamps are used, the spatial
uniformity can also fluctuate with time.

Temporal Instability

Measurement uncertainty also depends on the stability of the irradiance during
measurement of the I–Vcurve. In the case of pulsed simulators, this is measured using
a reference cell simultaneously with the current-voltage pairs. For steady-state sim-
ulators, two readings before and after I–V curve measurement are enough to check
stability. For multiflash measurements triggered by a light sensor, temporal stability
has to do with the maximum variation of irradiance that can be found between the
detection of the reference level and the acquisition of the I–V pair; thus, it actually
depends on the sampling rate of the data acquisition system.Again, classA is achieved
if the instability is not >2 %. Nevertheless, instabilities may be corrected through I–V
curve translation procedures such as those defined in IEC 60891 norm [46].

Temporal fluctuations of the irradiance are wavelength-dependent [47, 48];
therefore, they should be evaluated for every spectral region of interest separately,
i.e., using component cells if MJ cells are concerned [45].

Spectral Distribution

Under current international norms, the similarity between simulator and reference
spectra is evaluated through the percentage of the total irradiance is found in
different spectral ranges (typically 100-nm wide) [49]. The reference percentages
are calculated from the integration of the AM1.5D spectral irradiance over each
wavelength bin. A “spectral match” is then calculated for every interval as the ratio
of the simulator percentage to the reference percentage. Class A is achieved if all
ratios are within 0.75–1.25. Current norms were conceived for crystalline silicon
devices, so the spectral match is only studied up to 1100 nm. Most III–V MJ cells
will require extending the study down to the bandgap energy of the bottom junc-
tion, which is typically 1800 nm for Ge-based triple-junction cells.

The I–V curve of a two-terminal MJ cell is greatly dependent on incident
spectrum due to the series connection of its subcells in series. Accurate measure-
ments require the spectrum of the solar simulator to be adjusted such that the
photocurrent of each subcell is the same as under a reference spectrum or that the
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concentration level is the same for every subcell. In other words, the current balance
between any two subcells must be the same as under the reference spectrum.
However, the spectral match described previously cannot assure that the appropriate
current balance is achieved; thus, significant measurement errors might be intro-
duced even if a class A simulator is used [50].

Current Balance and Spectral-matching Ratio

Thus, spectral quality can be evaluated more significantly through the ratio of the
current balance between two subcells under the simulator spectrum to that under the
reference spectrum. This quantity is often referred to as the “spectral matching
ratio” and is calculated as in (6). This ratio can be given for every pair of subcells—
top to middle, middle to bottom, and top to bottom—in a triple-junction cell [51].

SMRi�subcell
j�subcell ¼

IEsim
L;i

.
IEsim
L;j

� 	

IEAM1:5D
L;i

.
IEAM1:5D
L;j

� 	 ð6Þ

The solar simulator should be capable of assuring a value of spectral-matching
ratio (SMR) equal to one between every pair of junctions. This is equivalent to ask
for the same concentration level at every subcell. Although implicitly given by
previous conditions, we can also define the requirement of having the same subcell
to limit the overall current as under reference spectrum.

Said requirement is obviously device-dependent, so this is more of a measure-
ment consideration. The simulator requirement would rather be the possibility of
having the spectrum tuned so that SMR = 1 is fulfilled. For solar simulators with a
fixed spectrum that cannot be tuned, the SMR between every pair of junctions must
be known to perform appropriate I–V curve corrections. Component cells matched
to the subcells in the device under test are often used for this purpose. Depending
on the way that the simulator spectrum can be adjusted (filtering, mixture of
multisources, flash lamp triggering voltage, etc.), there may be only some types of
multijunction cell technologies for which the SMR can be adjusted to 1. Therefore,
information on which types of MJ cell technologies for which the simulator
adjustable should be a simulator specification.

For lattice-matched, Ge-based triple-junction cells, it is usually assumed that a
moderate mismatch in the spectral region of the bottom junction introduces negligible
changes in the measured performance. First, the Ge subcell generates a large excess of
photocurrent under the reference spectrum and therefore hardly limits the overall cur-
rent. Second, the contribution of this subcell to the overall voltage is small, so even if the
subcell voltage changes due to variations in the intensity of the bottom spectral region,
the cell voltage is less affected. For instance, a 30 % excess of intensity in the bottom
regionwould lead to an overestimation of the FF of only 1% [52]. For these reasons, the
spectral requirements can be somewhat relaxed for the bottom cell in this case.
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This is no longer the case for the latest concepts of MJ with record efficiencies,
in which either the bottom subcell current does not have such an excess of current
(as in Ge-based metamorphic cells or in four-junction solar cells) or when other
bottom cell materials with a larger bandgap energy are used. In these cases,
imprecise spectral balance between any two subcells can lead to significant mea-
surement errors, typically efficiency overestimations. For instance, a 30 % excess of
intensity in the spectral region of a 1-eV GaInAs bottom subcell would lead to a
4 % error in the FF [53].

5.2.2 Types of Solar Simulators

The illumination system of a solar simulator typically comprises an optical
assembly of one or more light sources and other optical elements that guide, col-
limate, mix, or homogenize the light to create the prescribed light beam over the test
plane. Gas discharge lamps achieve the highest radiances, especially if they are
pulsed. Flash lamps filled with noble gases can be triggered to conduct very large
current densities for a short time producing radiances that resemble blackbody
radiation with an equivalent temperature greater than that of the sun (approximately
5800 K). Xenon-filled flash lamps produce a high similarity with solar white light.
The maximum intensity of flash lamps can be controlled varying the discharge
voltage, which determines the maximum current density. Continuous Xe arc lamps
are also used, but they produce very large spectral emission lines that must be
carefully filtered. Moreover, their spectrum shows a red-shift with ageing, i.e., the
proportion of power in the longer wavelengths increases with bulb use [54]. Their
intensity can be controlled through the current load. In general, for the same irra-
diance level and illuminated area, a continuous illumination system requires greater
complexity and provides poorer spatial uniformity of the irradiance.

Alternatively, tungsten halogen lamp arrays are also used, but they cannot
provide the solar spectrum alone because they feature a low color temperature (in
the range of 3000 K). Infrared light-rejecting filters (dichroic filters or “hot mir-
rors”) are used to improve the similarity with the solar spectrum. Thus, they are
frequently used as complementary lights for multisource solar simulators to pre-
cisely adjust the combined spectrum or even to perform spectral sweeps, which are
useful for the characterization of multijunction devices [55]. Their intensity is
varied with load current, so is their spectral distribution.

An arrangement of several light sources, spectral filters, and homogenizing
lenses is usually required to create a continuous light beam with the necessary
quality for a calibration laboratory [56].

Solar simulators can be either steady-state or pulsed. Depending on the mea-
surement scheme, pulsed simulators can be either single-pulse or multiflash.
Continuous and single-pulse simulators measure the whole I–V curve without
interruption of the light intensity. Multiflash simulators, on the contrary, measure
only one current-voltage pair per flash pulse (see Fig. 13). However, multiple
irradiance values can be recorded during the same values, so the measurement
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provides a family of I–V curves at different concentration levels [57]. This is a
convenient feature when measuring concentrator cells, the performance of which
must typically be analyzed as a function of a large range of concentration levels.

Single-pulse simulators generate a plateau of light intensity with the minimum
duration possible to perform the complete voltage sweep. Because the irradiance
must be stable during the pulse, the energy required is much greater than that of
multiflash pulse. The fast voltage sweep of single-pulse measurements can intro-
duce transient-related artifacts. Both multiflash and single-flash pulses may intro-
duce transient artifacts in high-capacitance devices such as heterojunction or other
high-efficiency silicon devices [58, 59]. Continuous simulators, on the contrary, can
usually assume that the device is in electrical equilibrium.

Tuning Light Spectrum

When MJ cells are considered, simulator architecture becomes more complex to
allow tuning the spectral balance between subcells. As a general rule, the larger the
number of junctions in the device under test, the larger the number of spectrally
tunable elements that must be incorporated. For instance, at Fraunhofer ISE, a
three-source sun simulator is used for the calibration of triple-junction solar cells
[60]. However, the mixture of different light beams can also be performed using a
single light source but creating different optical paths whose intensity and spectrum
can be independently adjusted and then combined together. The different light paths
are created simply by taking different solid angles of the emitted angle, which are
guided using mirrors [61], beam splitters [62], refractive optics, or fiber optics [63].
Dichroic mirrors or spectral filters are typically used to adjust the spectrum of each
optical path [61–64]. Neutral-density filters (preferably metallic meshes) and dia-
phragm apertures are used for varying light intensity. The different light paths can
be combined at the simulator output or at the test plane using integrator optics,

Fig. 13 Multiflash testing scheme. I–V points are taken at as many irradiance levels (DNIi) as
desired throughout the flash decay, which trigger the data acquisition (left). Each flash pulse is
taken at a fixed bias voltage (Vbias,i), and both the current and voltage of the device under test are
recorded simultaneously with the irradiance (right)
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diffusers, or mirrors. A final stage for homogenizing and varying overall intensity is
often used.

The Spectrolab T-HIPSS pulsed simulator uses a single high-intensity flash lamp
and 19 mirrors with independent variable-aperture shutters and interferential filters
to tune the spectrum on the test plane [61]. Each mirror reflects the light from the
lamp toward the test plane so that the 19 images overlap. Each aperture is inde-
pendently adjusted to create the desired spectral mixture. The overall intensity can
also be adjusted by means of nickel meshes with variable transmission levels (from
0.1 to 60 %), thus achieving a range of intensities from 100 to 1500 suns.
Optionally, a final mask can be used to enhance uniformity. The X-Sim Simulator,
developed by Fraunhofer ISE and Aescusoft, uses 6 independent channels with a
similar principle to tune the spectrum for MJ cells with up to 6 junctions [64].

Multiflash solar simulators introduce a valuable additional variable for spectral
adjustments, i.e., the spectrum emitted by the lamp varies as the light intensity
decreases [65]. Because only one current-voltage point is taken per pulse, the
moment at which the point is measured varies the spectral conditions. However, this
varies irradiance as well, so this adjustment must be compensated by the variation
of other simulator features. For instance, purely mechanical adjustments, such as
varying the distance between the lamp and the output or the opening of a dia-
phragm, can easily compensate irradiance variations.

A sample set-up of a low-cost concentrator solar simulator is shown in Fig. 14. It
is able to measure the I–V curve of Ge-based triple-junction solar cells under
variable concentration, i.e., less than 1 to more than 1000 suns [66, 67]. It uses the

Fig. 14 Simple concentrator flash simulator developed at IES-UPM suns [66, 67]
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decay of the flash pulse to produce the desired sweep of irradiance levels and
spectra. But conversely, the irradiance here can also be changed by varying the
distance from the lamp to the receiver plane, therefore keeping the same spectrum.
Up to two additional stages of spectral filters can be included to add spectral
flexibility (around the flash lamp and on the homogenizer at the simulator output).
The simplicity of the concept has allowed Solar Added Value to prepare a com-
mercial version of the system (Helios 3030-XX) for high-speed automatic testing of
up to multiple receivers simultaneously.

5.3 Measurement Conditions

5.3.1 Irradiance and Spectrum

Light intensity or concentration level is typically measured at the solar simulator by
means of a PV reference device. Truly radiometric (thermal) sensors cannot be used
with pulsed simulators due to their slow response. Furthermore, reference PV cells
matched to the device under test can filter out discrepancies between simulator and
reference spectra outside the absorption region (otherwise collected by a thermal
sensor). This decreases spectral mismatch corrections and hence uncertainty. Lin-
earity between the incident irradiance and the photocurrent of the PV reference
device is usually assumed to calculate effective concentration (X), as in Eq. (7). If
linearity cannot be assumed, the reference cell must be calibrated at multiple
concentration levels [50].

X ¼ ISC;ref �MM
I�SC;ref

ðsunsÞ ð7Þ

where ISC is the short-circuit current of the reference cell under the simulator—
taken as an approximation of its photocurrent—and ISC* is its calibrated
short-circuit current under AM1.5D reference spectrum and 25 °C cell temperature.
MM is a mismatch factor that takes into account the differences in spectral response
between the device under test (SRDUT) and the reference sensor (SRref) in relation to
both the simulator spectrum (Esim) and the reference spectrum (EAM1.5D), under
which the calibrated current has been obtained. It is calculated as defined in the
norm IEC 60904-7:

MM ¼
R
SRrefðkÞ EAM1:5DðkÞ dkR
SRrefðkÞEsimðkÞ dk

R
SRDUTðkÞ EsimðkÞ dkR

SRDUTðkÞEAM1:5DðkÞ dk ð8Þ

If the spectral response of the device under test and the reference unit are
identical (i.e., the two cells are of the same technology), or if the simulator spectrum
and the reference spectrum are identical, then MM = 1.
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A multijunction cell cannot be used as a reference irradiance sensor because
spectral conditions different from the reference AM1.5D might yield the same
calibrated value if the limiting subcell changes.

Component “Isotype” Cells

When multijunction cells are concerned, concentration level or irradiance must be
evaluated for each subcell separately [44]. The so-called “component cells” are
used to estimate the photo current at each subcell and hence its concentration level.
Component cells are single-junction cells with the same (relative) spectral response
as each subcell in an MJ cell. A component cell is often grown using a similar stack
of semiconductors as the multijunction cell but where only one junction is a diode.
The others junctions are left electrically inactive by growing isotype junctions. This
is why they are also known as “isotype” cells. The inactive layers are still optically
absorbent, though, so the active diode in principle features the same spectral
response as the subcell in the MJ cell.

If the photocurrent of the component cells under standard test conditions is
known (I�L i�component), they can be used as reference sensors to calculate the effective
concentration Xi-subcell at which the subcells are operating under any particular
simulator light:

Xi�subcell ¼ IL i�subcell

I�L i�subcell
¼ IL i�component �MMi

I�L i�component
¼ Xi�component �MMi ð9Þ

where MMi stands for the spectral mismatch factor between the i-component cell
and the corresponding MJ subcell, in relation to simulator and reference spectra, as
obtained in Eq. (8).

Luminescent coupling should be considered as a possible source of error because
it has been found to produce significant changes in the effective spectral response of
multijunction cells. This process is nonlinear and dependent on illumination
intensity or voltage bias, so its effect varies with the spectral content and from
component cells to actual subcells [11]. Inactive layers of a component cell can still
absorb and reemit part of the incident light, which is then collected by the suc-
ceeding active junction.

The combined use of component cells makes up a spectral sensor for evaluating
the spectral content of the light at any given moment. For instance, in a pulsed
simulator where the spectrum changes continuously with time, they can provide a
time-resolved measurement of the spectrum throughout the pulse [65, 68] (even in
pulses with a plateau, the spectrum is known to fluctuate). The spectral matching
ratio already described provides a measurement of the balance of light intensity
between any two subcell regions.
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For a triple-junction cell, effective AM1.5D reference spectrum is assured in
terms of spectral balance when SMR (top to middle) and SMR (middle to bottom)
are equal to one. The main spectral balance in Ge-based cells is that between the top
to middle junctions, so the simulator spectrum is said to be blue-rich when SMR
(top to middle) is >1 and red-rich when it is <1 (Fig. 15).

Commercial encapsulated component cells, such as the BPI-SF1 sensor from
Black Photon Instruments, are available for measuring simulator spectra. The set
includes a GaInP cell for sensing the 340- to 700-nm region, a GaAs cell for the
700- to 900-nm region, and another optional channel for the 900- to 1750-nm
region. The cells are sealed within a hermetic glass enclosure with an opening angle
of ±25°.

Spectroradiometric Measurements

Regardless of the spectral analysis with component cells, a radiometric measure-
ment of the simulator spectrum is usually required

• if no component cells are available for the particular technology under test,
• for calculating the spectral MM between the device under test and the reference

cell(s), or
• for assessing the spectral match of the simulator to reference AM1.5D.

Fig. 15 Effective concentration on component “isotype” cells and resultant SMR throughout a
sample Xe flash pulse
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Broadband spectroradiometers are used for this purpose covering at least the
spectral range defined by the absorption of the device under test. The spectral range
significant for conventional PV is 300–1100 nm, but it extends to 1800 nm when
considering III–V 3J cells. A high spectral resolution is required for characterizing
the emission spikes produced by Xe flash lamps. These spikes demand a large
dynamic range to achieve high enough SNR in their surroundings. The length of the
measurement interval is called “integration time,” which is used to vary the sen-
sitivity of the instrument. The measurement of pulsed light sources imposes a trade
off for the integration time: A very short time is needed to keep spectrum constant,
but this highly decreases the SNR. The dark current or thermal noise of the detector
is very much affected by the working temperature and the integration time. Active
cooling may be needed for low light or long integration time measurements.

Mainly two types of spectroradiometers are used: array-detector and scanning
monochromators (Fig. 16). Array-detector monochromators separate different
wavelengths spatially using a diffraction grating, which are then projected on a
detector array such as a CCD sensor or a photodiode array. Each pixel of the array
corresponds to a different wavelength. Linear arrays exist in the range of hundreds
or thousands of pixels, so very high spectral resolutions can be achieved (on the
order of ≥0.1 nm) even when a very broad spectrum is considered. To cover the
whole UV visible near infrared spectral range, two or more diffraction gratings are
used, which cast the light on separate detector arrays made of different semicon-
ductors. The shortest integration times of most detector arrays are in the range of 1–
10 ms, which is too long for flash pulses without a plateau: Irradiance and spectrum
will vary significantly during that time. Nevertheless, detector arrays with inte-
gration times down to 10 μs do exist (e.g., Toshiba TCD1304AP), although several
instrumentation issues linked to the quality of the electronic shutter, the linearity of
the sensor, and the readout electronics raise serious doubts on the measurement
accuracy [69, 70]. For instance, depending on the kind of readout electronics, the

Fig. 16 Typical spectroradiometer architectures when measuring the light spectrum of cell solar
simulators a array-detector monochromator and b scanning monochromator
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integration time of every pixel occurs in parallel (simultaneously) or in series
(delayed by the time of reading one pixel). If the latter is the case, the delay between
the first and the last pixels (wavelengths) may be in the range of the integration
time, and hence they would correspond to different snapshots of the pulse, so the
measured spectrum would actually be a distorted mixture of different spectra.

A scanning monochromator measures a single wavelength at a time usually by
mechanically changing the position or alignment of the monochromator elements
(filter wheel, mirrors, grating, etc.) to vary the pass-band that is projected on a
single detector. The main drawback of this type of instrument is that it requires the
spectrum to be kept constant throughout the whole minutes-long measurement,
which is not possible in pulsed simulators. In the latter case, a different pulse must
be triggered for measuring each wavelength, and hence the measurement can take
hours [71]. Nevertheless, this set-up allows performing time-resolved measure-
ments of a single wavelength provided that the detector can be used as an analog
scope [72]. Therefore, this is the most convenient spectroradiometer for analyzing
the spectrum of short flash pulses without a plateau provided that the repeatability
between flash pulses is high.

A cosine-response irradiance probe is used to collect the light on the designated
test area, typically dome-shaped polytetrafluoroethylene diffusers or integrating
spheres that focus the collected light into the numerical aperture of an optical fiber
that takes the light into the monochromator.

5.3.2 Cell Temperature

Continuous simulators do not allow direct measurement of cell temperature under
concentrated light because large temperature gradients may exist between the
measurement chuck and the cell or even within the cell itself [56]. Moreover, the
temperature probe itself may affect the temperature due to the small of thermal
capacity of the cell. The strict correlation between VOC and cell temperature can be
used to provide a close loop feedback to the temperature plate provided that the VOC

<25 °C is known. The latter can be found, for instant, by letting the solar cell reach
room temperature in the dark and then recording the VOC while opening a
high-speed electronic shutter that shaded the simulator’s light: The highest VOC

recorded is the one under the initial steady-state temperature [73]. Then the tem-
perature plate cools down the solar cell until the reference VOC is achieved again.

In contrast, a pulsed solar simulator can be assumed to illuminate the cell
without changing its temperature provided that the pulse duration is short enough,
say, in the range of 1 ms [73, 74]. However, the actual temperature increase is
dependent on the thermal mass of the cell and its substrate and on how well are they
thermally attached to the test plate.

The measurement chuck should include an active temperature controller, such as
a Peltier-cell thermoelectric heater or a water-cooled platform, able to produce
temperature variations of approximately 80 °C. Vacuum is in general desired for a
good heat transfer to the measurement chuck. The temperature should be monitored
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using small of thermistors or thermocouples installed as close as possible to the
solar cell embedded in the test block or in the cell substrate where possible. The cell
is heated up to the desired temperature, and the I–V measurement is taken once the
cell has reached thermal equilibrium. If good thermal conductivity is achieved
between the cell and the measurement chuck, a negligible gradient from the cell to
the temperature probe can be assumed in dark conditions under moderate plate
temperatures.

5.4 I–V Curve Measurement Precautions

To measure the I–V characteristic of the PV device, solar simulators employ a
variable load to make the device work at different working points across the I–V
curve. Then the voltage and current across the device are measured for every
working condition simultaneously with the incident irradiance. If the linearity of the
current with irradiance is known for the particular test device and reference sensor,
corrections can be made to account for the variability of the irradiance between the
measured points, thus translating all of the current measurements to a single ref-
erence irradiance level. Voltage can also be corrected for light fluctuations if the
effective ideality factor of the device is known because the open-circuit voltage
increases with the logarithm of the photocurrent, but it is weighted by the ideality
factor. The changes in the voltage losses due to the series resistance depend also on
the photocurrent.

The aforementioned dependence of PV devices on temperature is also taken into
account. Algebraic methods, such as the one in the IEC 60891 standard, use linear
temperature coefficients to correct both current and voltage. Analytical modeling of
the device (such as in the lumped diode model) can also be used to extract trans-
lation equations for the voltage [75]). To carry out these corrections, the temper-
ature of the device must be measured. This quantity is difficult to measure because a
temperature probe can rarely be installed directly on the cell surface. Usually the
back surface of the substrate is used for sensing it, but a gradient will exist between
the cell and the probe. With concentrated light, this gradient can be very large even
across the cell itself, with dozens of degrees °C in the range of 1 cm [76]. The
required uncertainty level in the performance of the device determines the accuracy
required for the temperature measurement (this relationship can be extracted from
the thermal coefficient of the maximum power point).

Many different measurement schemes can be used to produce the required sweep
of voltage and current across the device. The particular scheme used may be
determined by the type of simulator used—i.e., continuous, single-pulse or multi-
flash—or by the electric characteristics of the test specimen. Resistive and capac-
itive loads are the simplest passive loads and are typically chosen for very
high-power systems or when custom measurement systems are required. However,
they cannot operate beyond the power quadrant of the I–V curve. Automatic source
meters can actively bias the PV device to reverse or forward voltages, i.e., beyond
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the ISC and VOC, but usually the maximum current or power do not allow the
measurement of large modules. Programmable bipolar power supplies allow the
same measurement scheme, but equipment for much greater powers is commer-
cially available. Capacitive loads and bipolar power supplies also have the
advantage of very fast voltage sweeps, so they are the usual options for pulsed solar
simulators.

5.5 Performance Under Concentration

5.5.1 Nominal Efficiency

Nominal efficiency is determined from the current-voltage characteristic of the solar
cell under the design concentration, reference spectrum, and 25 °C cell temperature.
According to the IEC 62789 specification, the I–V curve measured should be
shown along with the values of ISC, VOC, VMP, IMP, FF, and efficiency as well as
measurement conditions.

To provide nominal efficiency, an accurate calculation of the incident power is
required, i.e., the product of irradiance and solar cell area. However, the definition
of cell area can be problematic. In contrast to flat plate, a concentrator cell may
include active zones not intended to be illuminated. For instance, the bus bars might
be separated by a security margin from the cell edge. This margin is actually
photoactive but is left dark in real operation. These wasted areas are not included by
the manufacturer within the designated illumination area, so they should be care-
fully masked when measuring the cell under the wide beam of the simulator.
Otherwise, the actual illuminated area should be used in the calculation of the
efficiency rather than the designated illumination area.

5.5.2 Performance as a Function of Concentration

Concentrator cells may be operated under a wide range of irradiance conditions
depending on the particular concentrator architecture and the available solar
resource. At the design level, it is important to characterize the concentration under
which the optimal conversion efficiency is achieved to provide appropriate feedback
to the cell manufacturer or the CPV system designer. In contrast, to estimate actual
energy yield outdoors, a good knowledge of the variation of performance with
intensity is required. For measuring this relationship, a simulator is required that is
able to create variable intensity while keeping constant spectrum and temperature.
According to IEC 62789, concentrator cell specifications should include the plot
efficiency and Vmp as a function of irradiance in units of kW/m2 (almost equivalent
to “suns”).

I–V parameters as a function of concentration can also be used to fit typical
diode model parameters of the solar cell such as the effective ideality factor or the
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series resistance. Despite actually being composed of several subcells in series, we
can assign a lumped-diode model to an MJ solar cell. From the Shockley equation,
the dependence of VOC on the concentration factor (X) can be easily derived [75]:

DVOCðXÞ ¼ VOCðXÞ � V�
OC ¼ n

kT
q
lnX ð11Þ

where VOC(X) and VOC
* are the open-circuit voltages of the MJ solar cell under

concentration and 1-sun reference conditions, respectively; q is the electron charge; k
is Boltzmann’s constant; T is the temperature; and n is the diode ideality factor. In the
case of an MJ cell, n becomes an effective parameter with a value typically between 3
and 4 [77]. Therefore, the effective ideality factor n can be extracted from the rela-
tionship between the growth of the open-circuit voltage ΔVOC and the logarithm of
the concentration. The plot of concentration versus open-circuit voltage allows also
analyzing the characteristic curve of the solar cell without the influence of the series
resistance [78] because no series resistance losses happen at VOC. We can approxi-
mate the voltage at the maximum power point (VMP) in a similar way:

VMPðXÞ ffi V�
MP þ n

kT
q
lnX � IMPðXÞRS ð12Þ

where RS is the series resistance, and IMP(X) is estimated as X times IMP
* , the current

at the maximum power point under reference conditions. Hence:

PMPðXÞ ffi X � P�
MP þ X � I�MP � DVOCðXÞ � ðX � I�MPÞ2RS ð13Þ

The conversion efficiency is calculated by dividing the maximum power (PMP)
by the incident light flux, which is the product of the incident irradiance G(X) and
the cell active area (Acell) (Fig. 17):

gðXÞ ¼ PMPðXÞ
GðXÞAcell

ffi
P�
MP þ I�MP � n kT

q lnX � XðI�MPÞ2RS

G�Acell
ð14Þ

Now the effective series resistance can be estimated from the relationship
between efficiency and concentration, differentiating (14):

dg
dX

ffi
I�MP n kT

q
1
X � I�MPRS

� 	
G�Acell

ð15Þ

Both terms in the difference describe the two dominant trends in the curve
efficiency versus concentration because the derivative corresponds to its slope. The
efficiency peaks when X makes both terms equal, and the derivative becomes zero.
Furthermore, for large concentration factors well beyond peak efficiency, the
derivative of the efficiency becomes asymptotically:
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dg
dX

ffi �ðI�MPÞ2RS

G�Acell
ð16Þ

and hence the series resistance can be obtained from the asymptotic slope of the
curve under high concentration:

RS ffi � dg
dX

G�Acell

ðI�MPÞ2
ð17Þ

5.6 Temperature Coefficients

Temperature coefficients are valuable information for modelling performance and
predicting outdoor performance depending on the actual operating conditions. They
can be obtained simply by measuring the I–V curve of the cell under a large range
of temperatures. Because the voltage temperature coefficient is dependent on
concentration, it should be studied for several light intensities or, at least, under the
expected operating irradiance [77, 79].

The use of the AM1.5D spectrum is critical for extracting the thermal coefficient
of ISC and also FF because they are dependent on the spectral content of the light
[80, 81]. The use of solar simulators can lead to large inconsistencies due to the
influence of gas discharge spectral emission lines, e.g., unfiltered Xe lamps produce

η(X) ηmax 

Dominates

X
q

kT
n ln

X

dX

dη

X(ηmax)

SMP RIX 2* )(−

cell

SMP

AG

RI
*

2* )(−≅

Dominates

X

Fig. 17 Efficiency as a
function of concentration
allows extracting the effective
series resistance of the MJ
cell. For concentration ratios
well above peak efficiency,
the decrease of efficiency is
dominated by the series
resistance losses
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very large spikes in the 800- to 1000-nm region, which mainly affects the middle
junction. This effect is very dependent on the proximity of the subcell bandgap to
said emission lines. An alternative procedure uses temperature-dependent quantum
efficiency measurements, and their product with the reference spectrum yields the
expected photocurrent. In any case, the ISC temperature coefficient should be
extracted for each subcell independently. For this purpose, the simulator spectrum
is varied to make the other subcells have an excess of current.

If the reference cells are not calibrated under all of the desired temperature
values, they should be kept under 25 °C while the device under test is heated
up. However, the spectral mismatch factor between the DUT board and the refer-
ence cells must be reestimated for each value of temperature as the DUT spectral
response changes.

5.7 Spectral Characterization

Because MJ concentrator cell are subject to ever-varying spectral conditions in real
operation, characterization of their spectral sensitivity is desired. This involves
adjusting the simulator spectrum to produce a large range of different spectral
conditions, so that each junction limits the cell current (or at least those subcells
likely to limit the current in real operation under the concentrator).

5.7.1 Spectrometric Characterization

Spectrometric characterization is used to describe the behavior of MJ cells under
varying spectral conditions that fulfill an additional restriction: The sum of the
effective irradiance on all subcells is a constant [7, 62]. Each spectrum is set so the
photocurrents follow (18). This restricts the observed variations to be only related to
spectral variations and not to changes in the concentration level. The simulator
spectrum is tuned to produce a large range of different current balances between
subcells. Each IV parameter measured is then plotted versus the ratio between the
current of one of the subcells to its current under reference conditions.

IEsim
L;i

IEAM1:5D
L;i

þ IEsim
L;j

IEAM1:5D
L;j

¼ 2 ð18Þ

5.7.2 Subcell-Limitation Diagrams

Another technique makes use of a component cell to evaluate the current matching
between subcells of an MJ cell under any given spectrum [51, 82, 83]. If the MJ cell
current is limited by one of its subcells, the current of the corresponding component
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cell will vary with light intensity in the same proportion. If the spectral distribution
changes, the current of the other component cells will vary with a different trend.
We can use this to identify the limiting subcell when a noticeable variation of the
spectrum occurs. For this purpose, the MJ cell’s ISC is recorded simultaneously with
the effective concentration given by each component cell, and the spectrum of the
light is intentionally varied so as to produce a large sweep of SMR values.
The SMR between any two subcells likely to be limited in real operation should be
analyzed. Next, the cell’s ISC is normalized by the concentration of each component
cell as follows:

IN;i�component ¼ ISC;MJ

Xi�component
A=sun½ � ð19Þ

where IN,i-component indicates the MJ cell current normalized to the concentration
factor of the i-component cell. If one of the subcells is limiting the current for a
range of different spectra, IN,i-component will be constant throughout this spectral
sweep provided that the spectral response of the MJ subcells and the corresponding
component cells is exactly the same.

To make linearity explicit, the normalized ratios are plotted against the spectral
sweep in terms of SMR. The two plots in Fig. 18 present a sample
subcell-limitation diagram for a three-junction cell current matched under AM1.5D.
Here, the MJ cell current has been normalized by the top and middle concentration
factors to obtain IN,top and IN,middle, respectively. In the spectral zone labeled A, the
MJ current normalized to the top-cell X remains constant (the MJ cell is said to
follow the top component cell), so in this zone ISC,MJ ≈ IL,top-subcell. This knowledge
is used to “calibrate” the top-subcell’s current sensitivity IL,top* as a function of the
top-component X, as in (20). Analogously, in zone B the middle subcell is limiting
the MJ cell.

Zone Af g : I�L;top ¼
ISC;MJ

Xtop�component






ISC;MJ�IL;top

A=sun½ � ð20Þ

Zone Bf g : I�L;middle ¼
ISC;MJ

Xmiddle�component






ISC;MJ�IL;middle

A=sun½ � ð21Þ

These two calibration values can be used to determine the overall
current-matching (CM) under the reference spectrum EAM1.5D(λ).

CMtop
middle EAM1:5DðkÞð Þ ¼ I�L;top EAM1:5DðkÞð Þ

I�L;mid EAM1:5DðkÞð Þ ð22Þ

Moreover, the current photogenerated at each subcell can be estimated for any
arbitrary simulator intensity and spectrum by means of the component-cells:
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IL;i�subcell ¼ Xi�component � I�L;i�subcell½A� ð23Þ

The current-matching ratio under any particular illumination spectrum Ei(λ) can
be directly obtained through the value of SMR, as shown in (24).

CMtop
middle EiðkÞð Þ ¼ IL;top EiðkÞð Þ

IL;middle EiðkÞð Þ ¼
Xtop EiðkÞð Þ

Xmiddle EiðkÞð Þ �
I�L;top EAM1:5DðkÞð Þ
I�L;mid EAM1:5DðkÞð Þ

¼ SMRtop
middle EiðkÞð Þ � CMtop

middle EAM1:5DðkÞð Þ
ð24Þ

However, the subcell-limitation graph may deviate from this ideal analysis if the
spectral responses of the component cells do not match the subcells in the MJ
device. In this case, the spectral mismatch error MM defined previously should be
introduced again. Nevertheless, habitually, this mismatch is found to be a mono-
tonic trend of the normalized Isc, so its bias can be estimated and removed.

6 Summary

The main measurement methods used in the characterization of MJ concentrator
solar cells have been described. The relevance of the spectral response [S(λ)] is that
it allows calculating the photocurrent (IL) generated by each subcell under a par-
ticular spectral irradiance and diagnosing possible malfunctioning of the different
regions of the cell. The variations of S(λ) with beam incidence angle and cell
temperature are useful for understanding current losses when the cell is used within
a concentrator.

Fig. 18 Sample subcell-limitation graph for the top and middle subcells of a conventional
three-junction cell
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The EL is based on the application of an external current bias (Ibias) to the cell,
which induces a strong carrier recombination within the cell, part of which gen-
erates photons with energies corresponding to each subcell bandgap. Spatially
resolved EL can be used to analyze solar cell internal defects, sheet resistivity, or
thermal inhomogeneity during operation.

The measurement of the I–V curve as a function of light concentration provides
the most relevant information on cell performance such as peak efficiency or series
resistance losses. Concentrator solar simulators should fulfill strict spatial unifor-
mity and spectral requirements to provide accurate measurements. Precise spectral
tunability is required to decrease errors in the measurement of latest-generation cell
architectures, especially those not based on a Ge bottom cell with an excess of
current. The main types of concentrator solar simulators have been described and
advice on appropriate reference sensors and measurement precautions provided.
Spectral characterization under controlled simulator conditions is essential to ana-
lyze MJ cell behavior under the ever-varying spectral conditions found in real
operation.
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High-Concentration Optics
for Photovoltaic Applications

Katie Shanks, Sundaram Senthilarasu and Tapas K. Mallick

Abstract The concept of a high-concentration optical system is introduced
detailing the various design types and focusing only on those aimed at photovoltaic
(PV) applications. This will include point focus, line focus, imaging, nonimaging,
and the classical cassegrain set-up. The theory of high-concentration optics is
explained in terms of idealised concepts and maximum limits for each concentrator
type and combination. The optical system is broken down into the different stages
and materials possible in a high-concentration configuration. The physics of
reflective and refractive optics are described, and their associated errors, advantages
and a brief overview of past milestones, and recent research trends in the area of
high-concentration PVs are presented. Current primary and secondary optics are
geometrically explained covering Fresnel, parabolic, heliostat, compound parabolic,
hyperboloid, v-trough, and dome-shaped optics. This chapter also covers examples
of new secondary optics, such as the three-dimensional crossed-compound para-
bolic concentrator and the square elliptical hyperboloid concentrator. The aim of
this chapter is to provide the basic optical behaviour of high-concentration designs
aimed at PV applications considering their geometry, materials, and reliability.

1 Introduction

1.1 Concentrator Concepts

High-concentration optics are in the range of 100–2000 suns [1], a recently
modified definition due to their need for dual axis tracking. The development of
solar concentrator technology over the years has included improvements in con-
centration solar cells, cooling systems, and optical accuracy. The concentration ratio
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definition also lacks conformity because this can be linked to the geometrical
concentration ratio, optical concentration ratio (similar to optical efficiency), or
intensity concentration ratio (flux concentration ratio) [2]. Care should be taken
when a concentrating system is being described what is being used, although often
it is the designed geometrical concentration ratio quoted along with an optical
efficiency, which, when multiplied, should give the flux concentration ratio.

In terms of a concentrator PV (CPV) system, multiple concentrator optics
(including low concentration devices <10 suns) can be involved. In this way a
high-concentrator PV (HCPV) system can be classified as a single-stage, two-stage,
or greater-stage system, although fewer stages are desired to decrease complexity
and additional uncertainties. The preferred outline of a high-concentration optical
system within an HCPV system consists of primary and secondary optics. The
primary optics initially collect incident light, and typical examples include the
Fresnel lens and the parabolic reflector. The secondary optics are of medium to low
concentration and can be referred to as “receiver optics” when in optical contact
with the PV. These secondary optics can increase the concentration of the system
but are used more often with the aim of improving the system’s acceptance angle
and the irradiance distribution on the PV. Receiver optics introduced to a con-
centrator design which improve the irradiance distribution are also suitably referred
to as homogenisers. Two examples of different HCPVs are given in Fig. 1.

CPV systems can be categorised in a variety of ways such as concentration ratio,
primary optic type, tracking method, geometry, and number of stages. Figure 1a
could be described as a two-stage refractive concentrator consisting of a primary

Fig. 1 a Primary Fresnel lens with secondary compound parabolic concentrator (CPC).
Parameters that may be considered during the design of such a system are given: radius of the
Fresnel lens RL, back focal length FB; effective focal length FE; and separation distance and
maximum angle of incident rays on the secondary, A. b A classical cassegrain set-up of a primary
parabolic dish reflector with a hyperoboloid secondary reflector and crossed V-trough dielectric
filled homogeniser as a receiver optic. Example of design parameters to be considered in a
cassegrain are shown: primary paraboloid’s radius x1; depth of the paraboloid y1; and focal length
f1. Similarly, examples for the secondary are hyperboloid radius x2; depth y2; and focal length f2.
The separation distance between the two reflectors is again displayed as is the maximum incidence
angle of light on the secondary A, which can relate the two reflectors’ geometry
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Fresnel lens and secondary CPC. Figure 1b shows the classic cassegrain set-up,
which typically consists of a parabolic primary reflector, a secondary paraboloid or
hyperboloid secondary, and a tertiary crossed V-troughed dielectric filled homog-
eniser. In both of these, if the original two-dimensional (2D) geometries were
translated linearly, then they would be described as “line-focus systems.” Figure 1a
would become a linear Fresnel lens with a linear (or 2D) CPC focusing on a line of
solar cells, and Fig. 1b would become a parabolic trough similarly focusing on
linear optics and receivers. A line-focus CPV system, also referred to as a 2D
design, is normally used for solar thermal concentrator systems where the receiver
may be a transparent pipe carrying water or another liquid medium to be heated.
There is often a point-focus version to every line-focus geometry and vice versa,
where by way of rotational or translational symmetry the original 2D design is
transformed into a three-dimensional (3D) one. Terms such as “crossed” or “rota-
ted” could be used to describe how a 2D profile has been transformed into a 3D
optic. A point-focus collector can be deliberately designed not to be symmetrical
across any obvious axis, but an uneven irradiance distribution on the cell would be
expected. Due to the popularity of line-focus systems with thermal heating, and the
rareity of high-concentration linear optics [3], point source systems will be
addressed more than linear systems in this chapter. It should also be obvious that
with point-focus optics, a dual-axis tracking system is preferred for maximum
performance, and a line-focus optical concentrator would require a single-axis
tracking system.

Optics can also be classified as imaging or nonimaging where the former
describes an optic that refracts light from an object in such a way as to maintain the
image but produce a smaller form at the focal plane [4]. Nonimaging optics, such as
the CPC and the nonimaging Fresnel lens, were designed later and tailored spe-
cifically for the collection of solar rays. This means that they were designed spe-
cifically to obtain high optical efficiencies and highly uniform flux distribution
output and to cope with the characteristics of solar light [4]. This list of aims,
however, does not necessarily require the same image to be replicated at the focal
plane, and thus typically the image is distorted at the focal plane, and the term
“nonimaging optics” was given. Nonimaging concentrators with very large
numerical apertures (small aperture ratio or f-number) would have very large
aberrations if used as image-forming systems [2]. Geometrical aberrations in the
classic sense cause imaging optics to perform at a nonideal level. Image-forming
concentrators must treat each ray in a similar fashion to replicate the image at the
receiver.

This means all rays that pass through an imaging optic will be reflected once or
pass through a refractive boundary only once along with all of the other rays. In this
way, rays at varying angles or different incident positions, which would be lost,
cannot be treated differently in an attempt to keep them within the system. Noni-
maging concentrators such as the CPC, however, can apply different conditions to
different rays and obtain ideal performance. Purely imaging optics are, however,
capable of approaching the thermodynamic limit and even possibly attaining flux
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levels greater than a nonimaging one; for both types, careful and tailored design
decides which is optimum [5].

The ideal solar concentrating optical system would have 100 % optical effi-
ciency, an output of uniform irradiance distribution (matching in shape and size to
the PV receiver), maximum acceptance angle, high optical tolerance, and durability
(hence high reliability). It would also preferably be cheap to manufacture, light-
weight, and easy to install. Each type of CPV system has advantages and disad-
vantages, and it is important to know the application and location to choose the
most appropriate design.

1.2 Optical Physics Basics

1.2.1 Concentration Ratio

The concentration of an optic or system of optics can be defined as low (<10 suns),
medium (10–100 suns), high (100–2000 suns), or ultrahigh (>2000 suns) concen-
tration [1]. Under normal conditions, the maximum concentration ratio (Cmax)
achievable on Earth due to the divergence of light from the Sun is 46,000× for a 3D
system (full tracking) and only 216× for a 2D system (single-axis tracking) as
calculated from the Sun’s diameter [2, 6]. The resulting Eqs. (1) and (2) consider
that the concentrator is immersed in refractive index, n, (for air this becomes 1) and
hi as the input angle (i.e., effective solar angular radius: 4.7 mrad or 0.267°) [2, 6]:

For a linear concentrator, the maximum concentration equation is shown:

Cmax ¼ n
sin hi

ð1Þ

and for a point-focus concentrator:

Cmax ¼ n
sin hi

� �2

ð2Þ

If we now use ho to represent the output (absorber) angle and NA to denote the
numerical aperture (NA ¼ n sin a), then the above can be written [7]:

Cmax ¼ n sin ho
n sin hi

� �2

¼ NAo

NAi

� �2

ð3Þ

The previous equation can be used to calculate the maximum concentration
possible of an optic by using the maximum acceptance angle as hi.
Fresnel-reflective losses from the absorber can be avoided by limiting the ho
to <p=2 [2, 7], but some antireflective coatings of solar cells can still have greater
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reflectance values for off-axis incident light rays. The concentration ratio of a linear
concentrator is usually given as the ratio of the transverse input and output
dimensions [2]. As expected, the point-focus equivalent of a line-focus concentrator
will always have an increased geometrical concentration ratio, but it is much easier
to achieve an ideal concentrator design in 2D geometry such has been performed for
the CPC. An ideal concentrator works perfectly for all rays within the acceptance
angle.

The current concentration ratio range for commercial HCPV is 100–1000 suns
[8]. Specific concentration limits for each type of concentrator is discussed in later
sections.

1.2.2 Ideal Conditions and the Classic Cassegrain

Most optical concentrators are initially based on, or initially designed on, idealised
concepts and conditions, and then they are developed to consider more accurately
the practical environment. First assumptions may include the condition of incoming
radiation from the Sun to be parallel and a specific irradiance value (e.g., 1000 W
=m2). The optical components are also idealised, assuming 100 % specular
reflectance for mirrors, all wavelengths to be fully refracted for lenses, and no
thermal effects on shape [9]. It would be difficult to include all uncertainties in the
first steps of optical design, but some are essential and can significantly alter results.
One must consider that these practical uncertainties are especially important at
greater concentration ratios (which are more sensitive to error) and when incor-
porating multiple stages (errors build on each other) where these uncertainties
intensify (see Fig. 2).

The line and spot in line- and point-focusing optics can only ever be realised in
an idealized mathematical model. Manufacturing uncertainties (surface roughness
and slope errors) and alignment errors (tracking error and component misalignment)
give an effective distribution of errors for the system, which contribute to the
Gaussian diameter seen in real measurements [3]. Parabolic reflectors are concen-
trators intended for distant sources (parallel light sources) where all incident light is
reflected into the focal point. In this way, parabolic mirrors are popularly used in
telescopes. The Sun is an extended source, not a point light source, with a light
divergence of 4.7 mrad (0.27°) and where solar rays are not exactly parallel, but
instead each ray can be described as a cone. This effect is amplified by multiple
stage concentrators [10–12].

The classical cassegrain (shown in Fig. 1b) uses a primary parabolic-shaped
reflector and a hyperboloid secondary. Other conic curves have been tried for the
primary and secondary, but a hyperboloid secondary is preferred to allow greater
optical tolerance. A cassegrain consisting of a parabolic primary and secondary is
based on the theory of parabolas: Any parallel light incident on a parabolic dish will
be reflected at such an angle as to pass through the focal point of that parabola. In
this way, with a parabolic primary and secondary of coincident focal points, the
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parallel light would be concentrated and reproduced, thus giving a uniform irra-
diance distribution on a solar cell placed in the base of the first reflector. As
mentioned, light from the Sun is not parallel, and so the paraboloids would need to
be positioned off focus (afocal) to compensate, or another design such as the
parabololoid-hyperboloid one could be used instead. Many have researched and
commercialised the cassegrain design, and it holds the advantage of an
upward-facing receiver. This can be easier to cool and structure without extensive
shadowing on the primary. For HCPVs, shadowing within the cassegrain causes the
loss of 1 sun, which is not significant compared with the hundreds of suns an HCPV
is designed to produce. The dark image produced on the PV receiver may, however,
affect the PVs efficiency. The shadow is 1/C of the total area where C is the
geometrical concentration ratio.

Low optical tolerance is associated with the cassegrain design because it uses
two reflective stages, thus compounding the reflective error and the uncertainty in
incidence angle of the light rays (see Fig. 2). It often requires a tertiary optic to
improve the acceptance angle, but there are methods to avoid this such as
decreasing the path length of light rays within the system. This decreases the effect
of error on the final light ray position [13]. The cassegrain reflector arrangement
allows the PV receiver to be mounted below the main reflector. This geometry gives

Fig. 2 Light rays from the Sun are shown to not be parallel, incident on a single-stage refractive
concentrator and a two-stage reflective concentrator. Focus is given to the variation of incidence
angle of a light ray from the Sun after refraction or reflection, which can cause final light rays
missing the PV receiver. Magnifications of the incident rays undergoing refraction and reflection
are also shown and labelled
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easy access to the receivers during replacement and thus drastically lowers main-
tenance costs. Furthermore, the whole optical geometry can be designed using ray
tracing and is usually considered a compact solar concentrator. The minimum
aspect ratio of the cassegrain design has been calculated as one fourth [2], but the
same has yet to be proven for a cassegrain design with a nonimaging (hence
different ray path lengths) primary and/or secondary [10].

The final hurdle in any concentrator optic development is manufacturing and
practical testing. Unless the design has a sufficiently high optical tolerance then
errors in geometry replication and alignment will decrease the performance. Prac-
tical considerations—such as fluctuations in temperature, moisture, wind, and
shadowing—can also affect results as expected.

1.2.3 Optical Tolerance, Etendue, and Solar Tracking

One of the main challenges of concentration optics is the decrease in acceptance
angle as concentration ratio is increased due to etendue. Optical tolerance refers to
all possible alignment uncertainties within the optical system including component
misalignment, cell position uncertainty, and tracking error. For high and ultra-high
concentrator optics, this is difficult to overcome without compromising another
attribute such as optical efficiency or irradiance distribution. Conventionally, the
acceptance angle of an optical system is taken to be the offset angle from normal
solar incidence, which achieves 90 % of the normal incidence power. This value
may be different for h > 0 and h < 0 in an asymmetric concentrator (or one with
asymmetric errors). If the acceptance angle is maximised, then it decreases the need
for highly accurate and more expensive optics, structure, and tracking. A minimum
requirement for the angular tolerance, ht, and hence the acceptance angle of a
system, is to exceed the effective solar angular radius, hi. Assuming that sin ht � ht,
the following equation is formed [14]:

ht � n sin hoffiffiffiffiffiffi
Cg

p � hi ð4Þ

The acceptance angle or optical tolerance for high-concentration devices, such as
parabolic dishes and Fresnel lenses, without additional optics can be expected to be
very low (� � 0:5� or less) [15–17]. However, there are exceptions to this with
increasing focus on improving acceptance angles for HCPVs [13].

High-concentration optics have the limitation of requiring continuous tracking.
The acceptance angle can be determined from the variation of optical efficiency as a
function of the incident angle of the input light rays. However, there is slight
variation in the value at which to measure the acceptance angle (e.g., 95–80 % of
the normal incidence maximum). During practical testing, the short circuit current
or power output can be used to measure acceptance angle, but each gives slightly
differing results [18].
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During the day the Sun is viewed as having a daily rotation about its north-south
axis. It then also has a seasonal north-south motion of �23�270 away from the
equator [19]. Due to the Earth’s axial tilt and elliptical orbit, the Sun’s noontime
position also slightly changes. Jagoo [19] give the derivation for the Sun’s position
equation as well as a comparison of the theoretical azimuth and theoretical altitude
with measured values at different times of the day. Single-axis trackers follow the
east–west motion of the Sun during the day but are unable to fully consider the
seasonal variation. Dual-axes trackers give optimal performance year-round.
However, trackers introduce their own error and cost and are less resistant to natural
extremes, which could permanently damage the system. Dynamic trackers use
sensors to generate a differential signal when the device is not positioned optimally
for available incident light. Although easy to build and maintain, these devices fail
to discriminate between the obscured Sun and a bright spot in a broken cloud [19].
The chronological tracker maintains the receiver normal to the Sun using a built-in
clock and is typically single-axis. This type of tracker requires frequent manual
adjustments, thus making it difficult to accurately follow both daily and seasonal
variations and only works over a portion of the time because it rotates 15�/h.

1.2.4 Reflection and Refraction

Snell’s law of refraction dictates that any ray travelling through a medium with
refractive index n1, which is then incident on the surface of another medium of
refractive index n2, will have a path described by:

n1 sin a1 ¼ n2 sin a2 ð5Þ

where a1 and a2 are the angles the ray makes with the normal of the surface before
(angle of incidence) and after refraction (angle of refraction). Snell’s law can also
be applied to the case of reflection where the refractive medium is replaced by a
mirror. In this scenario, the ray will continue to stay in the same medium of
refractive index n1, and so Eq. (5) becomes Eq. (6) where a2 is referred to as the
angle of reflection:

n1 sin a1 ¼ n1 sin a2
a1 ¼ a2

ð6Þ

Total internal reflection (TIR) occurs when a light ray comes into contact with a
less optically dense medium (lower refractive index) than the medium it is currently
travelling in and if the angle of incidence is greater than the critical angle for TIR.
The critical angle for TIR can be calculated using Snell’s law by letting h2 ¼ p

2 and
rearranging for h1, which now represents the critical angle hc:
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hc ¼ sin�1 n2
n1

� �
ð7Þ

When a mirror is placed against the surface of a lens (n2 now > n1), TIR is lost,
and the rays will be reflected with the mirror’s reflectance properties (approximately
90 %). By leaving an air gap between the two materials both the TIR and refracted
rays, which do not meet the TIR criteria (otherwise lost), are kept within the optical
system.

The surface of both reflective and refractive surfaces must be smooth to avoid
the scattering of light. The previous equations assume optically smooth interfaces
between two lossless media, but light can be partially or fully absorbed, refracted,
and reflected. For lenses, a rough finish will decrease TIR or alter the refraction
direction intended; for mirrors, a greater proportion of the light will be diffusely
reflected (scattered) instead of specularly reflected (direct). On a very smooth
surface, lines normal to neighbouring points along that surface are parallel to each
other, and multiple light rays reflect specularly, all with the same definite angle
pertaining to Eq. (6). In diffuse reflection, all of the reflected rays still behave in
accordance with the law of reflection, but the roughness of the surface means
normals along the surface vary. Because the angle of incidence depends on the
normal line at the exact point a ray hits, the incident angles for a set of parallel rays
will not be the same, and each reflected ray will have a different angle of reflection,
hence scattering occurs.

Gaussian scattering can be applied to optical surfaces using Eq. (8) within
simulations to produce more accurate irradiance distributions, which will be
affected by nonideal factors in the optics [20].

RðaÞ ¼ R0 exp �0:5ða=rÞ2
h i

ð8Þ

where R0 is the radiance in the specular direction, and r is the SD of a Gaussian
distribution in degrees (0.2).

High-concentration optics very rarely will be able to use any diffuse irradiance.
Most materials exhibit a mixture of specular and diffuse reflection along with
absorption and transmittance (refraction); examples are given in Materials for
HCPV Optics . For most interfaces, the fraction of light increases with increasing
angle of incidence until, in scenarios capable of TIR, the critical angle is surpassed.

The refractive index is also wavelength dependent, and although this variation
can be negligible at certain solar energy wavelengths and for relevant materials, for
high-concentration optics it can compromise the refractive optical design, thus
limiting the concentration ratio (such as for Fresnel lenses) and affecting the reli-
ability of the system by way of the optical efficiency, acceptance angle, and irra-
diance distribution.

Most solar concentrators will be encased for protection including a transparent
cover material forming the input aperture of the collector system. There are two
parallel interfaces for this as well as any other panes used (e.g., air/glass and

High-Concentration Optics for Photovoltaic Applications 93



glass/air) with reflection at each interface. Every transparent material exhibits some
absorption due to the interaction of incident radiation with the molecular structure
of the medium. Norton [21] discussed the effect of incidence angle on the trans-
mittance of light and indexed sources of material data to replicate the theoretical
absorbance/transmittance as well as strength and other properties important for solar
collectors.

When using a refractive optic, care must be taken that TIR does not work against
the design by reflecting light backwards instead of toward the receiver. This is
negligible when the optic is in optical contact with the solar cell, but errors in the
interface (mismatched slopes, grooves, cracks, bubbles) will allow for air (n = 1)
and unwanted reflection. Antireflection coatings for solar cells are common, but
information about the angle of incidence required is limited. The coating could
decrease reflection for approximately normal incident rays but increase it for
wide-angled rays. For final-stage refractive optics, which have a greater portion of
output rays at wide angles, the overall energy incident on the solar cell would be
decreased.

1.3 Historical Overview

1.3.1 HCPV Optical-Design Milestones and Current Trends

John Hadley introduced parabolic mirrors into practical astronomy in 1721 when he
used one to build a reflecting telescope with little spherical aberration [22]. Before
that, telescopes used spherical mirrors. The first reported use of an external flat
reflector in a solar thermal concentrator was in 1911 by Shuman for a
water-pumping system powered by a flat-plate reflector assembly [21]. Lighthouses
also commonly used parabolic mirrors to collimate a point of light from a lantern
into a beam before being replaced by more efficient Fresnel lenses in the Nine-
teenth century [23]. Augustin Jean Fresnel was the first to discover the use of
Fresnel lenses in 1822 as glass collimators in lighthouses [24, 25]. Only when less
costly materials such as poly(methylmethacrylate) (PMMA) were discovered were
Fresnel lenses implemented as solar energy collectors in the 1950s. In the late
1970s, the first modern Fresnel lens CPV system was built at Sandia National
Laboratories [26]. Interest in Fresnel lense solar concentrators increased in the
second half of the twentieth century [4].

In the 1960s, Giovanni Francia was the first person to apply the Fresnel reflector
concentrator concept for industrial thermal processes in Italy [27]. The compound
parabolic concentrator (CPC) was the first 2D concentrator ever designed, also in
the 1960s, but the theory was not explicitly explained until the 1970s when the
generalized entendue was derived [2].

Regarding concentration measurements, since the first ultra-high flux measure-
ments were performed at the University of Chicago in 1988, there has been very
rapid progress including experimental investigation of laser pumping and materials
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processing experiments performed at the National Renewable Energy Laboratory
High-Flux Solar Furnace and the Weizmann Institute Solar Tower [2].

Concentrating solar technologies have passed the testing and small-scale
power-production phases and are now being commercialised [19]. A noticeable
trend in large solar concentrator designs is the shift from continuos surfaces to
segmented surfaces of optics, e.g., using many smaller flat or circular facets to make
a large parabolic dish. Evidence shows that this is now one method to improve the
performance of reflector concentrators as shown by Zanganeh et al. [28]. Solar dish
concentrators based on ellipsoidal polyester membrane facets and V-groove
reflectors have been showing improved irradiance distributions whilst still obtaining
optical efficiencies of >80 % [28]. Nilsson et al. [11] proposed a stationary
asymmetric parabolic solar concentrator with a microstructured reflector surface;
three different microstructures were tested for their effect on irradiance distribution
and optical efficiency. The highest optical efficiency reached 88 %, and all distri-
butions decreased distribution peaks. For high concentration, an array of small
concentrators per cell module is the safer design considering manufacturing,
maintenance, damage, and replacement [9], and it is the same for systems with
mulitple concentrators per cell.

Third-generation organic PVs have begun to be tested under concentrated sun-
light as well. Organic PVs are a potentially low-cost, lightweight, and flexible
alternative to inorganic PVs, but they have poor durability. Under concentration
levels <10 suns, the short-circuit current increases with concentration in a linear
fashion, whereas the open circuit voltage increases logarithmically [29]. At >10
suns, heating of the organic PV material causes a decrease in the open circuit
voltage [29]. At present only low-concentration optics—such as light funnels,
wedges, luminescent concentrators, and small reflective dishes—are being used
with organic PVs.

2 Primary Optics

The majority of HCPV concentrators will be point focus and require two-axis
tracking. They are well suited for large field installations in the 10–100-MW range [8]
rather than smaller scale systems or for domestic use. High-concentration optics are
only suited to sunny areas where direct sunlight is available due to their high
dependency on normal incident light rays and specular reflectance rather than diffuse.

2.1 Fresnel Lens

The most developed refractive concentrator is the Fresnel lens, which is made up of a
chain of prisms (see Fig. 3) where each prism contributes a section of the slope of the
lens surface but without the material of the full body of a conventional singlet [4].
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According to Fermat’s principle that all rays have an equal path length, then the
following equation can be obtained for a full-bodied aspheric convex lens [26]:

FL þ ðnL þ 1ÞtL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðFL � yLÞ2 þ x2

q
þ nLy ð9Þ

By substituting DL=2 for × and the thickness of the lens tL for y, the following
equation relates the focal length to the thickness [26]:

tL
DL

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2

L
=D2

L
þ 1=4

q
� FL=DL

nL � 1
ð10Þ

For a solid lens, only the angular orientations of the outer surfaces on which light
is incident and transmitted are relevant to the focusing action. The thickness of the
inner medium is not important and in fact absorbs more energy the longer the light
travels in the medium. So by collapsing the convex lens down to minimise the
thickness, the rays should approximately still focus in the same area but require less
lens material to do so.

The centre of curvature of each ring in a Fresnel lens can be designed to recede
along the axis according to its distance from the centre to eliminate spherical
aberration. Fresnel reflection causes approximately 8 % loss within the Fresnel lens,
and for easy mold removal any vertical lines shown in a Fresnel diagram are
typically actually inclined at 2� [26].

Fig. 3 The conversion from a
conventional convex lens to a
compact Fresnel lens by way
of truncation. Dimensions and
geometry of the lens are
shown: diameter of the lens
DL; original thickness tL;
original focal length (which is
now termed the “back focal
length” of the Fresnel lens)
FL; refractive index of the
lens nL; and the maximum
angle of concentration AL
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In a Fresnel lens, the discretisation and the sharp edges of the prisms, which are
absent in the convex, are a source of unwanted diffracted rays. Consequently, the
Fresnel lens is a much poorer imaging lens than the original smooth convex lens;
however, as stated previously, imaging of the source is not necessary in power
collection. This small percentage of loss is greatly outweighed by the relative
lightness and compactness of the Fresnel lens. The convex lens would not be used in
a commercial HCPV system as a primary optic. In general, high-concentrating
Fresnel lenses are actually also avoided commercially because in large structures
mainly formed from glass, such lenses are still considered unwieldy, heavy, and
expensive [9]. This gives more reason for modular designs with Fresnel lenses
focusing toward very small solar cells ð100 mm2Þ or all focusing to one PV receiver.

The f-number (relative aperture) of a Fresnel lens is the focal length over the
diameter. Because the f-number is increased, the irradiance is decreased. They are
typically point-focus circular-faced lenses, although line-focus Fresnel lenses have
been designed, and they can be cut to square shapes to increase the packing factor.
The maximum concentration ratio of a single Fresnel lens, which is limited by
chromatic aberration, is approximately 1000× [30]. However, by combining a
diverging polycarbonate (PC) lens and a converging PMMA lens, the concentration
limit can be increased up to 8500× [31].

There are two types of Fresnel lens: imaging and nonimaging [12]. The noni-
maging Fresnel lens has a lower manufacturing cost, but the performance is far
from optimum due to the low acceptance angle and decreased geometrical optical
efficiency [32]. However, nonimaging Fresnel lenses are considered less sensitive to
chromatic aberration, especially when the design process considers multiple
wavelengths such as in the case of the domed Fresnel lens [17]. In the case of
imaging Fresnel lenses, the output image can be altered by aberrations due to
inaccurate manufacturing of the prism tips and grooves [4]. However, acceptance
angles close to the theoretical maximum and 100 % geometrical optical efficiencies
are [32–34]. For both types, ray-tracing software can be used to improve the optical
efficiency, acceptance angle, chromatic aberration, spot shape, and flux uniformity.
For Fresnel lenses, there is a compromise to be made between module thickness and
the above mentioned list of attributes, which increase as thickness decreases [23].

The irradiance distribution for Fresnel lenses, such as for many concentrator
optics, is originally a Gaussian shape, which is difficult to match to a square solar
cell. However, an asymmetrical curved Fresnel lens, which has very good uniform
irradiance (ratio of maximum and minimum irradiance points <2), is possible [32].
There are significant manufacturing problems with this type of Fresnel lens due to
the nonsymmetric design and problems in molding the curved lens [32]. A hybrid
Fresnel-based concentrator with a significantly improved uniformity, compared
with a traditional Fresnel lens, can be obtained by tailoring the order of the Fresnel
prisms as shown in Fig. 4 (adapted from Zhuang and Yu [35]).

The use of an aspheric lens (Fresnel or not) to obtain high concentration by
eliminating spherical aberration is widely known, and the profile can be calculated
using Fermat’s principle. When considering chromatic aberration, ray-tracing
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methods or calculations involving two or more wavelengths are an effective method
to decrease the dispersion of the focus beam. A dome-shaped nonimaging Fresnel
lense can be made in such a way with improved optical efficiency and less trans-
mission of infrared rays, which may or may not be beneficial to the PV material
being used.

Fresnel lenses offer high optical efficiencies and low production costs, which
explains their development as PV concentrators over the years.

2.2 Parabolic Reflectors

The point-focus parabolic dish and line-focus parabolic trough can be concave or
convex (inverse) where the active side (that which is used to redirect the light) faces
the source. The parabolic dish is a paraboloid of revolution, a surface obtained by
revolving part of a parabola about its axis of symmetry. The parabola shown in
Fig. 5 may be represented in cartesian coordinates by:

D2
r ¼ 8 Fr tr ð11Þ

and:

4 tanðAr=2Þ ¼ 2x
Fr

ð12Þ

As shown in Fig. 1b, when two parabolas have coincident focal points and hence
the same angle A, then the following equation relates the two:

Rearrangement of facets 

Receiver 

1st 

2nd

1st 

2nd

Position along Receiver 

W/m2 

(b)

(a)

Fig. 4 a Diagrammatic representation of improved Fresnel-based concentrator and b irradiance
distribution profile on the receiver [35]
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x1
f1

¼ x2
f2

ð13Þ

Parabolic troughs are usually designed for low to medium concentration ratios
with a half-acceptance angle two to three times the apparent angular width of the
Sun’s disk. The maximum concentration ratio of a parabolic trough concentrator,
which can attain high optical efficiency and high acceptance angles without the aid
of a secondary optic, is limited to � 70× [36]. Beyond this, the parabolic trough is
suitable for concentrations up to 200 suns and although possible, it is rarely used for
HCPV applications [3]. The use of a second concentrator is needed to bring the
concentration value as close to the limit as possible. Therefore, the usual approach
is to take advantage of the low aspect ratio values of focusing primary optics and
use second-stage concentration at the receiver to increase the overall concentration
value. Parabolic trough concentrators are the most proven and commercially tested
solar thermal concentrator technologies, and the California Mojave Desert has nine
large commercial-scale solar power plants in operation [19], but the parabolic dish
is used for HCPV systems.

Large paraboloids are difficult to manufacture accurately, and sometimes smaller
flat or conic mirror facets are arranged to approximate the paraboloid shape. The
trough is inherently easier to manufacture and can be performed so by bending a flat
reflective sheet [3].

A parabolic dish (point-focusing) solar collector is advantageous compared with
other collector systems due to the absence of cosine losses and the increased
concentration ratio compared with the line-focusing parabolic trough [37]. The 3D
parabolic dish can be thought of as the most efficient high-concentration optic with
the fewest restrictions, but maximizing their full potential is very expensive com-
pared with the point-focus Fresnel lens [19]. Parabolic dishes have greater optical
efficiencies than that of the linear Fresnel reflector or central receivers where cosine
losses ensue.

As for their performance at high-concentration ratios, although parabolic
reflectors on their own can reach high optical efficiencies or have relatively uniform

Fig. 5 Dimensions and
geometry of a parabolic curve
reflector in two dimensions
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irradiance distribution (by matching receiver size to beam radius), they cannot
perform both unless other optical stages are used due to the gaussian shape of light
from the Sun [38, 39].

Parabolic mirrors for dish power-generation systems are generally constructed
from one large parabola per dish, although less expensive techniques, such as
forming the dish from an array of small mirrors, are becoming more common [9].

2.3 Linear Fresnel Reflector and Heliostat Fields

Linear Fresnel reflectors (LFRs) implement flat mirrors in strips at increasing tilt
positions at further distances from the receiver (usually positioned above the LFR).
Most LFR systems are solar thermal, and research into receiver shapes and areas
has been conducted. They have been classed as low-concentration optics in the past,
but they can be used as medium concentrators. To reach greater concentrations,
bent or parabolic mirrors are needed in place of the flat mirrors, and hence LFRs are
sometimes not considered as high-concentration optics, but their parabolic or
similarly curved counterparts would be. The central receiver set-up has the
advantage of being a stationary fixed receiver, which is easy to structure and
support, and it decreases the weight and strain on moving optics. This can be
adoptable for any collector field-tower receiver set-up, and typical support tower
heights are up to 10 × 15 m tall [9].

Abbas et al. [40] reviewed LFRs and described how the variation of the total
power impinging onto the receiver and its flux map along the day has traditionally
been identified as a major handicap for LFR technology. This problem is first due to
the optical efficiency of the solar field, which varies more than in trough collectors
[41], as well as the change on total radiation falling within the field, which is caused
by the zenith angle.

The linear Fresnel reflector has the ability to “reshape” the mirror surface, which is
a major advantage compared with the trough system. Solar movement across the sky
can be compensated for by simple adjustment of the mirror elements rather than
requiring movement and control of the reflector/receiver unit as a whole. This sim-
plifies the support and tracking structure leading to fewer implementation costs [9].

Linear Fresnel reflector systems have relatively low initial cost, and because the
reflector strips are ground-mounted, wind loads on the reflector strips are low.

Fields of heliostats are similarly used for thermal power towers and some
smaller-scale PV central receivers have gained growing interest, but at present their
use as HCPV optics is rare. Plans for space solar-concentrator optics, which would
direct light toward solar fields on Earth, consist of a lightweight array of heliostat
mirror satellites in a constellation in low Earth orbit (1000 km). Although this may
seem far-etched, NASA is developing a solar sail due to be finished by 2015. The
Earth-based solar fields, which would receive the extra 6 kWh=m2=day, are already
being constructed [8]. This idea involves taking advantage of the dawn-to-dusk
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sunsynchronous orbit adopted, i.e. a near-polar orbit of inclination angle 99�

rotating at 1�/d, to remain consistently normal to the Sun’s rays.
On the Earth’s surface, each heliostat has a dual-axis tracking system, and the

overall field usually takes on a circular or semicircular array [21].

3 Secondary and Final-Stage Optics

In high-concentration optics, secondary optics are necessary for high performance
and high reliability. Due to the low optical tolerance of HCPVs, this is important
even during prototype stages where manufacturing and alignment is perhaps not
optimum. This is even more important for optical systems of multiple stages, such
as the cassegrain, and as the concentration ratio is increased. As one can imagine,
tertiary optics are common depending on the design of the optical system, and a
wide range of shapes is used. Reflective secondary optics tend to have increased
flux uniformity and colour-mixing effects, but dielectric secondariness using TIR
can withstand more internal reflections without much loss [42]. Too many reflec-
tions in both optics results in severe light ray loss by way of Fresnel losses, not
meeting TIR criteria, or in light being reflected back (opposite direction of recei-
ver). The three main families of final stage optics are the dome-shaped lens, the
compound parabolic concentrator (CPC), and the light funnels (light cones).
Although all are capable of increasing the concentration ratio, irradiance distribu-
tion, and/or acceptance angle on the solar cell(s), the optimum receiver optic will
depend on the design and constraints of the system.

Nonimaging secondary optics can improve the irradiance uniformity and elim-
inate shadowing better than imaging secondary optics for certain systems. The
nonimaging secondary optic can be formed by rotating a segment of curve from a
linear, quadratic, and even cubic order function [10].

3.1 The Revolved Conics

This section refers to the ellipsoid, paraboloid, hyperboloid, and even the sphere (the
circle can be argued to be and not be a true conical shape) as revolved conics
producing 3D point source optics. These are typically used as the second stage of
reflection in the cassegrain set-up described earlier, and thus their size should be kept
low to avoid shadowing effects on the primary. Although these secondary optics will
share the same advantages and disadvantages as the larger primary versions, due to
their smaller size they are easier to manufacture accurately. They will also
undoubtedly introduce their own errors into the optical system, but these too are
easier to minimise on a small scale than in the high-concentrating versions. The
revolved conics are imaging optics, and so microscopic and macroscopic imper-
fections will increase the focusing point diameter and cause lower concentration.
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As mentioned in the Introduction, high concentration is difficult to achieve with
line-focusing optics, but the combination of two linear optics can produce an
overall point focus capable of high-concentration ratios up to 2000 suns [3]. This is
performed by the primary linear optic focusing in one plane along its length to
create a line focus and then the secondary linear optic focusing that line to a point.
In this set-up, the path of most rays within the optical system are longer than in the
conventional point source counterpart, and so further beam spread is incurred as is
increased shadowing from the oblong secondary optic, but accurate manufacturing
is more economic.

A 2D profile of a dome lens can be designed that redirects all incoming rays
from the first-stage (and possibly second-stage) optic toward the cell. The 3D lens is
then rotated around the optical axis. The dome lens typically uses less material than
a CPC and can be easier to manufacture [20]. The significant advantage of the
dome-shaped lens is the uniform irradiance distribution it can provide on the cell
[20]. A ball lens can also be used as a secondary optic, but this would perhaps still
require a tertiary optic at the receiver. Due to the ball lens 3D symmetry, any
expansion due to heat should not affect the performance of the ball lens to redirect
the light rays to the intended destination. However, the weight and support of the
ball lens is more difficult to accommodate.

The paraboloid, ellipsoid, and hyperboloid mirrors are typically used as sec-
ondary reflectors wherein the latter is more tolerable to errors and hence can
improve the acceptance angle of a system when replacing a secondary paraboloid.
The ellipsoid, semisphere, and sometimes even flat mirrors are used in arrays to
emulate a larger parabolic dish with simultaneously high optical efficiency and
irradiance distribution.

Many novel secondary optics have been aimed at improving irradiance distri-
bution on the PV receiver, but most of these require the input aperture to be fully
illuminated, which—although possible in HCPVs—does then limit the acceptance
angle.

3.2 The CPC and Its Variations

The 2D profile of the CPC can be described as having focal points of both parabola
sides located at the intersection between the opposite parabola and the receiver. The
compound parabolic concentrator is designed using the edge-ray principle and is
considered an ideal concentrator in two dimensions. This means that no rays within
the acceptance angle are lost, and hence it achieves maximum theoretical con-
centration. All rays entering at the extreme collecting angle are conserved on the
output exit aperture with no loss of rays. The length is bound by the extreme rays at
hi where both rays reach the receiver. The focal length can be given as [2]:
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f ¼ a0

1þ sin hi
ð14Þ

where a0 is half the exit aperture.
The overall length is [2]:

L ¼ að1þ sin hi cos hiÞ0
sin2 hi

ð15Þ

And the entry aperture diameter in:

a ¼ a0

sin hi
ð16Þ

From Eqs. (16) and (1), the CPC matches the maximum theoretical concentra-
tion ratio. In the ideal 2D CPC design, the rays incident on the rim of the exit
aperture are said to be at the boundaries of failure regions, which in 3D designs are
realised for skew rays. A 3D CPC can be made from revolving the 2D profile
(circular), by crossing two linear CPCs (square), or by more complex computation
methods for specific geometries such as the rotationally asymmetrical compound
parabolic concentrator [43].

In the 3D CPC (Fig. 6a, b), there is a 3-fold infinity of rays as opposed to the
2-fold infinity in the 2D design, and the rays outside the meridian sections can no
longer be guaranteed accommodation in the same way as the 2D rays (because the
light ray can now be skewed) and hence be reflected out of the CPC.

The linear dielectric-filled CPC can also be designed to account for the accep-
tance angle inside the dielectric due to refraction using:

sin hi ðn� ð2=nÞÞ or sin h0ið1� ð2=n2ÞÞ ð17Þ

From this equation, it is preferable to choose refractive materials with a
refractive index greater than the square root of 2, but in the case of 3D, rays will still
be lost. The dielectric-filled CPC takes advantage of TIR and increases the col-
lecting angle for the same length as a reflective CPC. Thus, this gives the possibility
of a higher acceptance angle or shortening of the CPC [2].

Fig. 6 Variations of CPC. a Revolved CPC. b Crossed CPC. c CCPC. d Lens-walled CPC
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The CCPC (Fig. 6b) has been found to be an ideal concentrator for a half
acceptance angle of 30� and outperforms the revolved CPC as a static solar con-
centrator at 3.6× concentration [44]. The square-apertured CCPC is also preferable
due to its higher packing factor when arrayed side by side, and less PV material is
wasted in manufacturing because of the efficiency of cutting square PV cells rather
than circular ones. However, the CCPC, like the CPC, does not have a good output
irradiance distribution for a flat receiver, and hot spots can reach 50× the energy of
the incident rays [44]. The CCPC can be classed as a new type of secondary optic
for HCPV systems, which requires further study.

In attempt to decrease the amount of material required in a CPC (the high
length-to-width ratio) and hence decrease the weight and expense depending on the
material used, the two-stage CPC [CCPC (see Fig. 6c)] is an option. The first stage
is in the air with a regular reflective CPC; then, instead of a solar cell at the exit
aperture, there is another transparent material filled CPC using TIR. Another
method to decrease the length of the CPC is to use truncation, i.e., removing part of
the entrance aperture end, which tends to a gradiant of 0. By doing so, there is little
decrease in the concentration ratio with a sizeable decrease in the length. Truncation
can increase the half acceptance angle of a CPC, but it also decreases the geo-
metrical concentration ratio. The maximum concentration ratio can only be
achieved by a full-height CPC without truncation [21]. Larger-opening angles can
decrease wind-induced deviations, manufacturing tolerances, and sagging effects,
whist through optimisation they can still yield high acceptance angles [36].

CPCs can absorb direct and diffuse solar radiation, and, as low concentration
devices, their acceptance angle is much greater than that of high-concentration
systems. Correspondingly, optical efficiency decreases slowly within the range of
the acceptant angle the CPC is designed for, but it decreases rapidly beyond this
range. The main disadvantage of the CPC is the very nonuniform irradiance dis-
tribution it outputs with a very high peak in the centre [20]. The lens-walled CPC
(see Fig. 6d) is designed such that the the two parabolic curves of the 2D CPC
profile are each rotated from the light-entry side to create a type of wedge shape
with parabolic curves. The optical efficiency is lower than the original filled CPC or
mirrored CPC, but the irradiance distribution is somewhat improved. The
lens-walled CPC is also capable of higher acceptance angles [45]. One design of the
lense-walled CPC reports � 65 % optical efficiency at 0° incidence, which
decreases slightly to � 60 % at 20° from normal [45].

For an ideal CPC the exploitable part of the diffuse irradiance is 1/c but this
contribution to a high concentrating system is negligible.

3.3 Light Funnels

Light funnels (light cones or homogenisers) all follow a funnel shape (Fig. 7) and
are typically used in the same fashion as a funnel where their prime aim is to
capture more stray light due to errors and redirect them toward the receiver. Light
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funnels can first be described by their 2D curves (Fig. 7a–c) where the side walls
will be flat (V-trough), hyperbolic, or elliptical. However, the most popular cones
are the CPC, as described previously, and simple V-shaped cones in order to save
on manufacturing costs and decrease complexity. Further variations are possible
when the 2D profile (V-shaped, CPC-shaped, or hyperbolic curved as shown in
Fig. 7a–c) is translated into 3D where circular, square, or polygonal entry apertures
can be realised (Fig. 7d–f). In this way we obtain the square-faced V-trough, the
circular cone, the elliptical cone, and many more complex variations. Merged
forms, including the circular-square cone, which has a circular entry merged with a
square exit, are possible as well. Square solar cells are more common than circular,
and hence square-exit faces are usually desired, but there are plenty of examples of
circular cells with circular optics [42, 46].

At present, light funnels are all used in the same fashion in HCPVs which, as
described, is to funnel light toward the receiver with the receiver being a solar cell,
an array of solar cells, or possibly another type of low concentration optic that is
attached to the solar cell(s) (specifically the two-stage CPC design and any varia-
tions would fit this description). In arrangements with an array of solar cells, the
HCPV system will only work as efficiently as the lowest-performing cell. Hence,
errors in irradiance distribution or tracking can severely limit the system’s full
potential. There is less risk of this happening with an accompanying optic or array
of optics attached to the receiver.

The light cones are simple forms of nonimaging devices, some of which have
been used for many years [2]. The advantage of these light cones is by far their
simplicity yet effectiveness at increasing acceptance angle. They are not ideal
optics; many of the light rays, even within a critical angle of incidence, can still be
lost. In all of the designs there is a compromise between entry aperture width, which
allows a greater acceptance of deviated rays, and slope or height of the walls.
A smaller gradient in the walls results in smaller reflection angles, hence more

Fig. 7 Examples of 2D
profiles and possible 3D
transformations. a V-trough.
b CPC. c Compound
hyperbolic concentrator. d 3D
square-apetured V-trough.
e Polygonal apertured CPC.
f Hyperboloid with an
elliptical entry aperture and
square-exit aperture
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reflections and rays not meeting TIR criteria or reflecting backward out of the
system. Similarly, if the height is increased to maintain the wall slope whilst
increasing aperture width, then the ray will travel longer in the light funnel and
incur a greater number of reflections resulting in the same problems.

The equation:

2y ¼ ðp=2Þ � h1 ð18Þ

can be used to determine the length of a cone for a given entry aperture diameter,
but some rays within hi can still be reflected out of the cone. The 2D V-trough is far
from ideal as depicted by earlier literature [2]. The identification rays that are
reflected out of axisymmetric cone shaped concentrators can be performed
according to the procedure outlined by Winston et al. [2] for the CPC. The optical
efficiency of a cone for rays within the acceptance angle is approximately 80 % with
smaller-angled cones performing closer to ideal concentrators. A V-trough con-
centrator will have very high acceptance angles when its geometrical concentration
ratio is <2 [47]. The crossed V-trough (inverted pyramid) and similar square-shaped
light funnels are the simplest but most effective method to couple a circular primary
optic with a square cell as well as homogenizing the irradiance distribution on the
cell.

The square elliptical hyperboloid (SEH), which is based on the ideal trumpet
concentrator, has recently been developed with an elliptical-entry aperture con-
nected to a square-exit aperture by way of hyperbolic curves (Fig. 7f) [48].
A concentration ratio of 6× for the SEH is the optimum for use as a stationary solar
concentrator despite its low optical efficiency of 55 %. The main use of this type of
concentrator, however, is for building integrated PV applications, and its perfor-
mance as a final-stage light funnel still has to be tested. The SEH designed for
4× concentration ratio has a greater optical efficiency of 68 % and may be more
suited to HCPV optical systems.

One particular type of optic, which has no concentration effect and is purely for
ensuring that rays travel toward the receiver, is the straight-forward light pipe or
light rod. The light rays are focused onto the surface in the same way as in a light
funnel, but the width of the entry aperture is not greater than that of the receiver.
The light rod would be used in optical systems where it is beneficial to position the
solar cell outside the optical system or not in the location of focused rays (cooling
purposes). The light rod can transport the light rays to the cell and act as a
homogeniser to distribute rays evenly. If we ignore this homogenising effect, which
would improve the performance of the cell, then technically the acceptance angle
would be the same as when the receiver was placed at the entry-aperture position of
the light rod. For that reason, it cannot be called a light funnel or cone that directly
improves the acceptance angle. Depending on the condition of the focusing light
rays, it may only improve the irradiance distribution by a small factor and will
somewhat decrease the optical efficiency due to absorption and if too many internal
reflections are incurred. The light rod is hence the simplest method purely to
reposition the cell.
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4 Materials for HCPV Optics

A critical task in any concentrating optic design is identifying the best possible
materials. Ideally a material would have high optical efficiencies (90–100 %
reflection or transmittance), high thermal and ultraviolet (UV) tolerance, physical
durability against environmental conditions, and overall economical to produce. In
some systems using both a refractive element and a reflective element, both
refractive and reflective issues must be addressed, but with careful design they may
complement each other. For example, a secondary mirror optic may correct for
primary lens aberrations as long as they are not severe. Generally, reflective
materials are more cost-effective than refractive materials [10].

4.1 Refractive Optics

Glass can withstand high temperatures and is typically the best choice for
high-quality accurate optics. Most plastic materials have less effective
light-transmission properties compared with glass and tend to degrade with heat and
UV exposure. Glass can be used over decades in some applications (regular main-
tenance, such as cleaning, is still required), whereas plastics typically last for only a
few years [21]. The combination of strength, flexibility, and light weight, however,
makes plastics more attractive with an overall aim to save money on capital and
running costs (less-expensive solar tracker systems are required for lighter systems).
Polymers—such as PMMA, which has a refractive index of 1.49 (very close to that
of glass)—are often used in solar concentrators with good solar spectrum matching
and resistances to ageing. PMMA remains thermally stable up to at least 80� [4] and
is perhaps the most popular polymer used in CPVs. Polyethylene is used widely in
other areas, such as a plastic film, but it has a short lifetime of only 1 year [21].
Polyamide, polystyrene, acrylics, and PC have been investigated (at least as covers
for flat-plate collectors), but more research is required, especially regarding their
durability. Durability is a topic that lacks data in many areas. Testing requires several
years to pass, although some advanced weathering simulations are possible as is
modelling. High levels of temperature, humidity, and solar radiation have, however,
been proven to accelerate ageing with thermal effects proving most detrimental.

The properties of plastic films are dependent on the length of the polymer chain:
Longer chains result in less brittle material. However, degradation due to heating,
light exposure, oxidation, and mechanical breaking (scratches and repeated flexing)
split these long polymer chains [21].

Fresnel lenses have traditionally been manufactured out of PMMA, which, due
to the dispersion curve, makes shorter wavelengths converge faster than longer
wavelengths and hence causes longitudinal chromatic aberration (LCA). Fresnel
lenses may be manufactured by hot-embossing, casting, extruding, laminating,
compression-moulding, or injection-moulding thermoplastic PMMA [49]. Optical
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or mirror-grade PMMA material may come from the automotive, lighting, or
skylight industries. Applicable formulations of optical-grade poly(dimethylsilox-
ane) (PDMS) material are shared with the aerospace, electronics, and light-emitting
diode industries. A heavier lens technology consists of acrylic or silicone facets
patterned on a glass superstate as researched in the late 1970s [50, 51]. PMMA and
PDMS can be adhered to a glass superstate and patterned as a Fresnel lens. PC is
sometimes suggested as an alternative to PMMA due to its significantly greater
resilience, which prevents mechanical fracture and fatigue. However, PC has a
smaller spectral bandwidth, less optical transmittance, and lower resistance to
scratches [52]. It suffers more from optical dispersion, chromatic aberration, and
solar-induced photo oxidation [53–56].

PMMA has a transmittance of � 95 % and has a low glass-transition temper-
ature meaning that high-temperature treatments, such as calcination, which is a
preparation method of antireflective and antifogging coatings, cannot be used on
PMMA material. Zhou et al. [57] successfully fabricated antifogging and
antireflective coatings on Fresnel lenses by way of spin-assembling silica nano-
particles without any high-temperature posttreatments and reached a transmittance
of 98.5 %. Super hydrophilic coatings (antifogging) can effectively prevent water
condensation on transparent substrates, which can alter light concentration in CPV
systems. Another way to achieve an antireflective property on PMMA (refractive
index = 1.49) is to layer a single coating of refractive index 1.22. However, at
present there are no bulk materials that possess such a low refractive index [57], but
nanoporous coatings have voids leading to a lower refractive index and better
antireflective properties [57].

As mentioned previously, the acceptance angle decreases with greater concen-
tration ratios. To combat this trade-off between concentration ratio and half
acceptance angle in CPCs, a large refractive index dielectric medium could be used
to form the solid concentrator instead of the common mirror one. However, this
increases the weight and amount of material required for manufacturing. The
lens-walled CPC, which uses less material and thus decreases the weight, has a
lower optical efficiency partly due to the low transmissivity of the lens material
chosen for the lens-walled CPC and so could be improved with different materials.

Computer-controlled diamond turningmachines, aswell as othermodernmaterials
and molding techniques, have significantly improved the design and accuracy of
refractive optics such as Fresnel lenses [24]. Similarly, computer-aided design and
machining has improved the quality of reflective optics, but in both cases good-quality
prototyping can be expensive when requiring smooth and accurate geometries.

4.2 Reflective Optics

Reflective concentrators do not suffer from selective wavelength absorption and
dispersion associated with dielectric lenses. They use less material than any other
equal concentration system because they are not filled with an optical material.
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They are, however, said to be more prone to manufacturing errors and are less
tolerant to slope error than lenses.

In general, the optical efficiency of reflective concentrators is a coupled function
of both the geometry and the mirror reflectivity. A common approximation for the
effect of reflectivity on optical efficiency follows from the pioneering work of Rabl
[58].

Polymer mirror films can be used as a low-cost option for reflective surfaces and
have low weight and costs compared with a curved glass or polished aluminium
mirror. They are, however, difficult to apply, especially to 3D shapes, and if not
properly applied will not replicate the intended curve or line intended.

V-trough concentrators are one of the easiest-constructed of all
low-concentrating systems: They can be fabricated from a single aluminium sheet.
Bader et al. [59] attempted to lower the manufacturing costs of solar concentrators
by investigating the use of pneumatic polymer mirrors. By applying slight pressure
over an inflatable elastic enclosure, two opposing cylindrical curved surfaces were
obtained. These encompassed a transparent foil on one side and a silicone coated
fibreglass fabric with an aluminium mirror sheet on the other side as shown in
Fig. 8.

Wind-induced vibrations were eliminated due to the use of a concrete structure,
which is more rigid and stronger than conventional metallic frames. Self-cleaning
scratch-resistant foils were applied easily, and the high-quality mirror foils were
well protected from the environment. There is a high potential for a cost decrease
due to the cheaper and lightweight materials, which can also be easily transported.
The concrete structure would be built on site. The cylindrically shaped optics,
which suffer from optical aberration, were corrected somewhat with the use of a
tailor-made secondary specular reflector incorporated in tandem with the primary
cylindrical mirror. However, the resulting prototype was only suitable for thermal
receivers, but it shows the variance of materials possible and how they may be used
to reach high solar concentrations.

Primary mirror 

Secondary mirror 

Receiver 
Inflated 

transparent 
envelope 

Incident 
light ray 

Fig. 8 Diagram of inflatable solar concentrator optics for solar thermal application. The primary
mirror consisting of a silicone coated fiberglass fabric with an aluminum mirror layer [59]
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Parabolic reflectors designed for high concentrations in particular can be costly
to build on such a large scale. They require stronger structures and more expensive
solar trackers due to their weight and high accuracy requirement. A silvered mirror
using smooth glass produces a common mirror with reflectivity >85 %. The smooth
glass is covered from the back and sealed with an oxidation layer. These types of
mirrors are only applicable as flat reflectors. Curves—such as the parabolae,
hyperbolae, ellipse, or circular—are extremely difficult and hence costly to man-
ufacture with accuracy. Manufacturing processes used include precise grinding,
milling, polishing, and a variety of coating methods for a mirror finish. Flab et al.
have manufactured a mirror with a reflectivity >94 %, which is successfully being
used in Colorado [19].

Jagoo et al. constructed a very low cost parabolic dish with basic tools using
wood, cement, silicone paste, and fibreglass [19]. A chrome polymer reflector with
an adhesive back was used for this application. It had the advantages of high
weathering durability, and the system reflected 82 % of the incident sunlight.
Fiberglass is cheap, impermeable, and easy to use and mould.

Alanod is a reflective thin film comprised entirely of aluminium that has a total
reflectivity of 95 %. Samples coated with a polymeric chemical to protect the
alumina layer can survive for a few years. ReflecTech mirror film is a
polymer-based film for concentrating sunlight in solar energy arrays. The film has
an overall reflectivity of 94 % and is immune to water and UV radiation.

5 Conclusion

High-concentration optics for PV applications require all types of optics including
low-concentration and nonconcentration devices. As the geometric concentration
ratio is increased, the acceptance angle is decreased and errors in alignment,
manufacturing, reflectivity, and refraction are more noticeable. The use of smaller
optics to replicate a high-concentrating optic is becoming more popular as a means
to achieve high optical efficiency as well as high irradiance uniformity on the
receiver. Receiver optics are essential to increase the acceptance angle, and an array
of possible optics have been outlined herein. The Fresnel lens and parabolic dish
maintain the most popular form of high-concentrating optic for PV applications.
A variety of possible materials has been given for both reflective and refractive
optics along with manufacturing methods. Depending on the constraints of a pro-
ject, different concentrator types, geometries, materials, and manufacturing methods
will be chosen as optimum, but tailoring a design to an application is always
important, especially for high-concentration optics for PV applications. This
chapter provided many options for concentrator design and manufacturing and
explains the basic optical behaviour and materials used today.
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The High-Concentrator Photovoltaic
Module

P. Rodrigo, L. Micheli and F. Almonacid

Abstract High-concentrator photovoltaic (HCPV) modules incorporate solar cells,
optical devices, cooling mechanisms, and other elements in an assembly to provide
the functions required to concentrate sunlight and obtain electricity. The variety of
designs for configuring HCPV modules is introduced in this chapter. Thermal man-
agement, an important aspect to be considered in the design of these modules, is
discussed, as are the possibilities and innovations for implementing cooling mecha-
nisms. The behavior of HCPV modules is complex because of the different interde-
pendent elements and involved processes and because of the changing operating
conditions in the field. The experimental analysis of available modules has motivated
progress in understanding this complex behavior. The influence of different atmo-
spheric parameters on such behavior is analyzed in this chapter. In addition, existing
models for the electrical characterization of HCPV modules are reviewed. Many of
these models have been recently developed and are intended for a more accurate
simulation of the behavior, for easier implementation, or for meeting specific needs of
the HCPV industry. The availability of reliable models to predict the energy harvested
by HCPV is important to promote this photovoltaic technology.

1 Introduction

High-concentrator photovoltaic (HCPV) modules are used in HCPV systems to
convert unconcentrated sunlight to electricity. These assemblies include optical
elements, solar cells, cooling mechanisms, and other peripheral elements that can be
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arranged in many different configurations. Multijunction concentrator solar cells
and optical configurations for HCPV modules have been analyzed elsewhere in this
book. The thermal management of the modules and the design of cooling mecha-
nisms will be analyzed in this chapter. These are important topics because of the
large light-concentration factors focused on small areas in HCPV modules.

The research community and the industry are involved in developing better
designs and manufacturing processes to improve HCPV module efficiencies. To
achieve this goal, progress in understanding the real behavior of the HCPV modules
in the field is required. Because prototypes and commercial HCPV modules are
available, the experimental analysis of these devices becomes feasible. The
behavior of HCPV modules strongly depends on the behavior of the solar cells
inside. The main influencing atmospheric parameter is clearly direct normal irra-
diance (DNI), but there are many other aspects in the design and many other
atmospheric variables that have nonnegligible influence.

Progress in understanding HCPV module behavior has allowed the development
of models for the electrical characterization of these devices. Taking into account
the classical models for conventional photovoltaic technologies, some researchers
have recently developed models and tools that are able to reproduce the behavior of
HCPV modules with greater accuracy and/or are more adapted to the specific needs
and circumstances of the HCPV industry. These models are helpful for improving
designs and energy prediction, among other applications, and are essential to
promote HCPV technology.

This chapter is structured as follows: Sect. 2 is an overview of the components
and fundamentals of HCPV modules; Sect. 3 gives an introduction to the behavior
of HCPV modules mainly based on the analysis of outdoor measurements and the
influence of atmospheric parameters; Sect. 4 discusses the cooling mechanisms in
HCPV modules and several topics related to thermal management in these devices;
Sect. 5 is a review of existing models for the electrical characterization of HCPV
modules with emphasis on identifying the inputs, requirements, procedures, and
applicability of the different proposals; because some of these models use the
temperature of the cells inside the module as input, Sect. 6 reviews existing models
for estimating this temperature from atmospheric parameters and/or direct mea-
surements on the modules. Comparative tables of the characteristics of the reviewed
models are given, which can help in the choice of the most suitable model for each
specific application. The conclusions of the chapter are presented in Sect. 7.

2 Fundamentals and Components of HCPV Modules

The HCPV module is the fundamental unit used in HCPV systems to convert
unconcentrated sunlight to electricity. This unit must provide different functions:
concentration of the incident light, homogenization of the concentrated light in
some designs, photovoltaic effect, heat dissipation, environmental protection,
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electrical isolation, electricity removal, and fixing to the tracking structure. As can
be realized, all of these functions can be obtained by means of many possible
configurations and designs [1, 2].

A typical configuration based on point-focus Fresnel lenses, which has reached
commercial acceptance, is shown in Fig. 1. In this configuration, each solar cell has
its own optics. The module is composed of several solar receivers integrated with
the primary lens, and the different receivers are electrically interconnected usually
in a series configuration. The primary lenses in the example shown in the figure are
Fresnel lenses, which focus the light on a specific area, are the so called point-focus
Fresnel lenses. The solar receivers are composed in this case of a secondary optical
element for light homogenization, a small solar cell, a bypass diode for safe-
guarding the solar cell in cases of unusual operation such as partial shading, a
heat-sink for passive cooling, and electrical connections to pass the electricity to the
adjacent receivers or outside the module. These kinds of modules must be always
be pointed toward the sun to be able to properly focus the solar rays on the solar
cells surfaces, so they are mounted on two-axis solar trackers.

The main factors that determine the structure of an HCPV module are the optical
configuration and its associated geometric concentration factor, the kind of solar
cells, and the mechanisms for heat removal. The optical configuration allows
obtaining a high light concentration level on a small area. Point-focus optical
configurations require two-axis solar trackers, whereas linear-focus configurations
can use single or dual-axis trackers. Other configurations allow separating the
assembly of solar cells from the solar collectors. The different possibilities of
optical designs are analyzed elsewhere in this book. The small semiconductor area

Fig. 1 Structure of an HCPV module based on point-focus Fresnel lenses. Source IEC 62108 [1]
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required in HCPV modules usually allows incorporating high-efficiency multi-
junction III–V solar cells, which otherwise would be too expensive for terrestrial
applications. These cells are also analyzed in a previous chapter. In contrast, the
design of cooling mechanisms is a large topic of interest in HCPV and will be
discussed in Sect. 4 of this chapter. Cooling mechanisms are required in HCPV
modules to limit the solar cell operating temperature and to decrease temperature
differences between the cells in the module and across each individual cell. Better
thermal designs of the solar receivers and the use of different kinds of heat
exchangers contribute to improve heat removal. Passive cooling uses the natural
motion of a fluid, whereas active cooling uses a small part of the generated energy
to force the circulation of a fluid. Air is usually used as exchanger fluid, whereas
water or other high thermally conductive fluids can also be used if available. There
are many possibilities to implement cooling mechanisms, and innovative technol-
ogies are being investigated. These options, combined with the variety of optical
configurations, offer a wide field for the design of HCPV modules.

The instantaneous efficiency of an HCPV module is defined as the quotient
between the electrical power output and the luminous power input. Under normal
operating conditions, the electrical power output corresponds to the module max-
imum power (Pmax) because of the use of inverters with maximum power point
tracking. The luminous power available for the module is calculated from the
incident DNI, which is the only component of solar radiation that can be focused on
the solar cell surfaces by the optical elements in the HCPV module. Thus, the
instantaneous efficiency of an HCPV module is shown by (Eq. 1):

gmod ¼
Pmax

DNI � Amod
ð1Þ

with Amod being the module area. Different values of efficiency can be calculated if
we consider only the area of the primary optical elements or the whole area of the
module including frames and separation elements. DNI must be corrected for angle
of incidence for modules using single-axis tracking.

In contrast, the standard efficiency of an HCPV module depends on the operating
conditions taken as a reference. These conditions have been recently normalized in
the standard IEC 62670-1 [3], which allows two sets of standard conditions:
(1) concentrator standard operating conditions [i.e., CSOC: 900 W/m2 of DNI, 20
ºC ambient temperature, 2 m/s of wind speed, and standard direct normal AM 1.5
spectrum]; and (2) concentrator standard test conditions [i.e., CSTC: 1000 W/m2 of
DNI, 25 ºC cell temperature (Tc), and standard direct normal AM1.5 spectrum].
HCPV modules should always incorporate on their data sheets and nameplates the
conditions at which the module was rated.

The efficiency of an HCPV module is lower than the efficiency of the solar cells
inside. The nonideal properties of transmission, absorption, and reflection of the
optical elements play an important role. The efficiency of an HCPV module can be
broken down as (Eq. 2):
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gmod ¼ gcell � gopt � 1� Lð Þ ð2Þ

with ηcell being the efficiency of the solar cells, ηopt the efficiency of the optical
elements, and L a factor considering other kinds of losses. Among these other
losses, Joule effect in electrical connections and wires and mismatch effects
between receivers can be cited. Mismatch can be caused by small differences in the
alignment of the solar receivers, temperature differences between the solar cells,
dispersion of solar cells parameters due to manufacturing tolerances, etc. An HCPV
module is composed of a number of interdependent elements that configure a
complex system, so many factors can influence its efficiency and its behavior.

The real efficiency of the commercially available HCPV modules is difficult to
analyze. The companies usually provide incomplete information because of limited
experience and commercial strategies. In 2011, an analysis of published efficiencies
led to statistically represent the efficiency of commercial HCPV modules by a
normal distribution with a mean of 24 % and an SD of 4 % [4]. However, HCPV
module technology is rapidly evolving. The challenges in the design and manu-
facturing of HCPV modules include reaching greater efficiencies as well as
decreasing weight and cost, improving angular acceptance, and ensuring long-term
reliability.

3 Analysis of the Behavior of HCPV Modules

The main components that determine the electrical behavior of an HCPV module
are the solar cells, which are usually multijunction III–V solar cells. However, as
was commented in the previous section, an HCPV module is an assembly of
different elements (solar cells, primary and secondary optical elements, cooling
devices, protection elements for outdoor operation, bypass diodes, electrical con-
nections, etc.). This means that the electrical behavior of an HCPV module cannot
be exclusively explained by the behavior of the solar cells inside. Although solar
cells are the critical component, HCPV modules must be analyzed as a whole for a
better understanding of their behavior in the field.

Experimental analysis of the behavior of HCPV modules can be performed
indoors under controlled conditions with the help of a sun simulator or outdoors
under real conditions by mounting and measuring the studied modules on a solar
tracker. The analysis shown in this section is mainly based on outdoor measure-
ments, which can be more representative of the real behavior in the field, although
there are also important studies performed indoors.

Efficiency and maximum power of HCPV modules can be considered the most
important electrical parameters to be analyzed. They are key parameters in many
applications, for instance, in predicting the harvested energy in HCPV systems.
However, it must be taken into account that the electrical behavior of an HCPV
module is only fully described by knowing the current-voltage characteristic (I–V)
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curve under any given environmental conditions. Therefore, many other electrical
parameters—such as short-circuit current, open-circuit voltage, or fill factor among
others—can be interesting for different studies.

As a starting point of the analysis, and considering that solar cells are the most
important components in HCPV modules, it can be assumed that the variables
influencing solar cell behavior will be also important in the behavior of HCPV
modules. Because multijunction solar cells are influenced by changes in irradiance,
cell temperature, and incident light spectrum [5–7], the behavior of HCPV modules
should depend at least on DNI (the only component of solar radiation that can be
focused on the solar cells by the optical elements), Tc, and direct sunlight spectrum
E(λ) [8–11]. So, in a first approximation, the functional dependence of HCPV
modules behavior could be expressed as:

Curve I-V ¼ f DNI; Tc;E kð Þð Þ ð3Þ

Of course, this functional dependence can be extended or written in different
ways. Some of the involved variables can be expanded. For instance, Tc in a
passively cooled HCPV module depends on DNI, ambient temperature, or wind
speed among others [12]. Direct sunlight spectrum depends on air mass, aerosol
optical depth, or precipitable water among others [13]. Moreover, other variables
could be added to the function, for instance, lens temperature, which itself depends
on several atmospheric parameters. However, Eq. (3) is quite synthetic and could be
considered representative of the main variables that influence HCPV module
behavior taking into account that it can be written in many other more or less
descriptive ways.

Among the variety of factors that influence HCPV module behavior, different
studies have shown that the three most important variables to be considered are
DNI, Tc, and air mass. This does not mean that the electrical behavior of HCPV
modules can be determined exclusively from these three variables, but a reasonable
approximation of the real behavior can be performed by analyzing these three
inputs. Of course, other factors must be analyzed for a better understanding.

Next, taking this into account, Sects. 3.1, 3.2, and 3.3, respectively, analyze the
influence of DNI, Tc, and air mass on several electrical parameters. Section 3.4
briefly comments on the influence of other involved factors.

3.1 Influence of Direct Normal Irradiance

Direct normal irradiance is by far the most important variable that determines
HCPV module behavior [11]. HCPV module maximum power (a key electrical
parameter in many studies) is strongly and decisively influenced by DNI. Figure 2
plots the maximum power of an HCPV module obtained through an outdoor
experimental campaign covering a wide range of operating conditions versus DNI
without filtering any other variable that can influence HCPV module behavior. The
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represented maximum power has been normalized to the rated maximum power of
the module at CSTC.

As can be seen, although there is some scatter when representing maximum
power versus DNI (which indicates that there are other influencing variables), this
scatter is narrowly bounded. Thus, these kinds of measurements highlight the
decisive influence of DNI on HCPV module behavior. Moreover, if a linear
regression of the collected data is performed, results indicate that the influence of
DNI on maximum power is reasonably linear as shown in Fig. 2 where a correlation
coefficient (R2) of 0.9718 was obtained (close to unity). This means that a simple
linear model that represents maximum power versus DNI could be used in pre-
liminary studies that do not require a high degree of accuracy in the prediction.
However, as was commented, most of the studies on HCPV modules require more
in–depth knowledge of their behavior; thus, other influencing factors must be
usually considered.

3.2 Influence of Cell Temperature

A first consideration with respect to this parameter regards the meaning of the Tc in
an HCPV module. Actually, not every cell in an HCPV module operates exactly at
the same temperature. Measurements on the back plates of HCPV modules have
shown that cells near the frame have lower temperatures depending on wind speed
and direction and orientation of the module [14–16]. Thus, for Eq. (3) to make
sense when applied to HCPV modules, the Tc variable must be considered as the
average temperature of the cells in the module. We will simply refer Tc as the “cell
temperature” in the module keeping this consideration in mind.

Fig. 2 Maximum power normalized to the rated maximum power at concentrator standard test
conditions versus direct normal irradiance for an HCPV module measured outdoors at Jaén, South
of Spain, during an experimental campaign of 8 months as well as the results of a linear regression
of the data. The module was composed of 16 series-connected GaInP/GaInAs/Ge solar cells, with
one domed Fresnel lens per cell with 550× concentration factor, and was passively cooled through
a metal plate
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The Tc in an HCPV module influences electrical parameters such as open-circuit
voltage, fill factor, short-circuit current, etc. The most affected parameter is
open-circuit voltage so we will focus on the analysis of this one.

Figure 3 plots outdoor measurements of open-circuit voltage versus Tc collected
during an experimental campaign performed on an HCPV module. In this graph,
measured open-circuit voltages have been corrected to the reference irradiance of
1000 W/m2 to try to remove the influence of DNI on this parameter by means of a
logarithmic correction. In addition, the corrected voltages have been normalized to
the rated open-circuit voltage of the module at CTSC.

The scatter in the graph can be caused by different reasons such as the difficulty
of measuring the temperature of the cells inside an HCPV module operating in real
conditions, different temperatures of the cells in the module, uncontrolled distur-
bances during the experiment, etc. However, these kinds of outdoor measurements
suggest that open-circuit voltage decreases linearly when Tc increases. This sug-
gested linear behavior could be represented by the regression line shown in Fig. 3.
In fact, the influence of Tc on the open-circuit voltage of HCPV modules has also
been studied indoors with the use of sun simulators, and an almost perfect fit to the
linear behavior has been observed [9]. This decrease of open-circuit voltage with
respect to Tc can be explained taking into account the influences of temperature on
the intrinsic carrier concentration and the band-gap of the semiconductors that
compose the multijunction solar cells in the module [17].

The behavior of open-circuit voltage in HCPV modules is similar to that in
conventional flat-plate photovoltaic modules, in which open-circuit voltage is
usually modelled with linear functions based on Tc by means of temperature
coefficients provided by the manufacturers. However, typical values of these
coefficients are different for flat-plate modules and for HCPV modules. HCPV

Fig. 3 Open-circuit voltage corrected to 1000 W/m2 of irradiance and normalized to the rated
open-circuit voltage at Concentrator Standard Test conditions versus Tc for an HCPV module
measured outdoors at Jaén, south of Spain, during an experimental campaign of 8 months as well
as linear regression of the data. The module was composed of six series-connected
GaInP/GaInAs/Ge solar cells, with one squared flat Fresnel lens per cell with 500× concentration
factor, passively cooled through a metal plate. A small PT100 sensor was placed inside the module
close to one of the solar cells for the measurement of its operating temperature
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modules typically show a lower dependence on Tc than conventional modules
because of the specific properties of the materials that compose the multijunction
solar cells [18, 19].

3.3 Influence of Air Mass

Air mass has been identified as the main atmospheric parameter that influences the
sunlight spectrum, although the exact spectral content of the sunlight cannot be
determined exclusively from this parameter. Because HCPV modules behavior is
influenced by the behavior of the multijunctions cells inside, taking into account
that these cells are very sensitive to the spectrum of the incident light and due to the
importance of the air mass as an indicator of the spectral content of sunlight, it is
reasonable to think that air mass should play an important role in the behavior of
HCPV modules. Thus, different investigators have analyzed and tried to quantify
the influence of air mass on HCPV module behavior [16, 20–25].

The effect of variations of the incident spectrum on HCPV modules is complex
and affects different electrical parameters. However, the electrical parameter that
probably better describes the influence of the spectrum is the module short-circuit
current, so that we will focus on the analysis of the influence of air mass on this
parameter.

Figure 4 plots outdoor measurements of short-circuit current versus air mass
collected during an experimental campaign performed on an HCPV module. In this
graph, measured short-circuit currents have been corrected to the reference

Fig. 4 Short-circuit current corrected to 1000 W/m2 of irradiance and normalized to the rated
short-circuit current at Concentrator Standard Test conditions versus air mass for an HCPV module
measured outdoors at Jaén, south of Spain, during an experimental campaign of 8 months as well
as regression curve modelled as a fourth-order polynomial. The module was composed of five
series-connected GaInP/GaInAs/Ge solar cells, with one squared flat Fresnel lens per cell with
625× concentration factor, passively cooled through a finned heat exchanger. Air mass was
calculated from the registered values of sun elevation angle with a pressure correction based on
Jaén’s altitude

The High-Concentrator Photovoltaic Module 123



irradiance of 1000 W/m2 to try to remove the influence of DNI on this parameter by
means of a linear correction. In addition, the corrected currents have been nor-
malized to the rated short-circuit current of the module at CSTC. The resulting
factor is known as normalized short-circuit current or spectral correction factor.

The scatter in the graph can be attributed to different reasons, but probably the
main reason is that the spectral content of the incident sunlight is not fully deter-
mined by the air mass parameter, so there are other influencing atmospheric vari-
ables that have not been filtered. From the measurements in the graph, the behavior
of the normalized short-circuit current with respect to air mass could be mathe-
matically expressed in different ways. For instance, the graph shows a fourth–order
polynomial whose coefficients have been adjusted from the set of measurements by
multilinear regression analysis.

The obtained curve can be representative of the influence of air mass on nor-
malized short-circuit current under the hypothesis that other involved variables are
random and their influence, when collecting a large number of measurements and
applying a regression procedure, cancels. If we examine this curve, two trends are
observed. From low to high values of air mass, at first the normalized short-circuit
current increases until reaching a maximum, and it gradually decreases afterward.

This behavior agrees with what could be expected if we take into account that
HCPV module behavior is strongly influenced by the behavior of the multijunction
solar cells inside. In these solar cells, which are usually composed of three
monolithically grown series-connected subcells with each one having a different
spectral response, the current is limited by the subcell with lower short-circuit
current. Under real operating conditions, the limiting subcell can be either the top or
the middle subcell depending on the spectrum of the incident light. In the regression
curve shown in Fig. 4, the region on the left of the maximum would correspond to
spectral conditions under which the middle subcell governs the current, whereas the
region on the right would correspond to spectral conditions under which the top
subcell governs the current. The curve maximum would represent the operating
point at which both subcells generate the same current. Multijunction solar cells for
terrestrial applications are usually designed to obtain maximum efficiency at the
standard AM1.5d spectrum. In Fig. 4, the maximum of the curve does not exactly
correspond to an air mass value of 1.5. This can be explained, among other reasons,
by the influence of lense transmittance, which is not constant for every wavelength,
that causes that the spectrum of the light that reaches the solar cells in the module
does not necessarily correspond to the spectrum of the external sunlight that falls on
the primary lenses [24].

3.4 Other Influencing Factors

Although air mass is the most important atmospheric variable that influences the
sunlight spectrum, other atmospheric parameters have a nonnegligible influence on
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the spectral content and thus affect HCPV module behavior. Among them, aerosol
optical depth, precipitable water, or Ångström exponent can be cited [26, 27].

The change in the optical properties of the lenses used as primary concentrators
in HCPV modules play a role in the electrical behavior of the modules. Both the net
luminous power and the spectral content of the light that fall on the solar cells do
not exclusively depend on DNI and the spectrum of the sunlight that falls on the
primary lenses. Optical properties of the lenses, such as transmittance and focal
length, change during the real operation of HCPV modules, and the characteristics
of the light that finally reaches the solar cells varies accordingly. This effect is
mainly function of the lens temperature, which varies with the atmospheric con-
ditions [28].

Wind speed, characterized by magnitude and direction, has also a complex
influence on HCPV module behavior. On the one hand, wind falling on the front
side of an HCPV module causes cooling of the lenses, what usually improves their
optical efficiency as well as the electrical output of the module. In contrast, a
high-intermittent wind speed can cause vibrations of the tracking structure and
cause misalignments that deteriorate the electrical output. Of course, wind falling
on the back side of passively cooled HCPV modules improves heat dissipation and
decreases Tc, which increases the module’s efficiency. Another effect of wind is
originating temperature differences between the solar cells in an HCPV module
depending on its direction and the orientation of the module [29, 30].

There are many other factors that can affect the HCPV modules behavior such as
tracking accuracy, deformations of the optical elements, module structure or tracker
structure, degradation of the lenses, soiling on the primary optics, self-shading
between trackers, etc. [31].

4 Cooling Mechanisms in HCPV Modules

In flat photovoltaic and low CPV systems, cooling is generally not required because
of the large module surface and limited irradiance incident on the solar cells cor-
responding to terrestrial levels. Inversely, it becomes an important aspect for
medium-, high-, and ultra-high concentrating CPV systems where the receiver
surface area strongly decreases and the irradiance dramatically increases. Taking
into account a typical 1 cm2-sized multijunction solar cell integrated with a primary
lens that receives 900 W/m2 of DNI, and considering a 500× concentration factor,
20 % of optical losses, and 41.1 % of cell efficiency, it is expected that the device
produces approximately 21 W of waste heat. A well-dimensioned cooling system is
then essential to remove this heat and to keep the Tc in the range that concentrating
photovoltaics usually operate, i.e., 50–80 °C [12, 32]. An amount of heat equal to
the one generated must be removed from the cell to stop the temperature increasing
and to let the system work at a steady state.
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4.1 Targets of HCPV Cooling

Cell temperature in HCPV modules must be limited to enhance electrical efficiency,
to decrease thermal stresses, and to avoid damages due to high operating temper-
atures. A reasonably low Tc is not the only requirement that an HCPV cooling
system must meet. The uniformity of temperature must be taken into account
considering both the spatial temperature distribution in each single cell; and the
temperature variations among the different solar cells in the module. Internal
temperature gradients across a solar cell are generally due to nonuniform illumi-
nation on the active area, and they cause power losses and may lead to damages
[33]. In contrast, in a typical series-connected configuration of solar cells in an
HCPV module, the output current intensity is affected by the worst-performing cell,
whose current limits the performance of the other cells. Bypass diodes are generally
installed to overtake this current-mismatch issue, which can take place when the
irradiance on the cells is not the same across the series. An optimal HCPV cooling
system should prevent the system from current-mismatch due to nonuniform
temperature. Moreover, the cooler is generally required to be simple to grant high
reliability and not to strongly affect the HCPV plant cost. A reliable system is
essential: Any failure could cause damages to the cells and long interruptions in
power generation.

4.2 Thermal Model of an HCPV Solar Receiver

Using the electrical resistance analogy, the thermal behavior of an HCPV solar
receiver could be described through a simple one-dimensional thermal model. In
this simplistic approach, the difference in temperature between the cell and that of
the ambient environment corresponds to the driving potential for heat flow as the
voltage is the driving potential for the current [34]. The aim of any model is to
represent a real case in the most appropriate way. However, some approximations
must be considered. The present equivalent thermal circuit is developed in one
dimension perpendicularly to the widest surfaces of each layer. A common 1 cm2-
sized triple-junction solar cell is generally approximately 190 μm thick and is
represented in Fig. 5 where three surfaces are named “A”, “B”, and “C”: If the heat
is generated at the centre of the cell, the path to reach surface A is approximately
50 times shorter than the ones to reach surfaces B and C. The largest portion of the
generated heat is then expected to flow along the lower-resistance path. The model
considers uniform illumination on the cell and constant properties in any material
along any direction. All of the temperature values in the model refer to the values at
the top of each layer.

A scheme of the layers and a corresponding equivalent thermal circuit for a
typical HCPV receiver is shown in Fig. 6. Because it is a one-dimensional model,
all of the resistances are reported per unit area. It is important to highlight that
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neglecting the conduction on the other two dimensions and the thermal exchanges
in all of the layers others than the coverglass and the heat sink is a strongly
limitative assumption. However, this approach can help to estimate the perfor-
mances of the cooling system and has already been reported in literature [35].

Each layer of the assembly introduces a thermal resistance to the path between
the cell and the environment, which, respectively, represent the source and the
ground. The overall of thermal resistance of the heat path can be expressed as:

Rtot ¼ Tcell � Tamb

qcell
ð4Þ

Fig. 5 Thermal scheme of a typical triple-junction solar cell. The heat source is placed in the
centre of the volume and heat can follow the three paths—long a/2, b/2, or c/2—to reach one of the
three surfaces, which are, respectively, named “A”, “B”, and “C”

Fig. 6 Scheme of the layers that compose a typical HCPV receiver and one-dimensional
equivalent thermal circuit
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Taking into account a value of 21 W/cm2, which can be representative of the
waste heat produced by a 1 cm2-sized triple-junction solar cell at 500 suns, a
maximum operating temperature of 100 °C, and an ambient temperature of 20 °C, a
cooling system with an overall resistance <3.2 × 10 4 (m2 K)/W must be designed
for this cell. Whatever the concentration, the maximum cell’s operating temperature
is expected not to overtake 100 °C. In Fig. 7, the maximum values of heat path
resistance are estimated for concentrations ≤1500 suns, assuming a standard cell
efficiency of 41.1 %, taking into account that a fixed efficiency is a limitative
approach but still useful to highlight the strong relation between concentration and
thermal resistance. As can be seen, a greater concentration requires a lower thermal
resistance. Any point below the line would let the cell to work at a temperature
<100 °C. In particular, at constant concentration, the furthest the point from the line,
the lower the temperature and thus the highest the cell’s efficiency.

As shown in Fig. 6, the heat is removed by the cell first by conduction across the
different layers of the receiver. There are two main paths that the heat can follow:
The first one goes from the cell to the heat sink, and the second one goes up to the
coverglass. Once in the bottom of the heat sink or at the top of the coverglass, the
heat is transmitted to the environment through radiation and convection. In the
following two sections, an analysis of the conductive heat exchange and the radi-
ative and convective heat exchanges will be shown.

4.3 Conductive Heat Exchange in an HCPV Solar Receiver

The structure of the assembly, in terms of choice and order of the materials in the
stack, is a primary topic concerning heat dissipation. Greater than 99 % of the heat

Fig. 7 Estimation of the maximum thermal resistance of the one-dimensional heat path per
different concentration levels for a typical solar receiver with a 1 cm2-sized triple-junction solar
cell assuming a standard cell efficiency of 41.1 %. For thermal resistances lower than this cut-off
value, the solar cell is expected to operate with temperatures <100 °C under environmental
conditions of 20 °C air temperature
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removed by a solar cell in an HCPV receiver is transferred by thermal conduction
[36]. The receiver assembly is usually designed to be able to transfer the electrical
energy, to dissipate the thermal energy, and to assure adequate mechanical support.
The coverglass and the encapsulant are not usually required to perform high thermal
conductivity: The thermal resistance of a clear silicone encapsulant is generally
much greater than the one of the substrate’s materials. For this reason, the present
analysis will mainly focus on the layers placed below the cell (assuming the light
hitting the upper side of the cell). A more detailed model of thermal transmission
from the cell to the bottom of the substrate of a typical HCPV receiver (where the
heat exchanger is located) is shown in Fig. 8.

In this model, the equivalent thermal resistance (Rcond) can be calculated as the
sum of the individual layer resistances:

Rcond ¼ Rcell þ Rsolder þ RTopCu þ Rdielectric þ RBottomCu þ RTIM þ RHS ð5Þ

where each resistance can be estimated on the basis of typical values of thicknesses
and thermal conductivities of the relative layer reported in Table 1.
A GaInP/GaInAs/Ge solar cell is composed by multiple layers of different mate-
rials, but it is usually modelled as a single block of Ge for thermal purposes. An
overall of thermal resistance of 3.35 × 10 5 (m2 K)/W results for the considered
receiver.

Figure 9 shows the contribution of each layer to the global thermal resistance of
the path. The thermal interface material placed between the substrate and the heat
spreader is the largest challenge for heat dissipation representing approximately half
of the overall of thermal resistance. New thermal interface materials that are able to
grant greater thermal performances, such as the one made of several nano-layers of
aluminium and nickel, are being investigated.

Fig. 8 Expanded scheme of
the layers that compose a
typical HCPV receiver below
the solar cell as well as
one-dimensional equivalent
thermal circuit depiction
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4.4 Radiative and Convective Heat Exchange in an HCPV
Solar Receiver

So far, only the conductive transmission of heat has been considered. Once in the
heat sink, the waste heat must be moved into an external system in order not to
further affect the receiver. Any object placed in contact with a fluid exchanges heat
with it through natural convection and radiation. This is the condition of a solar

Table 1 Materials that compose the different layers of a typical HCPV receiver below the solar
cell and numeric values of thickness and thermal properties chosen for the calculation of the
overall of thermal resistance of the stack

Layer Material Thickness
(mm)

Thermal
conductivity at 25 °
C (W/m K)

Resistance
(K m2/W)

Ref.

Cell Ge 0.180 160 1.125 × 10−6 [37]

Solder Sn–Ag–Cu 0.125 78 1.602 × 10−6 [38]

Substrate Top copper 0.3 400 7.500 × 10−7 [37]

Aluminium
nitride

0.63 285 2.210 × 10−6 [37]

Bottom
copper

0.3 400 7.500 × 10−7 [37]

Thermal
interface
material

Epo-tek 0.050 2.83 1.767 × 10−5 [37]

Heat sink Aluminium 1.5 160 9.375 × 10−6 [37]

Fig. 9 Breakdown of the
layers thermal resistances as
obtained by the
one-dimensional thermal
model for an analyzed
representative HCPV solar
receiver with typical values of
thickness and thermal
properties of the layers
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receiver mounted in an outdoor CPV system. The rate of natural convection (qc) is
approximately proportional to the difference between the surface and the free stand
fluid temperatures, respectively, reported as Ts and Tamb:

qc ¼ S � hc � Ts � Tambð Þ ð6Þ

where S stands for the area of the exchanging surface, and hc represents the constant
of proportionality, which is called the “convective heat transfer coefficient.” It
depends on the fluid, the state of the flow, and the geometry of the system. The heat
transfer coefficient for air in free convection usually ranges between 3 and 25 W/
(m2 K) [34]. In contrast, radiation is a function of the difference between the
temperature fourth powers:

qr ¼ r � S � F1�2 � e � T4
s � T4

amb

� � ð7Þ

where σ is the Stefan Boltzmann constant, approximately 5.67 × 10−8 W/(m2 K4);
F1−2 is the view factor; and ε is the emissivity of the surface’s material.

The simplest solution to dissipate the waste heat generated by the cell is to use a
large, flat heat sink placed at the bottom of the heat spreader. Aluminium is the
material generally chosen due to its good balance between thermal performances,
weight, and costs. Combining the two previous equations and considering the only
bottom surface, it is possible to calculate the minimum area (SHS) required by the
heat sink to work properly:

SHS ¼ qcell
hc � Ts � Tambð Þ þ r � F1�2 � e � T4

s � T4
amb

� � ð8Þ

Assuming all the 21 W heat generated by a cell to reach the heat sink, and,
similar to the conditions in [39], an upper bound for emissivity of 0.09 and a view
factor of 1, considering only the flat bottom surface of the receiver, and taking into
account an optimistic value of 25 W/(m2 K) for the air heat transfer coefficient, a
heat sink surface temperature of 60 °C, an ambient temperature of 20 °C, and a
dissipating area of 0.020 m2 for the aluminium heat sink is required. It corresponds
to an aluminium plate sizing 14.5 cm/side for cooling a 1 cm2-sized cell. Taking
instead into consideration a more conservative air heat transfer coefficient of 5 W/
(m2 K), the required surface increases to 0.105 m2, which means a 32 cm × 32 cm
wide aluminium heat sink.

Despite its simplicity and its exploitation in some applications, a flat heat sink
might be not the best heat exchanger in terms of effectiveness, volume, weight, and
cost. For these reasons, several active and passive designs have been developed to
enhance the performance of the cooler in CPV applications and will be reported in
the next section.
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4.5 Designs of HCPV Coolers

The cooler is the last component of the heat path and its role is to transfer the heat to
an external fluid. Coolers are generally classified as passive or active. Passive
cooling does not require input of mechanical or electrical power because it acts
through the exploitation of natural laws. In these systems, the motion of the fluid is
due to the gradient of density induced by the nonuniform temperature of the fluid.
Passive coolers have been considered more reliable than the active ones for
microelectronics cooling [40] and are expected to decrease the probability of
damage caused by cooling failures. In contrast, active cooling is obtained using a
fraction of the cell power output, and, as such, a part of the energy output would not
be available for further use. Active cooling does not dependent on the working
conditions and has the main advantage of being generally more easily controllable
than passive cooling.

The design of an HCPV cooler depends on many factors, which are not limited
to the concentration and the outdoor conditions. First, the optics of the system
usually play a fundamental role. The most typical optical configurations in HCPV
systems are shown in Fig. 10. In reflecting systems where no secondary is applied,
the receiver is usually located between the sun and the mirrors (Fig. 10a). This
means that the receiver must be as compact as possible to decrease shading. Thanks
to their higher thermal-exchange coefficients, active coolers can achieve better
performance in limiting volume. If a secondary reflector is present (Fig. 10b), or if
concentration is achieved through lenses (Fig. 10c), coolers would not create any
risk of shadowing, and large areas for cooling are usually available.

Second, the number of cells and their distribution on the receiver are a key issue
to be considered, and they are usually grouped in single-cell geometry, linear
geometry, or densely packed geometry [35]. In the single-cell geometry,

Fig. 10 Typical optical configurations for HCPV devices: only primary reflecting optics (a), both
primary and secondary reflective optics (b), and refractive optics (c). In (a), the cooler must be
compact to decrease shading, so active cooling can be a good choice. In (b) and (c), a larger area is
available for the cooler, so passive cooling seems more suitable because of its reliability
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concentrators focus sunlight onto an individual cell. This is a favorable configu-
ration for cooling: Ideally, an area equal to the surface of concentrators is available
for cooling purposes, thus favouring the employment of passive systems. In linear
geometries, two sides of each cell are in contact with the adjacent cells decreasing
the available cooling surface. In densely packed geometries, each cell is surrounded
by cells on each side (excluding the cells on the side): The decreased areas available
for cooling and the high thermal power densities make the application of passive
cooling systems difficult.

Third, the choice of the fluid may depend on its availability. High thermally
conductive fluids might be too expensive or not easy to provide in remote locations.
Unfortunately water is not yet easy to access in many locations, especially in areas
such as the desert lands, where irradiance is particularly high. For these reasons, air
can result the best fluid to be exploited for both active or passive systems.

Last, the inclination angle of the receiver changes continuously because HCPV
systems are usually tracked. Heat sinks in natural convection are especially affected
by the inclination angle, and, in particular, a downward-facing heat sink is the worst
positioning for passive cooling. Despite that, some technologies, such as the
architectural design of the CPV, specifically requires such hidden cooling devices
[41, 42].

The simplest passive way to increase the thermal transfer of any surface is the
addition of fins [43]. The performances of the fins in an HCPV system depend on
the number, the spacing, and the length [44], and are also affected by the inclination
angle and the temperature difference [42]. The heat management of any heat sink
can be enhanced by forced air flow. However, due to the low heat capacity of air,
water cooling has been intensively applied in many high-concentrating systems:
impinging jets [45], water-immersion [46], and heat pipes [47]. Beyond all of these
proved technologies, more solutions, such as thermoelectric devices [48] or
two-phase flows [49], can arise as a feasible way to provide efficient HCPV cooling.
Due to the high power densities and the small volumes involved, micro- and
nano-technologies can play an important role in HCPV cooling. Microchannels
have already been successfully applied in CPV [50]. The suspension of high
thermally conductive particles <100 nm into a fluid can enhance the performances
of any system. Nanofluids have already been used in many applications [51],
including PV/T cooling [52], but despite their potential, research into their appli-
cations for heat transfer purposes seems to have lost appeal [53]. Among the
emerging passive microtechnologies, carbon nanotubes appears like the most
promising solution [54]. More technologies, such as microfins, nano-wires, or
miniature heat pipes and thermosyphons, can soon become suitable for HCPV. The
integration of different technologies can lead to innovative and high-performing
solutions: Hybrid schemes, such as hybridizations of jet impingement and micro-
channels [55, 56], have shown the capability of reaching high heat-transfer coef-
ficients and improving the temperature uniformity [57]. In particular, hybridizations
of jet impingement and microchannel have been tested for HCPV applications.

At the latest state-of-the-art, the quote of solar energy converted into heat is still
greater in percentage than the one converted into electricity. The reuse of the waste
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heat produced by HCPV already represents an opportunity to improve overall
system efficiency and then to decrease the costs of the technology. According to
Kribus et al. [58], adding a heat-recovery system to an actively or a passively
cooled HCPV system would add no more than, respectively, 5 or 10 % to the
installation cost. This cogenerative solution is referred to as “CPV/thermal” and is
able to provide both electricity and heat at medium rather than at low temperatures
[59]. The recovered heat can be used in many domestic and industrial processes
such as air conditioning, water desalination, or water heating.

5 Models for the Electrical Characterization of HCPV
Modules

In this section, some relevant models for the electrical characterization of HCPV
modules are summarized. The electrical behavior of HCPV modules is only fully
described by knowing the I–V curve under given environmental conditions.
However, many applications do not require the whole I–V curve, which is difficult
to obtain, but only use specific parameters. Among them, the critical parameter in
most of the studies, for instance in the calculation of the harvested energy, is the
module maximum power. Because of this, many of the proposed models for the
electrical characterization of HCPV modules focus on the calculation of the max-
imum power, although some of them provide other electrical parameters.

As was commented in Sect. 3, a variety of factors influence the HCPV modules
behavior. The three main factors are DNI, Tc, and direct sunlight spectrum. Direct
normal irradiance is always used as input in the proposed models. Cell temperature
is often explicitly taken into account, although sometimes it is implicitly considered
by introducing into the model other variables that are supposed to make the
determination. Direct sunlight spectrum is not considered an explicit input; different
atmospheric parameters that help to quantify the spectral impact are normally used
instead. With some exceptions, factors other than these three are not usually con-
sidered as being state-of-the-art.

Accuracy is an important desireable characteristic for the models. Low uncer-
tainty in prediction is also a goal, an aspect that is very important if the model will
be applied under conditions other than the ones used to test the model or for
untested module designs. Developing models with more “physical sense” can
contribute to decrease uncertainty—but taking into account that an HCPV module
is a complex system and therefore some simplifications, empirical, or semiempirical
procedures are always required to build a model—every existing proposal uses
these procedures to a greater or lesser extent. Thus, extensive testing of each model
is always needed and, at the end of all, the analysis of the successful cases over time
is the best indicator of the quality of a model.

In contrast, accuracy and reliability are not the only characteristics searched by
users, but applicability also plays a very important role. The different models
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require different equipment or software packages to be applied, which are not
always available in real circumstances. Certain aspects—such as the availability of
module information, the technical resources for monitoring module behavior and
atmospheric parameters, the availability of data sources and other technical and
economic issues—are taken into account when choosing a model. The best model
for a specific project is the one that better exploits the available resources to reach
the project goals. Thus, it is a role of researchers to develop tools that provide
solutions to the real problems affecting the industry.

Because of all of these reasons, the development of models for the electrical
characterization of HCPV modules is still challenging, and new proposals are
expected in the near future. Next a summary of existing models is presented, and a
comparative table showing some of their characteristics is given.

• Model of the standard ASTM E 2527

This model, defined in [60], uses as inputs DNI, ambient temperature (Tair), and
wind speed (Ws). Maximum power is calculated by Eq. (9):

Pmax ¼ DNI � a1 þ a2 � DNIþ a3 � Tair þ a4 �Wsð Þ ð9Þ

Despite its simplicity, it is remarkable that the model does not use any spectral
correction, which limits the degree of accuracy. However, parameters a1, a2, a3, and
a4 can be obtained through regression analysis of outdoor measurements, data
which are relatively easy to obtain, which facilitates the application of the model to
different kinds of HCPV modules.

• Model of King et al. [61]

This classical model [61] is intended for characterizing different PV devices and,
in particular, has been tested for HCPV modules. It quantifies spectral effects in a
basic way through the air mass parameter, what is an advantage with respect to the
previous model. Model inputs are the so-called “effective irradiance,” the Tc, and
the air mass.

The effective irradiance (Bef) is a factor that tries to represent the irradiance that
actually affects the HCPV module and is calculated by Eq. (10):

Bef ¼ DNI � f1 AMð Þ½ �=DNI� ð10Þ

with DNI* being the reference DNI and f1(AM) a spectral correction factor modeled
as a fourth-order polynomial function of the air mass.

With these inputs, a set of equations allow the calculation of five points on the
module I–V curve as represented by the following electrical parameters:
short-circuit current (Isc), open-circuit voltage (Voc), maximum power point current
(Impp), maximum power point voltage (Vmpp), current at a voltage Voc/2 (Ix) and
current at a voltage (Vmpp + Voc)/2 (Ixx). The module maximum power is obtained
by the product Vmpp � Impp. The model equations that allow calculation of the
module maximum power (Pmax) are as follows:
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Impp ¼ C0 � Bef þ C1 � B2
ef

� � � I�mpp þ aImpp � Tc � T�
c

� �h i
ð11Þ

d ¼ m � k � Tc þ 273:15ð Þ½ �=q ð12Þ

Vmpp ¼ V�
mpp þ C2 � Ns � d � ln Befð Þ þ C3 � Ns � d � ln Befð Þ½ �2þbVmpp � Tc � T�

c

� �
ð13Þ

Pmax ¼ Vmpp � Impp ð14Þ

The meaning of the involved parameters can be read in [61]. These parameters
are given by regression procedures from outdoor monitored data, what facilitates
application to different HCPV modules, and the model accounts for spectral effects
in a basic way so that a more accurate prediction than the previous one can be
achieved. In addition, if monitored data includes the complete I–V curve of the
module as acquired by a curve tracer, five points on the I–V curve can be predicted
rather than only the maximum power point, which can be helpful for certain
applications. Another advantage of the model is the wide experience on applica-
tions for a variety of technologies.

• Model of Peharz et al. [10]

The model of Peharz et al. [10] computes the maximum power of an HCPV
module from DNI, Tc, and Z parameter inputs as Eq. (15):

Pmax ¼ b1 � DNIþ b2 � Z2 þ b3 � Z þ b4 � Tc þ b5 ð15Þ

with Z-parameter being a factor that accounts for spectral effects on the module
behavior [62]. This parameter represents the mismatch between the photocurrents of
the top and middle subcells with respect to the reference AM1.5d spectrum and has
positive values when the middle subcell limits the current and negative values when
the top subcell limits the current. To obtain the value of this input, measurements of
isotype cells (specific sensors equipped with the same kinds of solar cells than the
analyzed module) are required, which implies a more expensive experimental
set-up than that of the previous models. If these sensors are available, parameters
b1, b2, b3, b4, and b5 can be obtained by regression procedures of outdoor monitored
data as with the previous models. The model is relatively easy to implement and
provides better accuracy than the previous ones, what makes it attractive.

• Model of Chan et al. [8]

A more sophisticated model was proposed in [8], which uses as inputs DNI,
module heat-sink temperature, ambient temperature, date and time, aerosol optical
depth at 500 nm, and relative humidity.

The model makes use of SMARTS2 software to generate the direct sunlight
spectrum from the atmospheric parameters used as inputs. It considers the trans-
mittance function of the lenses to estimate the irradiance and spectrum actually
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incident on the triple-junction solar cells. The photocurrent of each subcell is then
calculated by considering its specific quantum efficiency profile where the depen-
dency on temperature is modeled through the Varshni equation [63]. A triple-junc-
tion solar cell equivalent circuit is built to obtain the cell I–V curve, considering
three two-diode equivalent circuits for the subcells, connected in series through
resistors that represent the tunnel junctions. A parallel-connected diode is incorpo-
rated to model the bypass diode in the solar receiver. The electrical configuration of
the receivers in the module is also modeled, and a circuit solver is used to obtain the
module I–V characteristics. This I–V curve is finally corrected by using a Gaussian
curve in an attempt to account for mismatch effects between receivers caused by
small differences in optical alignment and cell manufacturing among other effects.
All of these tools are integrated in a software package called Syracuse.

It is worth noting that to make use of this package, detailed knowledge of the
materials and structures that compose the HCPV module—including the solar cells,
optical devices, etc.—is required to parameterize the model. The investigators have
shown a deep knowledge of these details by using transmittance functions of the
optical elements and semiconductor physics models to obtain the subcells quantum
efficiencies and values of the equivalent circuits’ parameters, etc. With all this, they
also needed to make outdoor measurements on the module and even use a sun
simulator to complete the set of required parameters. However, the high accuracy
makes it a very valuable tool.

• Model of Almonacid et al. [64]

As was shown in the description of the previous models, when more accuracy is
searched for it seems to be more difficult to obtain the model parameters, i.e.,
simple outdoor measurements on the module and a basic knowledge of its materials
are not enough to characterize the electrical behavior. Actually, the relations
between the variables used as inputs and the HCPV module behavior become very
complex, and the values of the parameters that define these relations become very
difficult to determine.

Because of these difficulties, Almonacid et al. [64] tried to build a model whose
parameters could be exclusively obtained from outdoor measurements on the
module, which are relatively easy to obtain, and thus preserve good accuracy in the
prediction. For this purpose, they made use of the ability of artificial neural net-
works (ANNs) to solve complex problems. Inputs chosen for the model were DNI,
air mass, precipitable water, ambient temperature, and wind speed.

An ANN composed of three layers (input layer, hidden layer, and output layer)
was built. The input layer had five nodes corresponding to the five input variables;
the output layer had one node corresponding to the maximum power of the HCPV
module; and the number of nodes of the hidden layer was empirically chosen by
trying different network architectures and was finally established to be seven nodes.
Two sets of outdoor measurements covering a wide range of operating conditions,
known as the training set” and the “validation set,” were then collected. The
training set was used to adjust the weights and biases of the network architecture,
i.e., the parameters that characterize the HCPV module behavior, through the

The High-Concentrator Photovoltaic Module 137



Levenberg Marquardt back-propagation algorithm, an iterative process that, at each
step, computes the gradient and updates the network parameters based on the input
vectors and output target vectors shown to the network. The validation set was used
to avoid the possibility that the network memorizes the training examples, i.e., the
error on the validation set was monitored during the training process, and the point
at which the network began to overfit the data was detected. After these complex
processes, the network is assumed to be properly configured to represent the HCPV
module behavior. Subsequent analysis on datasets other than the one used to train
and validate the network allows determining the quality and accuracy of the
developed model.

The investigators reported good preliminary results. However, a difficulty of this
model to be applied is that an advanced knowledge on complex ANN architectures
and training algorithms is required to determine the model parameters, and this
knowledge is not always available. In contrast, once the parameters are determined,
the model becomes easy to use, and expertise on ANNs is not necessary for car-
rying out studies and predictions. Another aspect to be considered is that ANNs
create certain mistrust in some PV professionals, although currently many PV
applications are based on these tools.

• Model of Steiner et al. [65]

This model represents at the moment the highest level of complexity and
sophistication in the field of HCPV module characterization [65]. The model can be
regarded as an evolution of the Syracuse model previously described taking into
account the change in the optical properties of the primary lenses as a function of
temperature and the effect of small misalignments caused by a nonideal sun tracker.
The variables used as inputs are DNI, lens temperature, module heat-sink tem-
perature, date and time, aerosol optical depth at 500 nm, precipitable water, α1 and
α2 Angstrom exponents, and deviation angles in azimuth and elevation with respect
to the Sun’s position. Thus, temperature sensor on the lens plate and tracking
accuracy sensor should be incorporated to the experimental set-up to obtain full
functionality, which makes the model application more expensive than the Syracuse
one.

The spectral optical efficiency of the lenses is calculated by detailed finite ele-
ment modeling considering thermal expansions of the materials, changes in the
refractive index with the lens temperature, and applying ray-tracing techniques. The
influence of misalignment of the tracker to the Sun on the module short-circuit
current is modeled through an angular acceptance function specific of each mod-
ule’s configuration. These models combined with similar approaches than the one
used in the Syracuse tool complete an advanced package for HCPV module elec-
trical simulation called YieldOpt. As can be realized when reading the analysis
reported by the investigators, the use of such advanced model implies increasing
difficulty for obtaining the model parameters. However, important merits of the
model are the high accuracy and the progress in understanding and quantifying
some physical effects that influence HCPV module behavior.
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• Model of Fernández et al. [66]

This model was recently reported and tries to combine an easy formulation and
relative easiness for obtaining the model parameters with a high degree of accuracy
[66]. It uses as inputs DNI, Tc, air mass (AM), and aerosol optical depth at 550 nm
(AOD550). The maximum power of an HCPV module is calculated as:

Pmax ¼ P�

DNI�
� DNI � 1� d Tc � T�

c

� �� � � 1� e AM� AMUð Þ½ �
� 1� u AOD550 � AOD550;U

� �� � ð16Þ

where P*, DNI*, and Tc
* are constant parameters that define reference conditions and

δ is the temperature coefficient that represents the linear influence of Tc on maxi-
mum power. AMU and AOD550,U are parameters dependent on the module design,
especially on the optical properties of the lenses and physical properties of the
multijunction solar cells, that represent the point at which the AM or AOD550

variables respectively begin to have a significant influence on the spectral losses.
The ε parameter is used to model the influence of air mass on maximum power
having a value of zero for AM < AMU and a constant value for AM > AMU, and the
φ parameter is used to model the influence of aerosol optical depth at 550 nm on
maximum power having a value of zero for AOD550 < AOD550,U and a constant
value for AOD550 > AOD550,U.

The earlier versions of the model only included the air mass correction for
quantifying spectral losses [22]. This spectral influence was mainly studied from
outdoor measurements on HCPV modules by plotting normalized values of max-
imum power versus air mass values and was explained because low values of air
mass usually correspond to spectral conditions at which the top and middle subcells
almost generate the same current, whereas high values of air mass usually corre-
spond to spectral conditions at which the top subcell strongly limits the current.
With only this spectral correction, the model shown a reasonably good behavior for
different HCPV modules and climates [67].

Later, the investigators published an in-depth study on the influence of different
atmospheric parameters—including air mass, aerosol optical depth at 550 nm,
precipitable water, and Angstrom exponent—on the spectral behavior of HCPV
modules [26]. The spectral optical efficiencies of two kind of lenses (polymethyl
methacrylate and silicon on glass) and the spectral responses of two kinds of
triple-junction solar cells (lattice-matched and metamorphic) were combined to
represent different possibilities in the design of HCPV modules, and real spectral
conditions along a year at different places around the world were reproduced by
means of atmospheric parameter databases and use of the SMARTS model. The
influence of each atmospheric parameter on maximum power was analyzed by
means of calculations of the spectral factor, which quantifies the differential per-
formance of the HCPV modules between incident and reference spectra. The
analysis reinforced preliminary conclusions based on outdoor measurements that
led to the formulation of the “air mass” term in the model and led to adding a term
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for modeling the aerosol optical depth influence while maintaining the model
formulation, a term specially useful for climates characterized by medium-high
turbidity levels. The first experimental tests of the latest version of the model led to
good results and were reported in [66].

After completing the review of some existing models, shown in Table 2 are the
main characteristics of these models for the electrical characterization of HCPV
modules. In this table, the models have been classified by level of accuracy taking
into account the errors calculated from the experimental tests performed by the
investigators and reported in the literature. However, this classification is somewhat
subjective. An in-depth analysis of the accuracy of the models would require using
the same experimental set-up and instruments in all cases by testing the models in
the same climates and with the same module designs, reproducing the tests in
different places and with different module designs, calculating the same statistical
parameters for representing the errors, etc. Another aspect to be considered is that
there is not a unique method for determining the parameters of each model, and the
chosen method affects the quality of the results. Because of these difficulties and
due to the novelty of some proposals, there are only few comparative studies on the
accuracy of the models [23]. Finally, it is important to remark that, whereas the
models reviewed in this section are representative of the state-of-the-art, the list of
models is not exhaustive, and other interesting approaches can be found in the
literature.

6 Models for Estimating the Cell Temperature of an HCPV
Module

As was shown when reviewing the characteristics of the models for the electrical
characterization of HCPV modules, some of these models use the Tc as input, which
is an important factor affecting the HCPV module behavior. This variable is usually
considered as the average temperature of the cells inside the module because, as
was commented previously, different cells have different temperatures in an HCPV
module operating under real conditions. Obtaining the Tc input for a model is
difficult because the direct measurement of this temperature, due to the specific
design of HCPV modules, usually requires accessing inside the module [12].
Moreover, when the model is used to predict the module behavior only based on
atmospheric databases, there is not a physical module to be measured. Thus, models
for estimating Tc in HCPV modules based on easily measurable parameters on the
module and/or atmospheric parameters are required for electrical characterization
and for other purposes such as power rating [10, 68].

For conventional flat-plate photovoltaic modules, Tc can be adequately estimated
using relatively simple methods based on measuring the temperature on the back of
the module. Inversely, for HCPV modules, the use of concentrated light focused on
a small cell area, as well as the use of cooling mechanisms, implies a complex
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thermal behavior, which makes it more difficult to estimate the Tc. Because of this,
different models specific for HCPV modules have recently been developed.

These models can be classified into models based on direct measurements on the
module and models based on atmospheric parameters. Models based on atmo-
spheric parameters are mandatory when there is not a physical module to be
measured, whereas models based on direct measurements are usually more accurate
depending on the chosen method, available sensors, and module design, etc. The
models based on direct measurements can be further classified into models based on
module heat-sink temperature and models based on electrical parameters. The
module heat-sink temperature can be typically measured at the root of a finned
heat-exchanger on the back of the module for passively cooled designs. The
measurement of this temperature is a way of decreasing uncertainty because esti-
mating the heat-sink temperature is difficult and depends on a variety of factors such
as ambient temperature, DNI, wind speed and direction, module electrical effi-
ciency, or module design [14, 15, 69]. Models based on electrical parameters try to
obtain Tc from the measurements of electrical parameters that are sensitive to the Tc
such as the open-circuit voltage.

Next, some relevant proposals for estimating Tc in an HCPV module intended
for electrical characterization are summarized, and a comparative table showing
their main characteristics is given.

1. Models based on module heat-sink temperature

• Model of King et al. [61]

The classical model developed by King et al. [61] expresses Tc as a function of
module heat-sink temperature (Th−s) and DNI as:

Tc ¼ Th�s þ DNI=DNI�ð Þ � DT ð17Þ

where DNI* is the reference DNI, and ΔT is a constant parameter representing the
temperature difference between the cell and the heat-sink at the reference irradiance.
Obtaining the ΔT parameter requires monitoring a module with a Tc sensor under
conditions around the reference irradiance, which implies difficulty in parameter-
izing the model.

• Model of Rubio et al. [70]

The model developed by Rubio et al. [70] uses similar assumptions to the
previous one, i.e., Tc is calculated as a function of DNI and Th−s as:

Tc ¼ Th�s þ q � DNI ð18Þ

with ρ being the so-called “internal thermal resistance” of the module, a constant
parameter that tries to represent in a simple way the module’s thermal behavior. The
main advantage of this model is that the value of the ρ parameter can be estimated
without the need of monitoring the HCPV module if there is knowledge of the
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material layers below the solar cell (thicknesses and thermal conductivity) as well
as the geometric concentration ratio and optical efficiency of the module [32].

• Model of Fernández et al. [15]

Real HCPV power plants use inverters to keep the modules operating at max-
imum power point. When an HCPV module operates under this condition, part of
the luminous power absorbed by the solar cells is not transformed to heat but
converted to electricity. This implies that Tc values in an HCPV module operating
under real conditions should depend on the rate of harvested energy. This effect was
theoretically investigated by Yandt et al. [71], who predicted temperature differ-
ences ≤14 °C between the open-circuit condition and the maximum power point
condition for the cells in an HCPV module. Later, Fernández et al. [15] simulta-
neously measured two identical HCPV modules in the same solar tracker, one at
open-circuit and the other connected to an inverter, and observed differences in the
Tc between 2 and 20 °C depending on the incident DNI with the major differences
corresponding to the highest DNI levels. As a result of these observations, they
proposed a model that accounts for the power harvested by the module to calculate
Tc. This model was formulated as:

Tc ¼ Th�s þ R DNI � Cgeom � gopt � Pmax= N � Acellð Þ� � ð19Þ

As can be seen, the model depends on Th−s and DNI inputs as with the previ-
ously described models, but it also incorporates the module maximum power (Pmax)
as input. R is the thermal resistance between the solar cell and the back of the
module, which can be measured or estimated from physical properties of the
materials behind the solar cell, Cgeom is the geometric concentration factor, ηopt is
the optical efficiency of the lenses, N is the number of solar cells in the module, and
Acell is the area of each cell.

2. Models based on electrical parameters

• Model of the standard IEC 60904-5

The standard IEC 60904-5 [72] defines a procedure for estimating the Tc in a
photovoltaic device from measurements of the open-circuit voltage. This procedure
has been tested for HCPV modules and is based on the following expresión:

Voc ¼ V�
oc þ Ns nkTcðKÞ

�
q

� �
ln DNI=DNI�ð Þ þ bVoc TcðKÞ � T�

cðKÞ
� �

ð20Þ

The expression can be rearranged to calculate the Tc in Kelvins (Tc(K)) from the
measurements of open-circuit voltage (Voc) and DNI. In the expression, some
parameters are involved: k and q, respectively, represent the Boltzmann constant
and the electron charge; Ns is the number of series-connected solar cells in the
module; Voc

* , DNI* and Tc(K)
* respectively represent the open-circuit voltage, DNI,
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and Tc at predefined reference conditions; n is the effective diode ideality factor of
the module, and βVoc is the temperature coefficient of open-circuit voltage for the
module.

n and βVoc parameters can be adjusted from measurements of Tc, Voc and DNI
performed on an HCPV module under different operating conditions. βVoc is also
usually provided by the module manufacturer, and n could be obtained from values
published in the literature. However, a careful selection of these values is required
because the model is very sensitive to both parameters and because there are many
factors in the design of an HCPV module that can modify the value of these
parameters.

An alternative to this method consists in measuring the module short-circuit
current instead of the DNI. The DNI/DNI* quotient is replaced by the Isc/Isc

* quo-
tient, and this way the method becomes exclusively dependent on electrical mea-
surements. This alternative is known as the “Voc − Isc” method.

• Model of Peharz et al. [10]

The model developed by Peharz et al. [10] calculates the Tc in an HCPV module
from electrical measurements of Voc, and Isc based on the following expression:

Tc ¼ Voc � a1 ln Iscð Þ � a2
b1 ln Iscð Þ þ b2

ð21Þ

This functional dependence was proposed from the analysis of the measurements
performed on several HCPV modules in a sun simulator. This equipment allowed
controlling the light intensity incident on the module by means of a flash bulb and
the module temperature by means of several infrared light bulbs whose distance to
the module back plate could be varied. Model parameters can be fitted from these
kinds of indoor measurements or even from an outdoor experimental campaign as
was shown in [68].

3. Models based on atmospheric parameters

• Model of Almonacid et al. [12]

The model developed by Almonacid et al. [12] uses linear coefficients to express
the dependence of Tc on ambient temperature (Tair), DNI, and wind speed (Ws) by
means of:

Tc ¼ Tair þ c1 � DNIþ c2 �Ws ð22Þ

As with the other models based on atmospheric parameters, the model param-
eterization must be performed from the analysis of outdoor measurements on an
HCPV module equipped with a cell-temperature sensor.
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• Model of Hornung et al. [28]

The model developed by Hornung et al. [28] is similar to the previous one with
the difference that investigators tried to model the influence of wind speed by means
of an exponential correction:

Tc ¼ Tair þ m � exp �0:5Ws
�
Ws;0

� �þ d
� � � DNI ð23Þ

Again, the model parameters must be obtained from the analysis of outdoor
measurements.

• Model of Fernández et al. based on ANN [22]

This model is an attempt at improving the accuracy of the models based on
atmospheric parameters by using the same atmospheric inputs: Tair, DNI, and Ws

[32]. It is assumed that this aim can be reached by better capturing the complex
relation between these three inputs and the Tc than the proposed analytical
expressions. For this purpose, the ability of ANNs for characterizing complex and
highly nonlinear processes was used. Neutral Network architecture is composed of
three layers (a three-node input layer, a single-node output layer, and a five-node
hidden layer) was built and trained through the Levenberg–Marquardt
back-propagation algorithm by means of an extensive set of outdoor measurements.
A comparative study on accuracy with respect to the linear model based on the
same atmospheric parameters showed better performance of the ANN-based model.
However, the model has the difficulties inherent to these kinds of approaches, i.e.,
parameterization is difficult especially if there is not advanced knowledge and
experience in ANN-training algorithms.

There are several comparative studies on accuracy for some of the models
reviewed in this section [32, 68]. These studies use the same datasets of atmo-
spheric measurements and parameters directly measured on commercial HCPV
modules for all of the compared models. The studies confirm that models based on
direct measurements on the module are more accurate than models exclusively
based on atmospheric parameters, i.e., the direct measurements on the module are
an effective way of decreasing uncertainty. However, it is remarkable that the
differences on accuracy are not very large, so the models based on atmospheric
parameters are very useful tools when the HCPV module and the experimental
set-up required for monitoring its behavior are not available. Of course, the choice
of the most suitable model for a specific project is not trivial, and accuracy is not the
only relevant factor. However, other factors, such as the aim of the project, the
availability of technical resources and data sources, etc., must be taken into account.

The list of models reviewed in this section is not exhaustive, and other proposals
can be found in the literature. In particular, some models implement more detailed
approaches of the module thermal behavior by using tools such as finite element
modeling [73, 74]. These models seem to be more oriented to improve module
designs and heat-dissipation mechanisms than to characterize the electrical behavior.
Table 3 summarizes the main characteristics of the models reviewed in this section.
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7 Conclusions

Solar cells and optical devices are not the only components to be considered in the
design of an HCPV module. Mechanisms for thermal management and heat dis-
sipation must be analyzed. Targets of cooling in HCPV modules are limiting the
operation temperature of the solar cells, decreasing the temperature differences
between cells, decreasing temperature gradients across each cell, ensuring reli-
ability, and decreasing costs. The design of HCPV solar receivers is evolving to
decrease the thermal resistance of the materials behind the solar cells. The addition
of finned heat-exchangers is a simple way of improving heat dissipation, but many
other alternatives are being investigated both for passive and active cooling.

Understanding the behavior of HCPV modules under real operating conditions is
difficult. Experimental studies are required for analyzing the influence of the
changing atmospheric conditions taking into account the variety of possible
designs. The behavior of an HCPV module strongly depends on the behavior of the
solar cells inside, but other elements of the assembly have an influence. DNI is
the most important atmospheric variable. The temperature of the solar cells and the
direct sunlight spectrum play a relevant role in HCPV modules. There are also
additional factors to be considered.

Currently there are different models intended for reproducing the electrical
behavior of HCPV modules. These models offer different levels of accuracy,
although there are few comparative studies of the models using the same experi-
mental set-up and testing conditions. Some models require specific software and/or
unusual instruments to be applied; some others are relatively easier to implement.
The choice of a model depends on the available resources and the aims of the
project. The development of reliable models is important to promote HCPV tech-
nology, and new proposals are expected in the near future.
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Modeling of High-Concentrator
Photovoltaic Systems for Utility-Scale
Applications

Yong Sin Kim

Abstract The levelized cost of energy (LCOE) is widely used for evaluating the
cost of energy generation across technologies. In a utility-scale high-concentrator
photovoltaic system (HCPV), capacity factor (CF) and ground-coverage ratio
(GCR) are the two fundamental drivers for determining the LCOE. However the
LCOE is a complex function of various parameters, which is not explicitly defined
in terms of these two factors. In this chapter, based on a cost function that simplifies
the LCOE in terms of CF and GCR, the method for modeling utility-scale HCPV
systems is considered.

1 Introduction

As the price of fossil fuel and environmental concern increases, so does the demand
for renewable energy. Although numerous utility-scale photovoltaic (PV) systems
have been researched and installed during the last several decades, the cost of energy
generation has remained high compared with other types of energy-generation
systems. In comparing the energy generation cost for utility-scale power plants,
levelized cost of energy (LCOE) is widely used and defined as the cost of generating
electricity over the system’s lifetime accounting for initial investment, financing,
cost for operations and maintenance, cost of fuel, and some other expenses [1, 2].
One of the essential way to reduce the LCOE of a utility-scale PV system is to
optimize system-specific parameters through accurate system modeling.

There are two fundamental drivers for the LCOE of utility-scale PV systems:
capacity factor (CF) and system ground-coverage ratio (GCR) [3–5]. CF represents
the total amount of energy that the plant produces during a certain period of time
divided by the total amount of energy that the plant would have produced at its full
capacity, which depends on the locations of the site, PV and inverter efficiency, and
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tracking method. GCR is defined as the ratio of total PV area to the total land used.
The highest CFs are generated with dual-axis trackers that follow the sun
throughout the day and keep the PV module oriented toward the sun for maxi-
mizing energy generation. The longer the time spent tracking the sun (indicating the
higher CF), however, the more space between trackers is needed to minimize the
self-shading effect [3–6]. As a result, GCR is reduced and LCOE increases due to
additional overhead in terms of land requirements, site preparation and mainte-
nance, electrical wiring, and trenching.

For accurately modeling utility-scale high-concentrator PV (HCPV) systems,
conventional modeling based on flat panels is inadequate. Various tracking methods
based on flat panels have been investigated in [4], in which energy yield—defined
as the ratio of total energy generated to the peak energy—and GCR are mostly
considered. However, unlike CF, energy yield does not consider time dependency
and thus is not suitable because the insolation changes throughout the day. Fur-
thermore, lack of an electrical model for power optimization lowers the accuracy in
modeling the total power harvested under shading conditions.

HCPV systems with narrow acceptance angles requires accurate dual-axis
tracking resulting in the trade-off between tracker array spacing, self-shading loss,
and land use. When simulating utility-scale HCPV systems after modeling, the
computational time for finding the optimum configuration for given system
parameters increases exponentially as the number of trackers increases. In this
chapter, system modeling, as well as the method by which to reduce computational
time in simulating utility-scale HCPV Systems, will be covered.

2 Cost Function

Modeling starts from defining two-tracker space-related parameters, i.e., GCR and
CF as

GCR ¼
X

Amodule

.
Aland ð1Þ

CF ¼
Zt2
t1

PðtÞdt= t2 � t1ð ÞPmax½ � ð2Þ

where Amodule is the area of a CPV module; Aland is the total land area for the
system; P(t) is the output power generated by the system at a given time t; and Pmax

is the maximum power available by the system. Then LCOE can be simplified as

LCOE ¼
P

CR t2
t1
P tð Þdt ¼

Cothers þ ClandAland

CF t2 � t1ð ÞPmax
ð3Þ

154 Y.S. Kim



where the sum of C is the cost over the system’s lifetime, Cland is the cost of a unit
land; and Cothers is overall cost not related to land. With a system constant k, LCOE
can be expressed as

LCOE ¼ 1þ ClandAland=Cothers

CF t2 � t1ð ÞPmax=Cothers
¼

1þ k
GCR

CF t2 � t1ð ÞPmax=Cothers
ð4Þ

Thus, the cost function F can be expressed by the relationship between CF and
GCR with k as [7]:

F ¼
1þ k

GCR
CF

/ LCOE ð5Þ

If F is minimized, so is LCOE because F is linearly proportional to LCOE.
Previous analysis using complicated equations to calculate and minimize LCOE is
now reduced to a simple equation that has one system parameter and two variables.
Figure 1 shows trackers in two different systems. The total area of the system 1 is
smaller than that of the system 2, resulting in higher GCR but less CF due to larger
self-shading loss; this will be covered later in this chapter.

3 Solar Radiation

To estimate total power harvested from a system, it is crucial to have accurate solar
radiation data at the site where the system is deployed. In this section, we describe
the Sun’s position, air mass (AM), and weather function to obtain direct normal
irradiance (DNI) data on an hourly basis.

3.1 The Sun’s Position

The Sun’s apparent position varies with the location of observer and the time,
which can be described by two angles: the elevation angle α and the azimuth angle

CF1 CF2

System 1 System 2

GCR1 GCR2>
<

Aland1 Aland2<

Fig. 1 Capacity factor (CF)
versus ground coverage ratio
(GCR) in CPV systems
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θ as shown in Fig. 2a. The α is the angular height of the geometric center of the Sun
from the horizon, and the θ is the clockwise angle on the horizontal plane from the
north-pointing coordinate axis to the projection of the Sun’s central ray. α and θ at
location Q can be expressed in terms of the latitude ϕ, the declination of the Sun δ,
and the hour angle ω in Fig. 2b as [8]:

sin a ¼ cos/ cos d cosxþ sin/ sin d

cos a sin h ¼ cos d sinx

cos a cos h ¼ � sin/ cos d cosxþ cos/ sin d

ð6Þ

3.2 Air Mass and Weather Function

Extraterrestrial radiation IE, solar radiation incident outside of the earth’s atmo-
sphere, varies by ±3 % throughout a year depending on the Earth–Sun distance. It
can be expressed as

IEðnÞ ¼ I0 � RES

RES

� �2

� I0 1þ 0:033 cos
360 � n
365

� �� �
ð7Þ

where I0 = 1367 W/m2 is the solar constant; RES is the actual earth-sun distance; RES

is the average value of RES; and n is the nth day in a year [9]. Solar radiation, which
is defined as solar energy received on the Earth’s surface, is the sum of DNI and
diffused radiation after scattering in the atmosphere. As the rays travel through the
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Fig. 2 a Earth surface coordinate system for an observer at location Q. b Earth center coordinate
system with hour angel ω, declination δ, and latitude ϕ at location Q
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atmosphere longer, solar radiation attenuates more due to increased probability of
scattering and absorption. Solar radiation discussed in [4] neglects this attenuation.

AM describes the attenuation of solar radiation and is defined as the optical path
length of solar radiation through the earth’s atmosphere. AM incorporates the
curvature of the earth as a function of α and can be expressed as [10]:

AMðaÞ ¼ 1

sin aþ 0:50572 � ð6:07995þ aÞ�1:6364 ð8Þ

Denoting ID as the intensity of solar radiation reaching the earth’s surface at normal
incident, approximately 70 % of the radiation incident on the atmosphere is
transmitted to the Earth’s surface as [11]:

IDðn; aÞ ¼ IEðnÞ � 0:7AMðaÞ0:678 ð9Þ

However, sunlight intensity depends not only on the day of a year and the Sun’s
elevation but also on the site location as shown in Fig. 3. The α is a function of
time. Thus, the intensity of direct normal incident of sunlight on an hourly basis
needs to include the weather function W(n) of the site as

IDðn; aÞ ¼ IEðnÞ �WðnÞ � 0:7AMðaÞ0:678 ð10Þ

The monthly average DNI values from various sources, such as NASA and
NREL (both TMY2 and TMY3 are available), as shown in Fig. 4, can be used for
obtaining W(n), which can be expressed as

IDðmÞ ¼ 1
nE � nS

2
amax

ZnE
nS

Zamax

0

IEðnÞ �WðnÞ � 0:7AMðaÞ0:678dadn ð11Þ
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where m is the month of a year; and nE and nS are the end and the start days of the
month, respectively. αmax represents the maximum α on the nth day. For the
location at latitude of 37° and longitude −120°, for example, the fifth-order poly-
nomial curve fit in the least-squares sense to the monthly averaged DNI from
NASA gives

WðnÞ ¼ 1:09� 10�12n5 � 9:10� 10�10n4 þ 2:20� 10�7n3 � � �
� 1:04� 10�5n2 � 6:89� 10�4nþ 0:74

ð12Þ

Figure 4 also compares DNI values produce by Eqs. (9) and (10). The hourly
DNI at the given location is depicted in Fig. 5. We will consider this hourly DNI
data throughout the simulations.
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4 Self-shading by Dual-Axis Trackers

As discussed previously, HCPV systems with dual-axis trackers can maximize CF
by tracking the Sun throughout a day. Especially in the morning and the evening,
however, this tracker array poses a self-shading problem, which in turn causes
power loss and thus reduces CF. To alleviate the self-shading problem, the optimal
spacing between trackers should be determined [5, 7]. Figure 6 depicts a dual-axis
tracker whose modules are normal to the sunlight in X–Z plane.

To obtain shaded area on the ground, we need to know the L0(t), and LS(t) at
time t can be given by:

L0ðtÞ ¼ HðtÞ � P
tanðaðtÞÞ ¼

h=2=cosðaðtÞÞ � P
tanðaðtÞÞ ð13Þ

LSðtÞ ¼ LðtÞ � L0ðtÞ ¼ h
sinðaðtÞÞ �

h=2=cosðaðtÞÞ � P
tanðaðtÞÞ ð14Þ

where h is the height of the module array; P is the height of a pole; H(t) is the
hypotenuse of the right-angled triangle with one side formed by the half-height of the
module array; and α(t) is the α at time t. Then, four vertices—VLB(t), VLT(t), VRB(t),
and VRT(t)—of the shaded area for the tracker located at (0, 0) can be obtained as

VLBðtÞ ¼ �L0ðtÞ cos/ðtÞ � w=2 � sin/ðtÞ; L0ðtÞ sin/ðtÞ � w=2 � cos/ðtÞð Þ
VLTðtÞ ¼ �LSðtÞ cos/ðtÞ � w=2 � sin/ðtÞ; LSðtÞ sin/ðtÞ � w=2 � cos/ðtÞð Þ
VRBðtÞ ¼ �L0ðtÞ cos/ðtÞ þ w=2 � sin/ðtÞ; L0ðtÞ sin/ðtÞ þ w=2 � cos/ðtÞð Þ
VRTðtÞ ¼ �LSðtÞ cos/ðtÞ þ w=2 � sin/ðtÞ; LSðtÞ sin/ðtÞ þ w=2 � cos/ðtÞð Þ

ð15Þ
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Z

X
α(t)

Ground level

α (t)

α(t)

L0(t)

L(t)

Fig. 6 Dimension of a
dual-axis tracker at X–Z plane
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where w is the width of the module array; and ϕ(t) the θ as shown in Fig. 7a. When
defining VLB(t) = (xLB(t), yLB(t)), VLT(t) = (xLT(t), yLT(t)), VRB(t) = (xRB(t), yRB(t)),
and VRT(t) = (xRT(t), yRT(t)), four vertices of the (m, n) module in the M-by-
N module array on a single tracker can be defined as

Vmn
LBðtÞ ¼ xLBðtÞ þ ðm� 1Þ xLTðtÞ � xLBðtÞð Þð =M þ n� 1ð Þ xRBðtÞ � xLBðtÞð Þ=N;

yLBðtÞ þ ðm� 1Þ yLTðtÞ � yLBðtÞð Þ=M þ ðn� 1Þ yRBðtÞ � yLBðtÞð Þ=NÞ
Vmn
LT ðtÞ ¼ xmnLBðtÞ þ xLTðtÞ � xLBðtÞð Þ=M; ymnLBðtÞ þ yLTðtÞ � yLBðtÞð Þ=M� �

Vmn
RBðtÞ ¼ xmnLBðtÞ þ xRBðtÞ � xLBðtÞð Þ=N; ymnLBðtÞ þ yRBðtÞ � yLBðtÞð Þ=N� �

Vmn
RTðtÞ ¼ xmnRBðtÞ þ xLTðtÞ � xLBðtÞð Þ=M; ymnRBðtÞ þ yLTðtÞ � yLBðtÞð Þ=M� �

ð16Þ

Instead of calculating the shaded area for each tracker one by one, the shaded
area can be efficiently obtained by using shadow- and Tracker-array matrixes.
When letting a shadow matrix of the module array in the tracker be SM(t) with the
solar north–south and the east–west grid as shown in Fig. 7b, each grid in the
shaded area is assigned to a value of 1. With the same grid space, the (u, v) element
of a Tracker-array matrix TA can be assigned to a value of 1 where a tracker is
located at (u, v). Then the shadow matrix for the tracker array, SMA(t, u, v), can be
calculated by a convolution as

SMAðt; u; vÞ ¼ TAðu; vÞ � SMðtÞ ð17Þ

SMAðt; u; vÞ ¼
X
p

X
q

TAðp; qÞSMðt; u� p; v� qÞ ð18Þ
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Fig. 7 Shadow by a dual-axis tracker with a 3-by-4 module array. a Shadow area on the ground.
b Shadow matrix with grid
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where the installation site is sized by LEW-by-LNS; and p = LEW/dEW; and q = LNS/
dNS. Then the shadow matrix for the all tracker arrays can be simplified as

SMAðtÞ ¼
XnEW
i¼1

XnNS
j¼1

SMAðt; ui; vjÞ ð19Þ

where nEW and nNS are the number of tracker arrays in east–west and in north–south
directions. From the shadow matrix, we can calculate the hours of shading for each
grid points, HS(t1, t2), which describes how long each point is shaded by the tracker
array for the given time from t1 to t2. Since the shadow matrix is discrete, we need
to add time interval Δt, which leads to

HSðt1; t2Þ ¼ Dt
Xt2
t¼t1

SMAðtÞ ð20Þ

Figure 8a shows hours of shading by a single dual-axis tracker. The area beneath
the module is most likely to be shaded, and the hours of shading are shaped like a
butterfly. To identify how much a certain module in the tracker array is shaded at a
given time t, SMA(t) in Eq. (19) can be rewritten as

SMAðtÞ ¼
XnT
i¼1

XnS
j¼1

XnM
k¼1

SMAijkðtÞ ð21Þ

where nT, nS, and nM are the number of trackers in the tracker array, strings in a
tracker, and modules in a string, respectively. Defining Aijk(t) to be the shaded area
on the ground by the kth module in the jth string on the ith tracker, the bar on it to
be the self-shaded area on the module as shown in Fig. 8b, and the function* to be
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Fig. 8 a Hours of shading by a dual-axis tracker on January 1. b Example of self-shading in a
3-by-4 module array with two strings
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the saturation function that makes each element be 1 if >1, then the fractions of
self-shading on the module at a given time t can be obtained as

FSijkðtÞ ¼ AijkðtÞ
.
AijkðtÞ

¼
X

� SMAijkðtÞ � � SMAijkðtÞ
� 	.X

� SMAijkðtÞ
ð22Þ

5 Mismatch Between HCPV Modules

A PV module harvests its maximum energy when the voltage and the current are at
its maximum power point PMP = VMP × IMP. When a PV cell is shaded in a HCPV
system, a bypass diode turns on and lets the string current flow with the reverse
voltage across the cell. Deviations from the rated power of the individual cell or
module can be caused by spectral mismatch, misalignment of optics, dirt, voltage
drop on the cable, and so on. In [12], the effect of mismatch is analyzed using some
worst-case scenarios. However, more generalizations is needed in planning
utility-scale HCPV systems.

5.1 Power Losses Within a Module

Figure 9 shows current–voltage (I–V) and power–voltage (P–V) characteristics of a
CPV module with two different tolerance values [13]. It is assumed that each
parameter is normally distributed with 5 and 10 % SDs with their mean values.
Each I–V curve has current steps that originated from a bypass diode connected to
each cell. As tolerance increases, the voltage at the maximum power point also
increases because of a decrease in the voltage drop across the internal series
resistances. However, mismatches in current among cells increases accordingly and
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thus result in greater power loss. The mismatch losses increase from 0.9 to 6.2 % as
tolerance increases from 5 to 10 %.

In HCPV system using multijunction PV cells, the high concentration of sunlight
produces enough carriers to saturate the energy level of defects [14]. When the
subcell generation–recombination current is neglected, a CPV cell with a bypass
diode is modeled a shown in Fig. 10. The cell current I is given by

I ¼ IPh � ID � ISh þ IB ð23Þ

where IPh, ID, ISh, and IB are the PV currents that depend on irradiance and tem-
perature, the internal diode current, the shunt current, and the bypass diode current,
respectively. To understand the contribution of power losses, we instead consider
five essential parameters including IPh, the diode saturation current IS, the diode
ideality factor n, the series resistance RS, and the shunt resistance RSh. The simu-
lation results based on these five parameters in terms of different tolerance given in
Fig. 11 shows that power loss by mismatch is influenced by the order of
IPh > n > RS ≈ RSh > IS. Mismatch effects in the PV current are greater than others
by more than several orders of magnitude regardless of the tolerance values.

5.2 Power Losses by Misalignments

Because the most dominant factor that causes power loss in HCPV systems is the
mismatch in the PV current, HCPV system with a very narrow acceptance angle
require highly accurate alignment control at the time of installation. Intramodule
alignment can be accurately controlled in the factory. However, maintaining high
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Fig. 10 Simple modeling of a PV cell
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quality control during the time of installation is very difficult as can be seen from
Fig. 12 [13]. Figure 13 shows a SolFocus prototype concentrator and its simulated
optical efficiency E(θC,i) according to the incident angle θC of the ith concentrator,
which leads to the photocurrent of the ith cell as

IPh;i ¼ IPh0 � EðhC;iÞ ð24Þ

To account for module-to-module misalignments Eq. (24) can be redefined as

IPh;i ¼ IPh0 � EðhC;i þ hM;jÞ ð25Þ

where θM,j represents the angular misalignment of the jth module. Figure 14 shows
the simulation results for power losses in 12 HCPV modules composed of 16
concentrators and all connected in series where σM is the SD of module-to-module
alignment. Although the SD of θC,j is only σC = 0.2°, the module misalignment can
easily be a dominant component by which to determine the power loss. By using an
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I–V curve as shown in Fig. 9, VMP,ijk and IMP,ijk can be obtained in term of voltage
and current deviations, εV,ijk and εI,ijk, as

VMP;ijk ¼ VMPð1þ eV;ijkÞ ð26Þ

IMP;ijk ¼ IMPð1þ eI;ijkÞ ð27Þ

6 Power-Optimization Strategies

As depicted in Fig. 15, various power-optimization strategies can be realized for
HCPV systems [5, 13, 15]. Currently, centralized and string PV systems are mostly
popular for utility-scale applications. However, considering mismatch and
partial-shading losses, other types of distributed systems can be good candidates as
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technology develops. Thus, quantifying the efficiencies of various strategies and
choosing the optimum system are critical in lowering LCOE. In this section, various
power-optimization strategies are investigated.

6.1 Centralized CPV System

Multiple string are connected in parallel followed by a single maximum power
point tracker (MPPT) and an inverter, which makes each string voltage set the
same. Let a CPV module have nBD bypass diodes, and Eq. (22) be quantized by nBD
to consider mismatch and partial shading, then the DC power PMP(t) based on each
string can be obtained as

FSijkðtÞ ¼ nBDFSijkðtÞ

 ��

nBD ð28Þ

VMP;ijðtÞ ¼ VMP

XnM
k¼1

ð1þ eV;ijkÞð1� FSijkðtÞÞ � nBDVBDFSijkðtÞ
� 	 ð29Þ

IMP;ijðtÞ ¼ minðIMP;ijkðtÞÞ
k 2 N; k	 nM; 8k : IMP;ijkðtÞ
 0

� � ð30Þ

PMPðtÞ ¼
XnT
i¼1

maxðVMP;ijðtÞ �
XnS
j¼1

IMP;ijðtÞÞ
 j 2 N; j	 nS

( )
ð31Þ

where FSijk(t) stands for the quantized shaded area using ceiling function to cal-
culate the number of bypass diodes needed to be turned on. VMP,ij(t) and IMP,ij(t) are
the maximum power point voltage and current of the jth string located in the ith
tracker. Note that the efficiency of each DC/DC converter is reflected to the MPP
voltage and current. The string current is assumed to be linearly proportional to the
direct normal incident radiation ID in Eq. (10) in terms of time.

6.2 String CPV System

Each string is connected to its own DC/DC converter and inverter for an individual
MPPT, which makes each string independent of each other. A string CPV system
offers a high DC string voltage range. Equation (28) through Eq. (31) are
unchanged, and the DC power PMP(t) based for each string can be obtained as

PMPðtÞ ¼
XnT
i¼1

XnS
j¼1

VMP;ijðtÞ � IMP;ijðtÞ ð32Þ
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6.3 Multistring CPV System

The advantage of string CPV system is maximizing the string power independently.
However, each string requires its own inverter, which requires additional cost.
A multistring PV system takes advantage of having a central inverter per each
tracker and optimizing power of each string independently. The basic condition is
that each string voltage after DC/DC converters is uniform within a tracker. The DC
power PMP(t) based for multistring PV system can be obtained as

PMPðtÞ ¼
XnT
i¼1

XnS
j¼1

VMP;ijðtÞ � IMP;ijðtÞ
 j1 6¼ j2; 8i : VMP;ij1ðtÞ ¼ VMP;ij2ðtÞ

( )
ð33Þ

6.4 DC Module CPV System

In a DC module CPV system, each CPV module is connected to its own DC/DC
converter that is in series with other DC/DC converters followed by an inverter. The
main advantage of this scheme is maximizing energy harvest in each CPV module.
The output voltage of each DC/DC converter is independently controlled, but the
string current is uniform within a tracker. The DC power PMP(t) based for a DC
module PV system can be obtained as

VMP;ijkðtÞ ¼ VMP ð1þ eV;ijkÞð1� FSijkðtÞÞ � nBDVBDFSijkðtÞ
� 	 ð34Þ

IMP;ijðtÞ ¼ IMP;ijkðtÞ
 k1 6¼ k2; 8i; j : IMP;ijk1ðtÞ ¼ IMP;ijk2ðtÞ

� � ð35Þ

PMPðtÞ ¼
XnT
i¼1

XnS
j¼1

XnM
k¼1

VMP;ijkðtÞ � IMP;ijðtÞ ð36Þ

6.5 AC Module CPV System (Microinverter CPV System)

Unlike other configurations, an AC module CPV system makes each CPV module
completely independent from another one, which enhances power generation under
self-shading and mismatch conditions. However, increased components may reduce
the rated power under normal operation, and the higher cost for making electronics
is a big hurdle for it to be applied for utility-scale CPV systems. VMP,ijk(t) is
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identical to Eq. (34). The module current IMP,ijk(t) and the DC power PMP(t) based
for an AC module PV system can be obtained as

PMPðtÞ ¼
XnT
i¼1

XnS
j¼1

XnM
k¼1

VMP;ijkðtÞ � IMP;ijkðtÞ ð37Þ

6.6 Centralized CPV System Without an MPPT

For the initial investment in a centralized CPV system to be lowered, which may
not lead to lower LCOE, MPPT capability can be omitted and strings connected in
parallel followed by a central inverter. In this case, the DC output voltage of a string
is forced to a fixed ratio of its open-circuit voltage VOC (e.g., 87 %). Because the
partial-shading and mismatch losses are significant, this configuration is not rec-
ommended for utility-scale CPV systems. Basic equations for this configurations to
calculate the total power harvested are as follows

VijðtÞ ¼ 0:87 � VOC;ij ð38Þ

IijðtÞ ¼ IijkðtÞ
 k1 6¼ k2; 8i; j : Iijk1ðtÞ ¼ Iijk2ðtÞ

� � ð39Þ

PðtÞ ¼
XnT
i¼1

XnS
j¼1

VijðtÞ � IijðtÞ ð40Þ

7 Partial Shading Loss in Power-Optimization Schemes

Figure 16 illustrates the partial-shading effect in various power-optimization
schemes. The 3-by-4 CPV modules on a dual-axis tracker are simulated for two
different scenarios, in which the shades move (1) from bottom to top and (2) from
left to right. For both cases, the power harvested by CPV modules within a single
tracker is strong function of the amount and the shape of shading. The more the
shading, in general, the less is the power harvested [16–18]. Distributed CPV
systems using DC and/or AC modules are superior to others operating under these
shading conditions, but the increased cost for electronics may cause increases in
LCOE. For fair comparison, further careful analysis regarding the cost of elec-
tronics must be performed, which is out of scope for this section.
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8 Tracker Array Model

The estimation of the total power harvested by a system requires accurate analysis
of the geometrical configuration of both a tracker array and each module, especially
for analyzing self-shading losses. Thus, all of the system parameters are extracted
from the SolFocus prototype HCPV system in Fig. 17. Because most HCPV sys-
tems are built with a tracker array, GCR and CF in Eqs. (1) and (2), respectively,
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depend strongly on these geometries and can be redefined with an array unit as
shown in Fig. 18.

GCR ¼
X

Amodule=Aland ¼ WMHM=ðDXDYÞ ð41Þ

CF ¼
P365

1

P24
1 Pðd; tÞ

365 � 24 � Pmax
ð42Þ

where WM and HM are the width and the height of modules in a tracker,
respectively, and P(d, t) calculates total power harvested throughout a year on an
hourly basis. Figure 19 shows shading by a 3-by-3 tracker array, located at the
previously mentioned site, on January 1 at 8 AM. The darker color represents the
overlapped shading area by multiple trackers. The more the space in between
trackers, the less the self-shading happens.

When calculating the shadow matrix for the m-by-n tracker array as defined in
Eqs. (19) and (21), the computational time is a linear function of the number of
trackers. Especially for utility-scale simulations to optimize land use, this method
might be too time-consuming. The algorithm in [7] makes the computation time
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independent of the scale of an HCPV system. Letting SMA(t) be a shadow matrix
of a 3-by-3 tracker array at time t, SMA(t) can be separated into nine sections:
(1) top left (TL), top, top right (TR), left, center, right, bottom left (BL), bottom,
and bottom right (BR) as depicted in Fig. 20a. For calculating SMA(t) for the m-by-
n tracker array, the array can also be divided into nine sections: 1 × TL, (n − 2) × T,
1 × TR, (m − 2) × L, (m − 2) × (n − 2) × C, (m − 2) × R, 1 × BL, (n − 2) × B, and
1 × BR. Note that the most of trackers in m-by-n tracker array will be shaded, as
with the center tracker in 3-by-3 tracker array, as the number of trackers increases.

9 Simulation Results

For comparison, we will consider two different simulations: simulation I for
maximizing CF according to given GCR and simulation II for minimizing the cost
function in Eq. (5) by varying the east–west and the north–south spacing. The
procedure for each simulation I is as follows:

• Simulation I

1. Gather monthly averaged DNI data for the site (only DNI is required for
HCPV systems).

2. Calculate hourly DNI from the monthly averaged DNI data.
3. Find the m-by-n tracker array with a given GCR that maximizes CF by using

the shadow matrix.
4. Calculate the optimal CF according to GCR.
5. Repeat steps 3 and 4 for various power-optimization schemes.

Figure 21 shows DC energy harvested by an m-by-m tracker array based on the
simulation I where ΔX, ΔY, Δx, and Δy are set to 10, 10, 0, and 0 m, respectively.
The modeling can be applied to any type of tracker and module array. It can be seen
that the lager tracker array gives more self-shading energy loss, especially in the
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Fig. 20 Top view of a tracker array with CPV modules flat to the ground. a 3-by-3 tracker array.
b m-by-n tracker array
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morning and the evening. DC module–based and AC module–based CPV systems
alleviate mismatch losses among CPV modules; thus, they harvest more energy
than other types of power-optimization scheme even at solar noon without
self-shading. In a centralized PV system, a shaded string may affect the perfor-
mance of the unshaded strings resulting in equal or lower power harvest than other
types.

Each power-optimization scheme for the 4-by-4 module array is compared in
Fig. 22. Orientation of the tracker array is set to the mean value of solar noon to
minimize the maximum shadow length by each tracker. For fast simulation, hourly
DNI on the first day of each month is considered. Tracker array and sampling days
can be larger at the expense of longer computational time. The CF-versus-GCR plot
shows the optimum spacing of the tracker array. As GCR increases, the optimum
CF decreases due to aggravated self-shading losses. However, in Fig. 22, the values
of GCR and CF for minimizing LCOE cannot be obtained. Thus, we needs to
obtain the cost function as follows:
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• Simulation II

1. Perform steps 1 and 2 from the simulation I.
2. Obtain the value of k in the cost function.
3. Find the 3-by-3 shadow matrix and calculate the overall power and the cost

function.
4. Based on the step 3, calculate the overall power that minimizes the cost

function of the m-by-n tracker.
5. Repeat steps 3 and 4 for various power-optimization schemes.

Figure 23 depicts hours of shading by a 3-by-3 tracker array. The simulation
only includes time with α < 0. As with simulation I, the first day of each month is
sampled for reducing the computational time. The darker the color at the particular
points, the more the hours of shading occur. It can be seen that more shading occurs
in the east–west direction than that in the north–south direction, which indicates that
greater spacing is required for the east–west direction.

The most narrow tracker spacing that minimizes the cost function according to
the value of k is shown in Fig. 24 based on DNI from NASA. To investigate the
dependency of tracker size, both 3-by-3 and m-by-n arrays (where m = n = 20) are
simulated and compared. Trackers located on the boundary of the 3-by-3 array are
affected less by shading than the tracker in the center. However, the portion of
trackers located on the boundary of the m-by-n array is smaller than that of the
3-by-3 array, resulting in more self-shading losses. Therefore, larger spacing is
required for m-by-n array. The range of spacing is limited to 7 ≤ ΔX ≤ 11 and
7 ≤ ΔY ≤ 12 for reducing the run time. DNI data from TMY3 are applied to the
same analysis as depicted in Fig. 25. The values of Δ X are equal or less than those
from Fig. 24 mainly due to lower DNI in winter TMY3 data. The optimization is
weighted more to performance in the summer. Finally, the run time to obtain data
for Fig. 22 is linear to the number of trackers; however, the run time to obtain
Figs. 24 and 25 takes 13 min with a 2.2-GHz dual-core processor regardless of the
number of trackers.
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10 Conclusion

This chapter presents a comprehensive model of HCPV systems including
location-dependent DNI, various configurations of tracker and module arrays,
mismatch and misalignment, and power-optimizing schemes. This model can be
widely used by the solar industry to estimate how much energy can be generated
with given system parameters and to maximize energy harvest of the system.
Moreover, the cost function that considers CF, GCR, and the relative cost of land
minimizes the LCOE cost of energy by optimizing the space among dual-axis
trackers. For fast simulation, the performance of a 3-by-3 tracker array is matched
to an m-by-n tracker array resulting in a constant run time regardless of the number
of trackers.
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Shading in High-Concentrator
Photovoltaic Power Plants

P. Rodrigo, S. Gutiérrez and L.A. Guerrero

Abstract The electrical behavior of high concentrator photovoltaic power plants is
affected by self-shading between solar trackers. Partial shading of the concentrator
modules on a tracker causes complex effects in the output I–V characteristics.
Shadows affect the behavior of the basic component of a concentrator photovoltaic
generator, the solar receiver integrated with primary optics, and the electrical
connection of receivers with different behavior distortions the system output. In this
chapter, measurements of concentrator receivers integrated with partially shaded
primary optics are analyzed to understand their electrical behavior and a method-
ology for characterizing the I–V curve of shaded high concentrator photovoltaic
generators under given environmental conditions is described and compared with
experimental data. This methodology can be used for carrying out different studies
on shading in high concentrator photovoltaic power plants. For instance, time
domain simulations that calculate the I–V characteristic curve of a concentrator
photovoltaic generator at small time steps can be implemented. These simulations
can be used for calculating shading energy losses in grid-connected high concen-
trator photovoltaic systems or for analyzing important aspects in the design of these
plants, such as optimum trackers allocation or inverters configuration. The problem
of optimizing trackers allocation is also approached in this chapter with a simplified
method based on balancing irradiation losses with energy losses in wires and costs
of the land.

1 Introduction

In high concentrator photovoltaic (HCPV) power plants composed of two-axis solar
trackers, there are daily shading conditions. These shadows cannot be avoided
because the distance between trackers cannot be too large due to wiring and
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land-use requirements. Moreover, back-tracking techniques [1] cannot be used in
these kinds of plants as they are in conventional flat-plate photovoltaic tracking
systems because HCPV modules must be always pointing to the sun. These
shadows cause distortions in the electrical behavior of the system. The coexistence
of different I–V characteristics in the components of a photovoltaic generator
originates a deformation of the generator I–V curve and mismatch power losses
when connecting the generator to the grid [2].

Mismatch power losses due to shading are not negligible in HCPV generators or
in HCPV modules. Figure 1 shows an experimental example of the nonlinear
behavior of shading power losses in HCPV modules connected to an inverter with
maximum power point tracking. Two HCPV modules were measured by repro-
ducing different shading conditions on the primary lenses. The x-axis represents the
module shading factor for each measurement (the quotient between the shaded area
and the total area of the module primary lenses) whereas the y-axis represents the
corresponding shading power losses factor (the quotient between the losses in the
generated power and the theoretical power that would be generated in absence of
shadows). The straight line represents a hypothetical linear behavior (power losses
proportional to irradiance losses). As can be seen in the graph, power losses do not
follow the linear approximation: they are always greater than irradiance losses and
show a highly nonlinear behavior. This behavior, observed in the HCPV modules,
also happens in shaded HCPV generators.

Fig. 1 Shading power losses factor versus shading factor for different measurements on two
HCPV modules under shading conditions. Module A was composed of 6 series-connected
1.15 cm2-sized GaInP/GaInAs/Ge solar cells with one PMMA squared flat Fresnel lens per cell
and 500× concentration factor. Module B was composed of 5 series-connected 0.92 cm2-sized
GaInP/GaInAs/Ge solar cells with one PMMA squared flat Fresnel lens per cell and 625×
concentration factor. Partial shading on the modules was reproduced by placing opaque cards on
the lenses surfaces
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Nowadays, there is a wide knowledge on the electrical effects of shading on
conventional flat-plate photovoltaic generators [3]. There are models that charac-
terize the electrical parameters of flat-plate solar cells under shading [4–6]. These
models in combination with standard one-diode or two-diodes solar cell equivalent
circuits allow reproducing the I–V curve of a shaded conventional solar cell. Once
the cell I–V curve has been obtained, numerical simulations of solar cells and
bypass diodes interconnection circuits can be performed. This has been performed
both at the module level [7–12] and at the generator level [13–17].

There are also several studies on shading oriented to HCPV technology [18–21].
In [18], a model for shading energy losses calculation in HCPV plants was intro-
duced with emphasis on finding the optimum trackers allocation in a given land. In
[19], two practical methods were proposed for optimizing trackers allocation in
small size HCPV systems. In [20], a shading energy losses model was developed
which allowed analyzing different inverters configuration to maximize energy
harvest in HCPV plants. In [21], the electrical behavior of the basic component of
an HCPV generator, the solar receiver integrated with a partially shaded primary
optics [22], was investigated. However, these studies do not characterize the
complete I–V curve of a shaded HCPV generator, what can help in understanding
the electrical effects due to shading and in developing new applications.

The chapter is structured as follows: Sect. 2 gives an overview of the effects of
partial shading on the I–V curve of an HCPV module and generator. Section 3
presents an experimental analysis of HCPV receivers operating with partial shading
on the primary optics. Section 4 describes a methodology for characterizing the I–V
curve of a shaded HCPV generator and compares simulated to experimental
behavior. Section 5 calculates monthly and annual shading energy losses in a
hypothetical HCPV power plant to be located at Marrakech, Morocco, by applying
the proposed methodology, using geometric formulae that determine self-shading
between solar trackers and performing time domain simulation of the generator I–V
curve. Section 6 introduces a simplified method for determining optimal distances
between trackers based on balancing irradiation losses with energy losses in wires
and costs of the land and applies the method taking into account typical meteo-
rological data of Aguascalientes, México. Section 7 presents the conclusions of the
chapter and Sect. 8 gives future directions in this research line.

2 Effects of Partial Shading on the I–V Curve of an HCPV
Module and Generator

In this section, an overview of the electrical behavior of partially shaded HCPV
modules and generators from the point of view of their characteristic I–V curve is
performed. The study is organized in three sections: Sect. 2.1 explains the operation
of solar cells as energy sinks and the effects of bypass diodes; Sect. 2.2 shows how
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the I–V curve of an HCPV module can be obtained from the I–V curves of its
individual receivers; finally, Sect. 2.3 presents the characteristics of the I–V curve
of a shaded HCPV generator.

2.1 Operation of Solar Cells as Energy Sinks and Use
of Bypass Diodes

Both, conventional flat-plate solar cells and multijunction solar cells present an I–V
curve with similar shape. Figure 2 qualitatively shows the shape of a solar cell I–V
curve extended to three quadrants. As can be seen, a solar cell can operate as energy
source (first quadrant) or as energy sink (second and fourth quadrants). In the first
quadrant, both voltage and current are positive; however, in the second quadrant,
voltage is negative and, in the fourth quadrant, current is negative, resulting a
negative power, i.e., cell operating as energy sink.

The operation of solar cells as energy sinks is not wanted in photovoltaic sys-
tems but can happen in specific conditions such as shading. Indeed, let’s consider a
string of series-connected solar cells; when one of the cells is shaded, the unshaded
cells will force the shaded cell to pass a higher current than its short-circuit current.
The only way for the shaded cell to do this is by operating at the second quadrant as
energy sink [23].

The operation at the second or fourth quadrants implies cell overheating and if
this situation remains a long time, the cell can damage [24]. Because of this,
photovoltaic modules incorporate bypass diodes. In HCPV modules, the typical
configuration of bypass diodes is one parallel-connected diode per cell mounted in
the same solar receiver [21].

Fig. 2 Qualitative shape of a solar cell I–V curve extended to three quadrants. Standard solar cell
one-diode equivalent circuit with a term representing breakdown at the second quadrant was used
for the simulation and approximate parameters values of a lattice-matched GaInP/GaInAs/Ge solar
cell under 500 suns were chosen
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Figure 3 qualitatively shows the effect of adding a bypass diode in parallel with a
solar cell. The figure plots the simulated I–V curve of an illuminated multijunction
solar cell, the I–V curve of a bypass diode and the I–V curve of a solar receiver
obtained by the parallel association of the solar cell and the diode curves. As can be
seen, the receiver I–V curve only enters the second quadrant in a negative voltage
approximately equal to the diode threshold voltage. Because this voltage is small,
the operation of the solar cell with high reverse voltage is avoided due to the
activation of the diode. This means that overheating is also avoided.

2.2 I–V Curve of a Partially Shaded HCPV Module

From the electrical point of view, a typical HCPV module is a string of
series-connected solar receivers, each solar receiver composed of a solar cell and a
bypass diode, Fig. 4 [25, 26]. When this kind of device is partially shaded, different
receivers will have different I–V curves as a function of the amount of shading on
the different primary optical elements.

When the primary optical element of a solar receiver is partially shaded, the main
electrical effect is that the receiver I–V curve moves down on the current axis.
Figure 5 shows this behavior from a qualitative point of view. Shading the primary
optics has a similar effect than decreasing the incident irradiance, so that the main
change in the I–V curve is a decrease of the short-circuit current.

Fig. 3 I–V curve of a solar receiver obtained by the parallel association of a multijunction solar
cell and a bypass diode (qualitative simulation). The solar cell curve was reproduced by means of a
standard one-diode equivalent circuit with a term representing breakdown at the second quadrant
and choosing approximate parameters values of a lattice-matched GaInP/GaInAs/Ge solar cell
under 500 suns. The bypass diode curve was reproduced by means of Shockley’s diode equation
by adjusting the diode threshold voltage to 30 % the solar cell open-circuit voltage. The bolded
curve was obtained from Kirchhoff’s law for the parrallel-connection of two electrical elements
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So, in a partially shaded HCPV module, different solar receivers have different I–
V curves. The module I–V curve is obtained by the series association of the indi-
vidual curves, i.e., individual voltages are added for each value of current. An
example of this association law is shown in Fig. 6. The figure qualitatively plots the
I–V curve of a receiver with unshaded primary optics, the I–V curve of a receiver
with 75 % shaded primary optics and the I–V curve of the series association of them.

Fig. 4 Electrical configuration of an HCPV module composed of six series-connected solar
receivers, with one solar cell and one bypass diode per receiver

Fig. 5 Change in the I–V curve of a solar receiver when the amount of shading on the primary
optics increases (qualitative simulation). Approximate parameters values of a lattice-matched
GaInP/GaInAs/Ge solar cell under 500 suns were used for the upper curve. Then, the light
concentration was decreased to qualitatively obtain I–V curves of the same solar cell when incident
irradiance decreases due to partial shading on the primary optics
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As can be seen, the combined curve shows a stair shape as a result of the two
different I–V curves. The maximum power of the combined curve is lower than the
sum of the maximum powers of the individual curves due to mismatch losses.

2.3 I–V Curve of a Partially Shaded HCPV Generator

From an electrical point of view, an HCPV generator is composed of HCPV
modules interconnected in series and in parallel. The I–V curve of a shaded gen-
erator can be obtained by combining the I–V curves of the individual modules. The
electrical laws for the series or parallel association of the I–V curves of two elec-
trical elements are as follows:

• For two series connected elements, individual voltages are added for each value
of current.

• For two parallel connected elements, individual currents are added for each
value of voltage.

According to these electrical laws, the generator I–V curve can be obtained from the
I–V curves of the generator components. Figure 7 shows a qualitative example of I–
V and P–V curves of an HCPV tracker simulated under realistic shading conditions.
As can be seen, these curves are warped because of the presence of shading. The P–
V curve presents several local maxima, what can cause additional power losses if
the inverter maximum power point tracker is not able to track the absolute maxi-
mum of the curve.

Fig. 6 I–V curve of two series-connected solar receivers, one of them with unshaded primary
optics and the other with 75 % shaded primary optics (qualitative simulation). The unshaded
receiver curve tries to represent a lattice-matched GaInP/GaInAs/Ge solar cell under 500 suns with
a parallel-connected diode adjusted to have a threshold voltage 20 % of the solar cell open-circuit
voltage. The shaded receiver curve was obtained by 75 % decreasing the incident irradiance on the
solar cell. Both curves are intended for approximating the behavior of an HCPV receiver integrated
with a primary lens when this lens is unshaded or partially shaded, by neglecting optical losses,
nonuniformities of the light falling on the cell, etc. The bolded curve was obtained from
Kirchhoff’s law for the series-connection of two electrical elements
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3 High Concentrator Photovoltaic Receivers Operating
with Partial Shading on the Primary Optics

In this section, the electrical behavior of HCPV solar receivers operating under
partial shading on the primary optics is analyzed. An HCPV solar receiver [22] is
typically composed of a multijunction solar cell, a bypass diode, a heat sink and a
secondary optical element. The devices analyzed in this study are composed of a
single solar receiver integrated with Fresnel lens primary optics and the protection
elements required for outdoor operation. Figure 8 shows an example of such a
device.

The aim of the study is to characterize the equivalent irradiance that affects the
device. This equivalent irradiance, if homogeneously applied on the primary lens
surface, would cause the same electrical behavior than is observed on the partially
shaded device.

Fig. 7 Current–Voltage and Power–Voltage curves of a solar tracker under realistic shading
conditions (qualitative simulation). A rectangular 11.5 × 8.8 m-sized tracker composed of 6 rows
of 20 HCPV modules per row was approximately modeled. Modules in a row were connected in
series and the different rows were connected in parallel. Each module was represented by 10
series-connected HCPV solar receivers equipped with Fresnel lenses with 625× concentration
factor. Realistic shadows on the tracker surface caused by 8 adjacent trackers separated 18 m in the
South-North direction and 21 m in the East-West direction were calculated at an instant of the day
with low sun elevation angle. DNI was adjusted to a value corresponding to this sun elevation.
Summer of a location at the centre of Spain was considered to calculate sun angles
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The study is organized in two sections: Sect. 3.1 presents some outdoor mea-
surements performed on solar receivers integrated with primary lens under partially
shaded conditions; Sect. 3.2 characterizes the equivalent irradiance that affects these
devices based on the collected measurements.

In what follows, the parameter “shading factor” (s) will be used. It is defined as
the quotient between the shaded area on the primary lens surface and the total area
of the primary lens. Because diffuse components of solar radiation do not affect the
behavior of HCPV devices, no correction on this factor is required and it can be
calculated by a simple quotient between areas.

3.1 Outdoor Measurements of Solar Receivers Operating
with Partial Shading on the Primary Optics

Two solar receivers integrated with primary lens were measured outdoors at Jaén,
South of Spain, by reproducing shading conditions on the lens surface [21]. The
devices had 500× and 625× concentration factors and incorporated lattice-matched
GaInP/GaInAs/Ge solar cells. The measurements included the acquisition of the I–
V curve of the device as well as the cell temperature and other atmospheric
parameters such as direct normal irradiance, ambient temperature, wind speed and
sun elevation angle. For this purpose, the devices were mounted on a two-axis solar
tracker.

Multijunction concentrator solar cells are influenced by changes in irradiance,
cell temperature and incident light spectrum [27–30]. Therefore, the measured
devices were supposed to be influenced by these parameters as well [25, 31, 32]. It
was essential for the experiment to analyze the effect of shading on the devices
independently of other influencing factors. Because of this, the different measure-
ments were performed at very clear days with low wind speed during 1 h at noon.
These selected conditions allowed analyzing the effect of shading by neglecting
changes in irradiance, temperature and spectrum.

Fig. 8 Structure of a typical
HCPV solar receiver
integrated with Fresnel lens
primary optics
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In each selected day, different shadows were reproduced on the primary lens of
the measured device, covering shading factors of s = 0.0, s = 0.1, s = 0.2, …, and
s = 0.9, i.e., ten measurements were performed, what took approximately 1 h. The
experiment was repeated in different days and for both devices.

The main conclusion when analyzing the measurements was related to the
behavior of the maximum power of the devices. It was found that maximum power
decreased almost linearly with the shading factor. Figure 9 shows an example of
such a behavior. It corresponds to a device measured at the conditions: direct
normal irradiance = 936.5 ± 0.8 % W/m2, air mass = 1.33 ± 3 %, air tempera-
ture = 12.0 ± 5 % °C, wind speed < 2 m/s. As can be seen, the correlation coefficient
R2 of the linear regression is 0.9965 (very close to unity). Similar results were
obtained for the other device and for other days. This behavior was found to be very
similar to that of conventional flat-plate solar cells under partial shading.

3.2 Equivalent Irradiance for Solar Receivers Operating
with Partial Shading on the Primary Optics

The equivalent irradiance (GB,eq) of an HCPV receiver integrated with partially
shaded primary lens is defined as the irradiance that, if homogenously applied on

Fig. 9 Results of ten measurements of the maximum power of a solar receiver integrated with
primary lens under stable conditions of irradiance, temperature and spectrum by varying the
shading factor on the lens. The solar receiver incorporated a 0.92 cm2-sized GaInP/GaInAs/Ge
solar cell with a parallel-connected diode, a refractive quadrangular truncated pyramid made of
glass as secondary optical element and was passively cooled through a finned heat-exchanger.
A PMMA squared flat Fresnel lens provided 625× concentration factor. Measured environmental
conditions during the experiment were direct normal irradiance = 936.5 ± 0.8 % W/m2, air
mass = 1.33 ± 3 %, air temperature = 12.0 ± 5 % °C, wind speed < 2 m/s
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the lens surface while maintaining the same cell temperature and spectrum, would
cause the same electrical behavior in the homogeneously illuminated device than in
the shaded device (Fig. 10). This concept is useful because if the equivalent irra-
diance can be determined, any existing model for receivers with unshaded primary
lens can be adapted to receivers with partially shaded primary lens by replacing the
direct normal irradiance parameter by the equivalent irradiance parameter.

The measurements of receivers integrated with partially shaded primary lens
shown a linear decrease of the maximum power with respect to the shading factor.
This suggests that the equivalent irradiance could be characterized from the direct
normal irradiance and the shading factor by means of a linear function:

GB;eq ¼ 1� sð Þ � GB ð1Þ

This hypothesis was verified through an experimental campaign performed at
Jaén on the two mentioned HCPV devices. For this purpose, a set of measurements
were taken outdoors at different levels of direct normal irradiance, cell temperature
and spectrum by reproducing different shading conditions on the lens surface of the
devices.

The experimental maximum power of the devices for each measurement com-
pared with the calculated maximum power obtained by applying the hypothesis in
Eq. (1) combined with the Sandia National Laboratories model for characterizing
photovoltaic devices [33]. It was found a reasonable agreement between calculated
and measured values (RMSEs of 4.7 and 5.1 % for each device). This means that
the proposed expression for characterizing the equivalent irradiance can be used for
HCPV receivers integrated with partially shaded primary lens.

The measured devices incorporated a truncated quadrangular pyramid made of
glass as secondary optical element. The linear expression for the equivalent irra-
diance could not be valid for other designs with poorer light homogenization
properties.

Fig. 10 Definition of the equivalent irradiance: the shaded device operating under direct normal
irradiance GB, cell temperature Tc, spectrum EðkÞ and shading factor s behaves like the
homogenously illuminated device operating under the equivalent irradiance GB,eq, cell temperature
Tc and spectrum EðkÞ
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4 A Methodology for Characterizing the I–V Curve
of Shaded HCPV Generators

In this section, a methodology for characterizing the I–V curve of shaded HCPV
generators is described and compared with experimental data. The methodology
uses three kinds of inputs: ambient conditions, shading factors of the lenses in the
generator and generator electrical configuration. It is composed of three blocks, as
shown in Fig. 11. The first block (unshaded receiver block) computes the I–V curve
of a solar receiver with unshaded primary lens based on ambient conditions; the
second block (shaded receiver block) computes the I–V curve of every receiver
with partially shaded primary lens in the generator from the unshaded receiver
curve and the shading factors of its lens; the third block (shaded generator block)
computes the I–V curve of the shaded generator from the I–V curves of the
receivers and the generator electrical configuration.

Ambient conditions used as inputs are direct normal irradiance (GB), ambient
temperature (Tair), wind speed (WS) and air mass (AM). One of the advantages of
the methodology is that these atmospheric parameters are easy to measure or can be
easily obtained from meteorological databases. This makes the methodology
applicable either for operating HCPV generators or in the early stage of design of
HCPV plants. Sections 4.1, 4.2 and 4.3 describe the three blocks that compose the
methodology. Section 4.4 compares experimental I–V curves to curves simulated
with the developed methodology.

Fig. 11 General scheme of the methodology for characterizing the I–V curve of shaded HCPV
generators
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4.1 Unshaded Receiver Block

The unshaded receiver block obtains the I–V curve of a receiver integrated with
unshaded primary lens based on ambient conditions. For this purpose, several
existing models were integrated. Figure 12 shows a scheme of the different models
and variables used in the implementation. These models are briefly described later
in the text.

• Almonacid’s model.
This model allows estimating the cell temperature (Tc) in an HCPV receiver
integrated with unshaded primary lens operating in real conditions [34]. It uses
as inputs direct normal irradiance, ambient temperature and wind speed and
obtains cell temperature through linear coefficients. Model parameters are
obtained from an outdoor experimental campaign by monitoring cell tempera-
ture together with atmospheric parameters and applying multilinear regression
analysis.

• Sandia’s model.
Core of the unshaded receiver block is the model of Sandia National Labora-
tories for characterizing photovoltaic devices [33]. This model uses as inputs
direct normal irradiance, cell temperature and air mass. It is based on several
equations that allow calculating solar cell electrical parameters. Specifically,
parameters calculated by this model are as follows: short-circuit current (Isc),

Fig. 12 Scheme of the unshaded receiver block
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open-circuit voltage (Voc), maximum power point current (Impp), maximum
power point voltage (Vmpp), current at a voltage Voc/2 and current at a voltage
(Vmpp + Voc)/2, i.e., five points on the solar cell I–V curve are calculated. Model
parameters are obtained from an outdoor experimental campaign by monitoring
the I–V characteristic curve, the cell temperature and atmospheric parameters
and applying multilinear regression analysis.

• One-diode equivalent circuit.
It was reported that the solar cell one-diode equivalent circuit is able to char-
acterize the experimental I–V curves of a triple-junction solar cell in an HCPV
receiver [35]. This equivalent circuit depends on five parameters: photocurrent
(Iph), saturation current (I0), diode ideality factor (m), series resistance (Rs) and
shunt resistance (Rsh). These parameters can be calculated given the five points
on the solar cell I–V curve calculated from the Sandia National Laboratories
model by means of the method developed by Karatepe et al. [16]. The method
builds a system of five nonlinear implicit equations that must be numerically
solved. A trust-region optimization method is recommended for solving because
of the good convergence properties and relative independence of initial
parameters values [36]. Once Iph, I0, m, Rs and Rsh have been calculated, the
standard solar cell one-diode equivalent circuit allows obtaining as many points
of the solar cell I–V curve as wanted.

• Bypass diode model.
Shockley’s diode equation can be used to reproduce the I–V curve of the bypass
diode in a solar receiver. However, experimental measurements of bypass
diodes integrated in HCPV solar receivers suggest modelling a small resistance
in series with the diode. This resistance accounts for the effects of the metallic
contacts between the multijunction solar cell and the bypass diode. Shockley’s
equation parameters depend on diode temperature [37]. In this methodology,
these parameters are directly correlated to the cell operating temperature (Tc).

• Curve association.
Once the solar cell and the bypass diode I–V curves are calculated and given
that the cell and the diode in a solar receiver are connected in parallel, currents
of both I–V curves are added for each value of voltage. This way, the I–V curve
of the solar receiver integrated with unshaded primary lens is obtained.

4.2 Shaded Receiver Block

The aim of the shaded receiver block is to obtain the I–V curve of every solar receiver
with partially shaded primary lens in the generator. For this purpose, it uses as inputs the
I–V curve of the receiver with unshaded primary lens, the shading factor of each specific
lens (si), the direct normal irradiance (GB) and the series resistance of the solar cell in the
receiver with unshaded lens as obtained by the unshaded receiver block (Rs). Figure 13
shows the scheme of the shaded receiver block as well as the involved variables.
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The two models that compose this block are as follows:

• Equivalent irradiance model.
This model calculates the equivalent irradiance that affects the receiver with
partially shaded primary lens (GB,eq) as defined in Sect. 3.2. This parameter is
obtained from direct normal irradiance and shading factor of the lens. Experi-
mental measurements of solar receivers integrated with partially shaded primary
lens shown that a linear equation, Eq. (1), is able to approximate the equivalent
irradiance [21].

• Rauschenbach’s model.
The aim of this model is to translate the I–V curve of the receiver with unshaded
primary lens to obtain the I–V curve of the receiver with partially shaded
primary lens in a point by point basis. For that purpose, it requires as inputs
equivalent irradiance, direct normal irradiance and series resistance of the solar
cell in the receiver with unshaded lens. An existing procedure for flat-plate solar
cells [5] has been adapted to HCPV receivers. Resulting equations are:

I2 ¼ I1 � 1� GB;eq

GB

� �
� Isc ð2Þ

V2 ¼ V1 þ 1� GB;eq

GB

� �
� Rs � Isc ð3Þ

(V1, I1) being the point on the I–V curve of the receiver with unshaded primary
lens, (V2, I2) the corresponding translated point on the I–V curve of the receiver
with partially shaded primary lens, GB,eq the equivalent irradiance, GB the direct
normal irradiance, Rs the series resistance and Isc the short-circuit current of the
receiver with unshaded primary lens.

Fig. 13 Scheme of the
shaded receiver block
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4.3 Shaded Generator Block

Once the I–V curve of every receiver in the generator has been reproduced, the
shaded generator block implements Kirchhoff’s electrical laws based on generator
electrical configuration. Series connections of receivers that represent each HCPV
module and series-parallel connections of HCPV modules that represent the HCPV
generator are modelled. This results in a set of nonlinear equations that must be
numerically solved for each value of generator voltage. This procedure has been
used for the modelling of flat-plate photovoltaic generators, see for instance [15].
By solving the system, current in any branch, voltage in any node and finally,
generator current can be calculated, so that the shaded generator I–V curve can be
obtained. Implementation of these equations and numerical algorithms can be
considerably simplified with the help of dynamic simulation software such as
Matlab/Simulink.

4.4 Comparison Between Measured and Simulated I–V
Curves

Two HCPV modules were measured outdoors at Jaén, South of Spain, by repro-
ducing different shading conditions on their primary lenses. The measurements
included the acquisition of the I–V curve of the partially shaded module simulta-
neously with direct normal irradiance, air temperature, wind speed and sun eleva-
tion angle. Modules were named as A and B. Module A had 6 series-connected
solar receivers equipped with lattice-matched GaInP/GaInAs/Ge solar cells, each
one integrated with a 500× concentration factor Fresnel lens. Module B had 5
series-connected solar receivers equipped with lattice-matched GaInP/GaInAs/Ge
solar cells and 625× concentration factor Fresnel lenses. Module powers at Con-
centrator Standard Test Conditions [38] were 65.6 and 51.8 W respectively. Both
modules had passive cooling.

The I–V curves of the shaded modules were latter simulated with the developed
methodology taking into account the registered atmospheric parameters and the
shading factors of the lenses. Experimental and simulated curves were then com-
pared. Figures 14 and 15 are examples that illustrate the degree of accuracy
obtained by the methodology. Figure 14 shows the comparison between an I–V
curve measured on the module A and the corresponding simulated curve when two
lenses are partially shaded, one with a 25 % shading factor and the other with a
75 % shading factor. Figure 15 shows an example of measured and simulated
curves on the module B with two partially shaded lenses, one with a 50 % shading
factor and the other with a 75 % shading factor. In most analyzed cases, it was
found a reasonable agreement between experimental and simulated behavior. For
instance, the two presented curves got RMSEs of 2.2 and 2.8 % respectively.

192 P. Rodrigo et al.



The experimental measurements indicated that the methodology is adequate for
characterizing the I–V curve of shaded HCPV modules. This means that it can be a
good choice for carrying out studies on shading in HCPV power plants.

5 Calculation of Shading Energy Losses in HCPV Plants

A possible application of the presented methodology is implementing time domain
simulations that reproduce the electrical behavior of a shaded HCPV generator at
small time steps. For this purpose, knowledge of atmospheric parameters daily
profiles is required (direct normal irradiance, air temperature, wind speed and sun
position). In addition, details of the HCPV plant configuration are needed such as

Fig. 14 Example of measured and simulated I–V curves for the module A. The shading pattern
for the module is represented at the left side. Module A uses GaInP/GaInAs/Ge solar cells with
500× concentration factor provided by flat Fresnel lenses

Fig. 15 Example of measured and simulated I–V curves for the module B. The shading pattern for
the module is represented at the left side. Module B uses GaInP/GaInAs/Ge solar cells with 625×
concentration factor provided by flat Fresnel lenses
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geographic location, dimensions of solar trackers, trackers distribution and HCPV
modules interconnection scheme. The electrical behavior of the concentrator
modules used in the plant must be previously characterized under unshaded
conditions.

In this section, geometric formulae for calculating self-shading between trackers
are shown (Sect. 5.1). These formulae together with the methodology described in
the previous section are used to calculate monthly and annual shading energy losses
in a hypothetical HCPV plant to be located at Marrakech, Morocco (Sect. 5.2).

5.1 Geometric Calculation of Shadows in HCPV Plants

The geometric formulae used for the calculation of self-shading between solar
trackers are expressed as a function of solar position, trackers dimensions and
relative position between trackers.

Solar position is determined by the elevation angle ðcsÞ and the azimuth angle
ðwsÞ. Solar elevation angle takes values in the range 0° (sunrise and sunset) to 90°
(sun upright the observer). Solar azimuth angle takes values in the range −180 to
+180°, where ws = −90° indicates sun oriented at East, ws = 0° indicates sun
oriented at equator, ws = +90° indicates sun oriented at West, etc.

In this analysis, rectangular trackers are considered. Trackers dimensions are
determined by L parameter (rectangle side parallel to ground) and M parameter
(rectangle side not parallel to ground).

To determine relative position between two trackers, an obstacle tracker and a
shaded tracker, x and y parameters are used. x represents the distance between the
shaded tracker and the obstacle tracker in the West-East direction, whereas y rep-
resents the distance in the South-North direction (North hemisphere) or in the
North-South direction (South hemisphere). Both parameters can take negative
values. Figure 16 shows a top view of two trackers in an arbitrary relative position
and Fig. 17 shows the corresponding side view.

By analyzing this geometry, the distances d1 and d2 shown in the figures can be
calculated by:

d1 ¼ x cosws � y sinws ð4Þ

d2 ¼ � x sinws þ y coswsð Þ sin cs ð5Þ

In addition, a k parameter can be calculated to evaluate if the obstacle tracker can
shade the central tracker, depending on sun position. This parameter is expressed as:

k ¼ � x sinws þ y coswsð Þ cos cs ð6Þ

If k is positive, the obstacle tracker is before the central tracker in the solar rays
direction, so that the central tracker can be shaded. If k is negative, the obstacle
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tracker is behind the central tracker in the solar rays direction, so that the central
tracker cannot be shaded.

If k is positive, distances d1 and d2 must be calculated and from them, the shaded
rectangle on the central tracker can be determined. This rectangle is represented by
Ls (shaded rectangle side parallel to ground) and Ms (shaded rectangle side not
parallel to ground). The following expressions allow calculating Ls and Ms:

Ls ¼ L� d1j j ð7Þ

Ms ¼ M � d2 ð8Þ

Fig. 16 Top view of two trackers and projected shadow (North hemisphere)

Fig. 17 Side view of two
trackers and projected shadow
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If one of these parameters results in a negative value, there is no shadow on the
central tracker. Once Ls and Ms are determined, the shading factor of the central
tracker can be expressed as:

s ¼ LsMsð Þ= LMð Þ ð9Þ

This method can also be used to calculate the shading factor of individual lenses on
the tracker surface. Each lens is a polygon whose vertices have known coordinates
on the plane of the tracker. The shaded area on a specific lens can be obtained by
the intersection of the lens area and the shaded rectangle on the tracker. Therefore,
the shading factor of a lens can be calculated by the quotient between its shaded
area and its total area.

If several obstacle trackers project shadows on the central tracker, the shading
pattern on the tracker surface is obtained by combining the different shaded
rectangles.

5.2 Application for Calculating Shading Energy Losses

A case study has been defined to apply the procedures described in the previous
sections for the calculation of shading energy losses. It corresponds to a hypo-
thetical HCPV plant to be installed at Marrakech, Morocco. Trackers dimensions
are L = 11.5 m and M = 8.8 m and distances between trackers are x = 21 m (in the
West-East direction) and y = 18 m (in the South-North direction). Each tracker is
supposed to be composed of 6 parallel strings of 20 series-connected HCPV
modules per string with a total power of 30 kWp per tracker, i.e., 250 Wp HCPV
modules are used rated at Concentrator Standard Test Conditions [38]. Each string
of 20 series-connected modules is aligned in a horizontal row of the tracker. Each
tracker is supposed to have its own inverter.

The HCPV modules are composed of 10 series-connected solar receivers
equipped with triple-junction solar cells, with 30 V of module maximum power
point voltage and 8.33 A of maximum power point current. Parameters that define
the electrical behavior of the modules under unshaded conditions were taken from
the outdoor experimental characterization of an HCPV module of typical charac-
teristics performed at the Centre of Advanced Studies in Energy and Environment
of Jaén University, South of Spain. This representative module incorporated
GaInP/GaInAs/Ge solar cells, a PMMA flat Fresnel lens per receiver with 625×
concentration factor and was passive-cooled.

Typical monthly averaged daily profiles of direct normal irradiance, air tem-
perature, sun elevation and azimuth angles for Marrakech were synthesized with the
help of a photovoltaic software package. Wind speed was considered negligible for
this location. Time steps of 2.5 min were chosen for the simulation.
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Simulation results are shown in Table 1. The table compares the irradiation
losses due to self-shading between trackers to the losses in the harvested energy in a
monthly basis. As can be seen, shading energy losses between 6.43 % (May) and
12.01 % (December) can be expected. Annual energy losses due to shading were
estimated in 7.91 % for this kind of plant and location considering the current
state-of-the-art of commercial HCPV technology.

6 A Simplified Method for Determining Optimum Trackers
Allocation

In this section, a simplified method for determining optimum trackers allocation in
the design of an HCPV plant is described [39]. The procedure is based on balancing
shading irradiation losses with energy losses in wires and costs of the land. It has
the advantage of simplicity and has proven its usefulness in the practical design of
HCPV power plants.

Table 1 Percentages of
irradiation losses and
harvested energy losses due to
shading for a simulated
HCPV plant at Marrakech,
Morocco, composed of
rectangular
11.5 × 8.8 m-sized solar
trackers separated 21 m in the
West-East direction and 18 m
in the South-North direction

Irradiation losses (%) Energy losses (%)

Jan 5.95 9.65

Feb 4.55 7.36

Mar 6.22 8.76

Apr 6.39 7.41

May 4.01 6.43

Jun 4.10 6.79

Jul 4.12 6.69

Aug 5.38 6.98

Sep 7.08 8.17

Oct 4.74 8.42

Nov 5.56 8.46

Dec 7.38 12.01

Annual 5.35 7.91

A representative 250 Wp HCPV module composed of 10
series-connected GaInP/GaInAs/Ge solar cells with a bypass
diode per cell, passive cooling and 625× concentration factor
provided by flat Fresnel lenses was experimentally characterized
under unshaded conditions and the obtained parameters were
used for the time-domain simulation. The solar trackers were
modeled with 6 parallel-connected rows of modules and 20
series-connected modules per row, by considering a tracker-
oriented inverters configuration
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The procedure uses the following assumptions:

• Land is a horizontal plane.
• Trackers are identical with rectangular surface. This surface is defined by the

dimensions L (side parallel to ground) and M (side not parallel to ground), in
meters.

• Plant geometry is defined by a rectangular grid oriented in the directions
West-East and South-North. Distances DWE and DSN in meters determine this
geometry as shown in Fig. 18. The aim of the procedure is to optimize the value
of these two parameters.

• Shadows caused by surrounding obstacles or by a nonplanar horizon are
neglected. Only self-shading between trackers is considered.

Section 6.1 explains the steps of the procedure. Section 6.2 shows an example of
its application.

6.1 Procedure Description

The developed method follows the next steps:

1. Obtainment of the monthly averaged daily direct normal irradiance profile.

Knowledge of typical direct normal irradiance data for the considered location is an
input of the procedure. A representative day of each month must be characterized
with its direct normal irradiance profile. These irradiance functions can be syn-
thetized with meteorological software packages. Another option is to use a sim-
plified method defined in [40].

2. Calculation of sun position at any instant.

Sun position can be calculated by means of standardized formulae [41]. These for-
mulae are based on the determination of earth orbit eccentricity and declination for a
representative day of each month. Once these parameters are known, the elevation

Fig. 18 Geometry of a
generic HCPV plant as
considered by the method
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angle (cs) and the azimuth angle ðwsÞ that define sun position at a given instant can be
obtained through trigonometric expressions. Results of this step are pairs of values (cs,
ws) at given time intervals for the representative day of each month.

3. Calculation of the percentage of shaded area on a tracker caused by another
arbitrarily located tracker at any instant.

Expressions described in Sect. 5.1 allow calculating the shading factor of a central
tracker shaded by an arbitrarily located obstacle tracker. As was commented, rel-
ative position between two trackers can be defined by x (West-East distance) and
y (South-North distance for North hemisphere or North-South distance for South
hemisphere) parameters. Distance increments must be defined in the algorithm (Δx,
Δy) and for each trackers relative position and sun position, shading factor of the
central tracker must be calculated. This procedure is repeated for the representative
day of each month.

4. Calculation of the percentage of annual direct irradiation losses on a tracker
caused by the eight adjacent trackers.

The procedure takes into account shadows on a tracker caused by the eight adjacent
trackers. Shadows caused by farther trackers are neglected.

For a plant geometry defined by DWE and DSN distances (Fig. 18), x and
y coordinates of each adjacent tracker with respect to the central tracker are known.
Thus, eight shading factors s1, s2, …, s8 on the central tracker at each instant can be
obtained from the calculations in step 3. The combined shading factor on the central
tracker (s) is estimated by:

s ¼ min
X8
i¼1

si; 1

( )
ð10Þ

This implies an overestimation of the real shading factor because at some instants it
is possible that two or more of the projected shadows overlap.

Therefore, this step allows knowing the central tracker shading factor at each
instant. In contrast, the direct normal irradiance at each instant (GB in W/m2) was
obtained in step 1. From these data, annual direct irradiation received by the shaded
tracker, Hs, and annual direct irradiation that would be received by this tracker in
absence of shadows, H, both in kWh/m2, can be calculated by means of annual
summations:

Hs ¼ 1
1000

�
X12months

j¼1

ndays;j
Xday
i

1� sij
� �

GBij

" #
� Dt ð11Þ

H ¼ 1
1000

�
X12months

j¼1

ndays;j
Xday
i

GBij

" #
� Dt ð12Þ

Shading in High-Concentrator Photovoltaic Power Plants 199



ndays,j being the number of days of the j month and Δt the time step of the simu-
lation in hours. From both values, the annual direct irradiation losses factor due to
shading, Lirr, can be obtained by:

Lirr ¼ 1� Hs=H ð13Þ

5. Calculation of the annual income by energy production of a tracker.

The main input in this step is the economic income per kWh generated by the plant,
rkWh in USD/kWh. To use this parameter, it is necessary to have an estimation of
the annual energy production of a tracker.

In photovoltaics, annual Performance Ratio (PR) is commonly used to calculate
harvested energy from annual irradiation. This ratio can be broken down into
different losses factors that affect tracker production such as temperature losses,
spectral losses, misalignment, optical losses, soiling, shading, etc. All of these
losses can be considered independent of relative distances between trackers except
shading losses. Because of this, it is convenient to define a modified tracker Per-
formance Ratio (PR′) that includes every existing loss except shading losses:

PR ¼ 1� Lsð Þ �
Yn
i¼2

1� Lið Þ ¼ 1� Lsð Þ � PR0 ð14Þ

Ls being the shading losses factor. The annual energy harvested by a tracker, E, can
be expressed as a function of this modified Performance Ratio by:

E kWhð Þ ¼ PR0 � Ppk kWpð Þ � 1� Lsð Þ � H kWh
�
m2� � ð15Þ

Ppk being the tracker peak power. In this procedure, the shading losses factor (Ls) is
approximated by the direct irradiation losses factor due to shading (Lirr) as calcu-
lated in step 4:

E kWhð Þ � PR0 � Ppk kWpð Þ � 1� Lirrð Þ � H kWh
�
m2� �

¼ PR0 � Ppk kWpð Þ � Hs kWh
�
m2� � ð16Þ

This way, the previous calculations allow estimating the annual energy harvested
by a tracker if the modified Performance Ratio value is known for the location and
technology of the plant. It is important to remark that replacing Ls by Lirr implies
underestimating the influence of shading on tracker production because mismatch
losses that happen in a shaded generator are being neglected. However, this
approximation is considered acceptable for the defined procedure because it tends
to compensate the overestimation of shading performed in step 4.
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Once the annual energy harvested by a tracker has been estimated, the annual
income by energy production of a tracker, I, is calculated by:

I ¼ rkWh � E ð17Þ

6. Calculation of annual costs due to energy losses in wires for a tracker.

Most of the energy losses in wires due to Joule effect take place in the wires that
link each group of parallel-connected trackers to the corresponding inverter. The
total length of these paths for the plant can be expressed as a function of the
distances DWE and DSN that determine the plant geometry if the inverters location is
predefined.

As a previous calculation for determining annual energy dissipated in wires, an
annual parameter, Hs

2, dependent on direct normal irradiance and tracker shading
factor, must be evaluated through a quadratic summation:

H2
s ¼ 1

1000
�

X12months

j¼1

ndays;j
Xday
i

1� sij
� �2

G2
Bij

" #
� Dt ð18Þ

This parameter has units of kWh · (W/m4) and can be calculated the same way than
Hs, with the difference that terms (1 − s) and GB are squared. The annual energy
dissipated in wires for a tracker, EW, is the total energy dissipated in the plant
divided by the number of trackers in the plant:

EW ¼ 2 � q � LW DWE;DSNð Þ
AW � ntrack � ntrackparal � np � I�mpp

� �2
�H

2
s DWE;DSNð Þ

G�2
B

ð19Þ

LW(DWE, DSN) being the function that determines the total length of wires between
groups of parallel connected trackers to inverters for the plant in meters, AW the
cross-sectional area of the wires in mm2, ρ the Copper resistivity in Ω mm2/m, ntrack
the number of trackers in the plant, ntrackparal the number of trackers connected in
parallel that compose a group to be connected to a inverter, np the number of
parallel strings of series-connected HCPV modules in a tracker, Impp

* the HCPV
module maximum power point current in amperes and GB

* the standard direct
normal irradiance at which the modules are rated. Annual costs due to energy losses
in wires for a tracker, QW, can be evaluated by:

QW ¼ rkWh � EW ð20Þ

7. Calculation of annual costs of the land for a tracker.

These costs can be calculated if the annual costs per m2 of land, rm2 in USD/m2, are
known. An estimation of the land area corresponding to each tracker (the total plant
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area divided by the number of trackers) is required. For instance, a squared plant
would have annual costs of the land for a tracker, QL, such as:

QL ¼ rm2 �
ffiffiffiffiffiffiffiffiffiffi
ntrack

p � 1
� �2

ntrack
� DWE � DSN ð21Þ

8. Calculation of optimal distances between trackers.

The annual profit (P) due to the operation of a tracker as a function of DWE and DSN

distances is obtained by deducting costs due to energy losses in wires and costs of
the land to the income by energy production:

P DWE;DSNð Þ ¼ I � QW � QL ð22Þ

The design problem is then solved by searching for a (DWE, DSN) pair that maxi-
mizes the annual profit function.

6.2 Example of Application

In this section, results of applying this method to a hypothetical HCPV plant to be
located at Aguascalientes, México, are shown. Aguascalientes latitude is 21.9°N
and has an annual averaged daily direct normal irradiation of 5.9 kWh/m2. The
plant would be composed of 100 trackers with 30 kWp per tracker. Trackers
dimensions are 11.5 × 8.8 m and are supposed to have a modified annual Perfor-
mance Ratio PR′ = 0.8. Each tracker has 6 parallel strings of 20 series-connected
HCPV modules with 8.33 A of maximum power point current per module mea-
sured at 1000 W/m2 of direct normal irradiance. Groups of 10 parallel-connected
trackers are connected to central inverters located at the center of the plant through
200 mm2 cross-sectional area wires. The economic scenario for the simulation is
defined by the following parameters: income per kWh generated by the plant = 0.14
USD/kWh; annual costs per m2 of land = 1.4 USD/m2.

Figure 19 represents the results obtained after applying steps 1, 2 and 3 of the
procedure. The graph shows the distribution of percentages of shading annual direct
irradiation losses on a tracker caused by another tracker as a function of relative
distances between them.

Figure 20 represents the distribution of annual prices of the energy generated by
a tracker surrounded by eight trackers as a function of DWE and DSN distances that
define the plant geometry as calculated by steps 4 and 5 of the procedure. After-
wards, Fig. 21 shows annual costs due to energy losses in wires and land use per
tracker as a function of distances between trackers as calculated by steps 6 and 7 of
the procedure.

202 P. Rodrigo et al.



Finally, Fig. 22 shows the annual profit per tracker as a function of distances
between trackers as obtained by deducting costs due to energy losses in wires and
land use to the income by energy production (step 8 of the procedure). The point
that maximizes annual profit is indicated on the graph (DWE = 24 m; DSN = 17 m)
and determines the optimum allocation of trackers for the plant.

Fig. 19 Percentages of shading annual direct irradiation losses on a tracker caused by another
tracker. Trackers dimensions are 11.5 × 8.8 m. Typical direct normal irradiance data and sun
position angles of Aguascalientes, México, were used for the calculations

Fig. 20 Annual prices of the energy generated by a tracker surrounded by eight trackers as a
function of distances between trackers. 30 kWp trackers were considered, a modified Performance
Ratio (excluding shading energy losses) of 80 % was used for a tracker and the income per kWh
generated by the plant was adjusted to 0.14 USD/kWh
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Fig. 21 Annual costs due to energy losses in wires and land use per tracker as a function of
distances between trackers. Inverters were supposed to be located at the center of a 3 MWp HCPV
power plant composed of 100 trackers, were each group of 10 parallel-connected trackers is linked
to the corresponding central inverter through 200 mm2 cross-sectional area Copper wires.
Economic parameters are as follows: income per kWh generated by the plant = 0.14 USD/kWh;
annual costs per m2 of land = 1.4 USD/m2

Fig. 22 Annual profit per tracker obtained by deducting costs due to energy losses in wires and
costs of the land to the income by energy production and optimum trackers allocation (DWE = 24 m;
DSN = 17 m) for an HCPV power plant composed of 11.5 × 8.8 m-sized 30 kWp solar trackers to
be located at Aguascalientes, México
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7 Conclusions

The characterization of the I–V curve of a shaded HCPV generator under given
environmental conditions can be performed from the characterization of the basic
component of the generator, the solar receiver integrated with partially shaded
primary optics. If the electrical behavior of the different receivers in the generator is
known, Kirchhoff’s electrical laws allow obtaining the generator I–V curve.

An expression for the equivalent irradiance that affects a solar receiver with
partially shaded primary lens was proposed from experimental measurements. As
well, a methodology for obtaining the I–V curve of shaded HCPV generators was
defined and a comparison between measured and simulated I–V curves was per-
formed. One of the advantages of the methodology is that it uses atmospheric
parameters that are easy to measure or can be easily obtained from meteorological
databases (direct normal irradiance, ambient temperature, wind speed and air mass).
This makes it applicable either for operating HCPV generators or in the early stage
of design of HCPV plants. The methodology can be a good choice for carrying out
studies on shading in HCPV power plants.

As an example of application of the methodology, typical monthly and annual
energy losses for an HCPV plant to be located at Marrakech, Morocco, were
calculated by considering geometric formulae that represent self-shading between
solar trackers and performing time domain simulation of the generator I–V curve.
This example shows the potential of the developed methodology, which could be
applied to other kinds of studies, such as optimum trackers allocation or inverters
configuration among others.

Another interesting line is developing simpler easy-to-use methods, suitable for
designers of HCPV plants. As an example, a simplified method for obtaining
optimal distances between solar trackers was introduced and applied to an HCPV
plant to be located at Aguascalientes, México.

8 Future Directions

The variety of existing HCPV module designs implies that the methodology for I–V
curve characterization must be checked and corrected if needed for other module
configurations. This will allow generalizing the results of the analysis to other
HCPV technologies.

I–V curves simulated with the developed methodology should be compared with
data measured on real operating HCPV plants. For this purpose, some effects not
included in the methodology should be analyzed such as misalignment, soiling,
energy losses in wires or inverters operation.
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The potential of the methodology has not been fully exploited. It is expected that
it can be used for developing new methods applicable in the design of HCPV power
plants, evaluation of existing systems, energy prediction, etc.

Other possible research line is the development of simplified easy-to-use
methods for their integration in industrial photovoltaic software packages.
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High-Concentrator Photovoltaic Systems
Configuration and Inverters

Emilio Muñoz-Cerón, Francisco J. Muñoz-Rodríguez,
Juan de la Casa and Pedro Pérez-Higueras

Abstract A high-concentrator photovoltaic (HCPV) system is the result of the
electrical interconnection of several CPV modules with additional components
denominated “balance of system.” The wide variety of elements that compose a
module makes possible different types of HCPV systems, although the most
widespread is the point-focus pedestal type. Among the elements that compose an
HCPV system, the inverter, which has been studied deeply for flat-PV systems,
should be adapted to the particularities of HCPV technology. A different definition
of weighted efficiency is proposed that has been adapted to an HCPV system
located in southern Spain. This definition is compared with other ones proposed by
some authors within this technology and also with the most used conventional PV
systems definitions, which are the European and Californian efficiencies. It is
highlighted that the differences are minimal. Beyond that, a novel classification of
the most common interconnection configurations is proposed and some experiments
were performed to show that the maximum power point tracker methods tradi-
tionally used for standard PV systems are somehow also valid for HCPV systems.

1 Introduction

There are several aspects in which the composition of a high-concentrator photo-
voltaic (HCPV) system differs from silicon-based Photovoltaic (PV) modules. First,
the solar cells used are made of several layers of semiconductor material [multi-
junction (MJ) devices] that fragment the sunlight absorption capacity depending on
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the spectral composition of the incident light. This division allows better and
improved conversion efficiency, but it requires the addition of optical elements that
focus and concentrates the incoming light. For that purpose, it is necessary to use a
tracking mechanism that is permanently tracking the Sun’s daily path. The wide
array of possible combinations of MJ solar cells used, the optical stages, and the
tracking mechanism increase the different types of HCPV currently existing. In this
chapter, a brief overview of the most used systems will be presented.

In addition, standard elements used in flat-PV module systems, such as inverters,
will also be necessary for DC/AC conversion of the electricity generated. The types
and configurations of inverters will be reviewed, and some modifications focused
on the particularities of HCPV technology will be presented. Within this revision of
the inverter’s configuration, the definition of “weighted average efficiency” adapted
to this technology will be studied. Beyond that, a comparison with the most
common efficiencies used (European and Californian) will be undertaken.

In any PV system, it is also important how the modules are connected to the grid;
thus, for that purpose the possibilities within the particularities of HCPV technology
will be analyzed.

Furthermore, the device responsible for providing the maximum power point
(MPP) in the array will also be covered. A brief summary of the maximum power
point tracking (MPPT) techniques will be described focused especially on direct
methods because they are the most used in practice. Among these,
perturb-and-observe (P&O) algorithms will be highlighted.

2 Components and Types of HCPV Systems

An HCPV system is the result of the electrical interconnection of several HCPV
modules with additional components that are denominated “balance of system”
(BOS).

According to the definition found in the recommendation report from the Sandia
Laboratories and several CPV standards published, an HCPV module is the
smallest, complete, environmentally protected assembly of receivers permanently
mounted in the correct orientation relative to the primary optics—together with the
appropriate lens and housing seals, electrical and interconnection components, and
mounting elements—that accepts nonconcentrated solar radiation and transforms it
into electrical energy when aligned with the Sun (Fig. 1).

In this aspect, an HCPV receiver is an assembly of one or more concentrator
cells and secondary optics (if used) that accept concentrated sunlight and incor-
porates the means for thermal energy removal (active or passive heat sinks) and
electrical energy transfer [1–3].
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Currently MJ cells are the basis of HCPV systems. These devices are based on
different layers of semiconductor materials, so they split their sensitivity to the
Sun’s spectrum and thus are better matched throughout the Sun’s wavelength
distribution than single-junction devices such as silicon-based PV cells.

Regarding its manufacturing process, two types of MJ cells can be distinguished:
mechanical stacked cells and monolithic cells. The latter ones are the most exten-
ded, and they are manufactured by deposition of the semiconductor material under
the same substrate. Depending on the lattice constant of the materials used, these
monolithic devices are divided into lattice-matched and metamorphic, indicating
whether or not the lattice parameters of the material are coincident. In the literature,
there is a better detailed explanation of the differences between the monolithic solar
cells [4, 5].

The optical element is responsible for concentrating the solar radiation on the
cell’s surface so that more energy at the output of the cell is obtained as a conse-
quence of the increment in the luminous flux incident on the MJ device. The first
consequence of using an optical stage is that the area of semiconductor material,
that is, the MJ cell, is reduced, so there is a great potential in decreasing costs
because the cells are the most expensive components in a HCPV module.

According to the concentration mechanism used by the optical element, a first
division of the HCPV systems can be performed according to reflective or refractive
mechanisms and the shape of the focus, which may be linear one or point one.
Figure 2 shows the different possible combinations.

Regarding the secondary optics used, there is an extensive catalogue that adds
more variety to the sort of HCPV modules that could be manufactured, but its
classification is out of the scope of this chapter [6].

Fig. 1 Composition of a
HCPV module
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In contrast, the BOS elements that comprise an HCPV system includes any
tracking mechanism with its corresponding foundation and supporting structures,
the external DC and AC wiring, the connection boxes, the electrical protection
devices as well as the inverters or other power-conditioning systems, and the
appropriate monitoring equipment.

In the HCPV modules, there are different types of MJ solar cells; several optical
typologies, which can be applied in a single stage or a two-concentrating stage; and
the tracking mechanism, which may also vary in its constitution. Beyond using an
HCPV classification based on the geometrical shape of the modules and/or its
concentration ratio, the possible combination of such elements leads to a numerous
ways of classifying HCPV systems, but usually the concentrating optics define the
types of systems, although there can be a wide variety among these optics.

Although several HCPV classification tables and analysis have been published
elsewhere [7, 8], it is more useful to undertake a classification procedure based on
the current state of the art regarding the most used and widespread HCPV systems.
In this aspect, International Standard IEC 62108 covers up to five different Tech-
nologies, which can be observed in the sequence of Figs. 3, 4, 5, 6 and 7.

Fig. 2 Typologies based on the optical element
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Among the classification of CPV systems, most of the current manufacturers are
designing the Point-focus Fresnel lens HCPV system (Fig. 3) because there is more
evidence and proofs of its good operational behavior.

Fig. 3 Point-focus Fresnel lens HCPV system [3]
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Fig. 4 Point-focus dish CPV system [3]
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Fig. 5 Linear-focus through CPV system [3]
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The following most-widespread HCPV system, albeit in a minor penetration
level, is the point-focus dish. It represents an added-value system because of its
active cooling system because it can take advantage of the heat transmitted to the
thermal fluid so as a whole it can operate as a hybrid CPV/thermal device.

Fig. 6 Linear-focus Fresnel lens CPV system [3]
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3 Inverter

3.1 Definition and General Characteristics

As well as in traditional flat silicon-based PVs, the direct current (DC) electricity
generated by HCPV modules must be transformed into alternating current (AC), as
well as adapt it to the characteristics of the electrical grid in terms of voltage levels
and frequency. The inverter is the electronic equipment responsible for the interface
between the PV generator and the electrical-distribution network.

For obtaining the maximum output of a HCPV module or system, the inverter
should be always working at the MPP of the current–voltage (I–V) curve. It is well
known that the I–V characteristics of a PV module are dependent on the irradiance
levels and ambient temperature, among other factors, and in the case of HCPV
technology, the spectral content of the incoming sunlight will also be a crucial
parameter. Those variations imply that at any moment the MPP would be constantly
changing and for that purpose, any inverter should implement a MPPT mechanism
to ensure that the module achieves its maximum power. In further sections, different
MPPT methods will be discussed.

According to the characteristics that any inverter should possess, in the fol-
lowing tables there is a summary of the main ones, which differentiate DC side
characteristics from AC ones (Table 1 and 2).

These characteristics are a brief adaptation of the European Standard EN
50524:2009, which contains the specifications for the data sheet and the name plate
for PV inverters. The International Electrotechnical Commission also intends to

Fig. 7 Heliostat CPV system [3]
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publish a standard with the same purpose (IEC 62894; Photovoltaic inverters—Data
sheet and name plate).

Beyond the aforementioned electrical characteristics, the specification of the
inverter’s efficiency is an important parameter in order to identify the AC/DC
conversion losses. This conversion efficiency will depend on the ratio between the
AC and DC powers

gCONV ¼ POUTPUT

PINPUT
¼ PAC

PDC
ð1Þ

However, the input power value of the inverter (PDC) constantly changes depending
on the ambient parameters, mainly the ones related with the radiation level, spec-
trum, and temperature. As was stated previously, the MPPT mechanism that
incorporates all of the inverters with the aim of making the PV system operate at its
optimum point will introduce additional losses depending on the quality of this
inverter’s adjustment. The differences among the input power (PDC) detected by the
tracking mechanism and the real instant maximum power (PHCPV_MPP) of the PV
system under the operating ambient conditions will be used for describing the
tracking or adaptive efficiency:

Table 1 Typical input
characteristics of an inverter

DC main characteristics

Nominal DC power PN,DC

Maximum input (HCPV) power PDC,max

Nominal DC voltage VN,DC

Maximum input (HCPV) voltage VDC,max

Minimum input (HCPV) voltage VDC,min

MPP voltage range VMPPT

Nominal DC current IN,DC
Maximum input (HCPV) current IDC,max

Table 2 The inverter’s main
AC characteristics

AC main characteristics

Nominal AC power PN,AC

Maximum AC power PAC,max

Power factor cos φ

Nominal output voltage VN,AC

Output AC voltage range VAC

Nominal AC current IN,AC
Maximum AC current IAC,max

Nominal frequency FN

Frequency range f

Total harmonic distortion TDH

Feed-in phases –
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gMPPT ¼ PDC

PHCPV MPP
ð2Þ

The total efficiency, also defined as “static efficiency,” is the product of both the
conversion and tracking efficiencies and it will vary depending on the load of the
inverter:

gTOTAL ¼ gCONV � gMPPT ð3Þ

After this distinction, it is clear that the nominal and maximum efficiency of an
inverter will only be reached under certain environment scenarios and that the
instant efficiency will be dependent on the input voltage and the power load, which
are also dependent on the irradiance, spectrum, and temperature conditions; thus, it
is more useful to plot a efficiency characteristic curve that depends on the relative
performance of the inverter, that is, the relation between the instantaneous power
delivered and the nominal one (PN,AC) under different input scenarios (Fig. 8).

The different ranges of operation applicable for the static efficiency measurement
make it necessary to define some weighted averaging efficiencies that consider
different fractions of maximum power and input voltage under certain ambient
conditions. The set of weights (Fn) and the values of efficiency (ηn), depending on
the fraction of the maximum power, will define this weighted efficiency:

gWEIGHTED ¼
X

n

Fn � gn ð4Þ

Depending on the location characteristics (mainly the level of radiation), the
distribution of the weights and the values of efficiencies will change. To show those
differences and also for comparison purposes, two weighted efficiencies have been
defined worldwide depending on the frequency at which certain fractions of effi-
ciency are reached.

The European efficiency is scaled considering the climate values of Central
Europe, meanwhile the Californian efficiency (CEC), considers higher values of

Fig. 8 Typical inverter’s
efficiency curve
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energy at relative performance values >30 %. The formulas with the set of weights
and the values of efficiency are described as follows:

gEURO ¼ 0:03 � g5% þ 0:06 � g10% þ 0:13 � g20% þ 0:1 � g30%
þ 0:48 � g50% þ 0:2 � g100%

ð5Þ

gCEC ¼ 0:04 � g10% þ 0:05 � g20% þ 0:12 � g30% þ 0:21 � g50%
þ 0:53 � g75% þ 0:05 � g100%

ð6Þ

The previous weighted-average efficiency definitions were specified for
silicon-based PV systems, but due to the particularities of the HCPV technology, it
is necessary to adapt the distribution of weighted factors and fractions of maximum
power.

First of all, HCPV systems are designed for the use of direct normal irradiation
(DNI) in locations where high levels of this component can be achieved. As an
example, Fig. 9 shows the differences in the energy generated for a location in the
south of Spain where there is a direct normal irradiation level of
>2000 kWh m−2 year−1. The global horizontal irradiation versus the DNI values
have been considered, and it is clear that the energy produced with an HCPV
system is generated at higher levels of irradiance.

Under the previous scenario, it is then recommended to study the percentage
distribution of the annual direct irradiation energy classified per DNI levels in a

Fig. 9 Global and direct radiation level differences in a location in southern Spain
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certain location to analyze the implications of these distribution changes in the
efficiency values of HCPV systems.

Some long-term measurements were undertaken at the Centre for Advanced
Studies in Energy and Environment of the University of Jaén (Southern Spain)
where it was detected that the maximum contribution to the annual energy comes
from irradiance levels between 800 and 900 W m−2 (see Fig. 10). Moreover, 95 %
of the total direct energy received is located in the range 400–1000 W m−2 [9].

If it is considered that the energy generated by a HCPV system is proportional to
the DNI at the aforementioned location, the following formula of the weighted
efficiency of an inverter used in a HCPV system is proposed:

gHCPV�1 ¼ 0:016 � g10% þ 0:036 � g30% þ 0:1 � g50%
þ 0:27 � g75% þ 0:58 � g100%

ð7Þ

Currently some others researchers are working on the definition of weighted
average efficiencies for HCPV technology. In the laboratory of Solar Systems at
CEA-INES, located in France, Domínguez et al. [10] have analyzed several
inverters used in HCPV systems together with the particularities of the distribution
of the irradiation levels measured in that location. According to the results obtained,
they have proposed certain set of weights (Fn) and efficiency values (ηn) depending
on the fraction of the maximum power measured:

gHCPV�2 ¼ 0:025 � g10% þ 0:045 � g30% þ 0:11 � g50%
þ 0:32 � g75% þ 0:50 � g100%

ð8Þ

Comparing the expressions proposed for HCPV technology, there is a significant
similarity between the set of weights and the distribution of powers for the two
locations chosen.

It is also interesting to compare the efficiencies calculated for the particularities
of the HCPV system with the commonly used in silicon-based PV system, which
was previously analyzed using the European and CEC efficiencies. In Fig. 11 it can

Fig. 10 Percentage of annual
direct normal irradiation at
Jaén
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be observed that these differences are significant as expected. Furthermore, it
corroborates the previous statement where it was mentioned that the HCPV system
operates at higher levels of power, so the values at those fractions of efficiencies are
much greater than those seen with standard flat-panel PV systems.

The results of using the inverter shown in Fig. 8 to calculate the weighted
averaging efficiencies expressed in this chapter are listed in Table 3. Although the
previously cited visible different distribution of weights, i.e., the variations calcu-
lated for each efficiency, are minimal, for practical purposes—and in the case of the
HCPV systems analyzed—one could still use the CEC, which it is the most
widespread one, assuming some minimum errors.

3.2 Inverter Types and Configurations

There are a wide variety of inverters, depending on the power of the installation,
from ones that manage hundreds of watts to devices capable of dealing with powers
up to hundreds of kilowatts. The main classification of inverters, regarding their
configuration, is related to the number of these devices per PV generator as well as
the way they in which they are electrically connected. Based on that definition, in
the following section, different configuration types used for HCPV grid connection
will be discussed.

Fig. 11 Distribution of the set of weights for inverter efficiencies

Table 3 Results for the
comparison of weighted
efficiencies

Inverter’s weighted efficiencies

European efficiency 96.4 %

Californian (CEC) efficiency 96.7 %

HCPV-1 97.0 %

HCPV-2 96.8 %
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3.2.1 Central Inverter for Several HCPV Trackers

A central inverter configuration connects several HCPV trackers to a single large
inverter. Normally this type of connection is used in medium-sized plants, in the
range of hundreds of kW, although commercial inverters up to 1 MW exist.

This sort of configuration simplifies the AC connection scheme, but the DC
section becomes complicated because if the voltage is increased (when HCPV
generators are connected serially), the cross-section of the wiring will be decreased
but the high electrical risk will be high. Nevertheless, if the system is connected in
parallel, the cross-section of the wiring increases and so do the thermal losses in the
electrical transportation to the inverter.

Another disadvantage of this configuration within an HCPV plant is related to
misalignment issues and self-shadowing problems that cause the overall plant might
be limited, or even ruled, by the poor operational state of one tracker. This is the
main reason why this configuration is not frequently used in HCPV systems
(Fig. 12).

Fig. 12 Typical
configuration of central
inverter for several trackers
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3.2.2 One Inverter at Each HCPV Tracker

This configuration is one of the most widespread in HCPV plants, and it consists of
the installation of one inverter per unit of tracking system. Depending on the
configuration of the plant, the inverters used may be three-phase or single-phase
ones. In the first case, the interconnection of the output is simple, but in the case of
using a single-phase inverter per tracker, the AC side interconnection may be
deeply studied to balance the electricity supply in each phase. In any case, the
interconnection of the subsystems are less critical that in the central inverter’s
configuration.

Nevertheless, the failure, misalignment, and unpredicted shadowing of one
tracker does not mean the complete failure of the entire PV plant, and that it is the
main advantage of this configuration. It also allows operational and maintenance
protocols without shutting down the complete plant, thus conferring economic and
energy savings (Fig. 13).

A particular variation of this configuration has been implemented by some
manufacturers. They have designed specific inverters for HCPV where beyond the
electronics for the DC/AC conversion and the MPPT methodology used, they have
also included the control stage for the tracker’s motion. These sorts of devices are
denominated “tracking inverters” (Fig. 14) [11].

Fig. 13 Tracker oriented
inverter configuration
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3.2.3 Several Inverters Per Tracker Unit

This configuration is a variation of the previous one, but instead of connecting all of
the modules of a tracker to a single inverter (three-phase or single-phase), the
different strings of modules that compose a tracker subsystem are connected to a
different inverter, so each tracker has several inverters that afterward are inter-
connected in the AC side (Fig. 15). Beyond the advantages aforementioned for the
tracker oriented configuration, this one adds the reduction of mismatch problems
because it will not affect the rest of strings of the tracker.

3.2.4 One HCPV Module One Inverter

This configuration is still under development and consists of installing one
low-power inverter (hundreds of watts) per HCPV module. Some authors
denominate this device as a “microinverter” (Fig. 16).

Fig. 15 Several inverters per tracker unit configuration

Fig. 14 Diagram of the tracking inverter device
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Each subsystem will have as many inverters as modules that compound the
system. From a wide perspective, this configuration is the minimization of the
previous configurations, so it increases proportionally the advantages related to
misalignments and mismatching issues together with a decrease in Ohmic losses.
Nevertheless, this configuration may pose other problems related to the MPP
mechanisms.

3.3 Review of Maximum Power Point Tracking Methods

3.3.1 Maximum Power Point Tracker

A PV generator provides a single I–V curve for a given irradiance and temperature.
In this curve, there is only one unique point, called the “maximum power point,” at
which the generator operates with maximum efficiency and delivers its maximum
power. The MPP is variable over time because the I–V curve changes with irra-
diance and temperature as shown in Fig. 17.

The device responsible for maintaining the generator working at MPP is the
MPPT. This type of device is a switch-mode power converter and plays an
important role in PV systems as they maximize the output power provided by a PV
array. In the case of grid-connected systems, this device is placed previous to the
input of the inverter and it is mainly constituted by a DC/DC converter and a
control system (see Fig. 18).

This control system may be either analog or digital and can monitor one or two
variables from the generator to manage the MPP search process. The MPP is not so
easy to achieve because it is not previously known, and the function that defines the

Fig. 16 One HCPV module—one inverter configuration
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dependency of the MPP on irradiance and temperature is nonlinear. Furthermore,
the power–voltage (P–V) curve may have several local maxima due to partial
shadowing. This issue increases the complexity of determining the location of the
absolute MPP. In this way, this unique point location can be determined through
calculations based on mathematical models or through searching algorithms. In the
latter case, the MPPT control system, throughout a given MPPT technique or
algorithm, may oversee some parameters, such as voltage and current generator,
and provide the adequate settings and duty cycle to the DC/DC converter to track
and determine the MPP of the PV array.

The levels of DNI may vary in a short interval of time, thus modifying the MPP
of a certain HCPV system. A long-term analysis of the frequency and value ranges
of the DNI increments has been performed in a location of the south of Spain. In
Fig. 19, the percentage of rapid increases (increments) in both global and direct
normal irradiance in just a 1-min interval is shown.

In slightly >3 % of the 1-min interval measurements, DNI increases are con-
tained in a range of 100–200 W m−2, and approxiately 1.5 % are in the range of
200–300 W m−2. Beyond this point all higher increments, gathered in a 100 W m−2

Fig. 17 Typical Power–Voltage curves of a PV generator for different levels of irradiance and
temperature

Fig. 18 Block diagram of a Maximum Power Point Tracker
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step, are <1 % of the measurements performed. It should be pointed out that the
majority (>90 %) of the irradiance increases are <100 W m−2.

In addition, DNI varies a little bit faster than global irradiance values. In this
sense, MPPT techniques used in inverters for HCPV systems should be able to
overcome these more rapid changes in irradiance.

However, it is shown in Figs. 22 and 23 that MPP trackers in actual inverters
may perfectly determine the MPP in HCPV systems. Advanced MPPT algorithms
used in inverters for flat PV systems operate successfully under very rapid changing
conditions such as the ones that may occur on partly cloudy days when a very sharp
increases in irradiance take place.

The next section intends to provide a brief but illustrative summary of MPPT
techniques. It will especially focus on direct methods because they are the most
used in practice to the detriment of indirect methods. Among the former,
perturb-and-observe (P&O) algorithms will be highlighted.

3.3.2 Direct MPPT Techniques

Most MPPT algorithms are based on direct methods in which both PV current and
voltage are continuously measured, and the MPP of the array is calculated from
these measurements. The most widely used are known as P&O methods. Indirect
methods, in which the MPP is estimated either from PV generator models or from a
database that includes typical curves of PV generators for different irradiances and
temperatures instead of direct measurements, can be found in the literature. This
type of method shows some drawbacks because the MPP deviation and thus energy
losses are significant when the real conditions differ with respect to those supposed
in the considered model. In contrast, direct methods are based on direct

Fig. 19 Rapid increments in global and direct irradiance during 1 min interval measurements in a
long-term campaign in the south of Spain
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measurements and are independent from any irradiance and temperature levels. In
this way, the latter (also known as “true seeking methods”) offer the advantage of
providing the maximum power of the array regardless of the irradiance and
temperature.

This section will focus on direct methods. Nonetheless, the reader, if interested,
can find further and more detailed information about the different MPPT techniques
(Fig. 20), both indirect and direct, in sources [12–14].

Perturb and Observe (P&O) method
Due to its simplicity and ease of implementation, P&O is the most popular algo-
rithm used to obtain the MPP. This direct technique is based on the introduction of
periodical perturbations into the system, the effects of which are are used to obtain
the MPP. These perturbations are introduced by the algorithm modifying the
operating voltage of the PV array by a small increment. Then the PV output power
of the array is compared with the one provided in the previous cycle of perturbation,
thus obtaining the resulting change in output power, ΔP. The operation point will

Fig. 20 Classification of MPPT algorithms [13]
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get closer to the MPP if the PV array power has been increased after the pertur-
bation, that is, if the ΔP is positive. In this way, the next perturbation or change in
the array voltage will have the same sign as the previous one. In contrast, if the
output power provided by the array has diminished (the ΔP is negative), the
operation point will have moved away from the MPP. In this case, the sign of the
next change in the array voltage will be reversed to move back toward the
MPP. This process is repeated until the MPP is determined (see Fig. 21).

Despite its simplicity, the P&O algorithm exhibits some drawbacks that decrease
its MPPT efficiency:

1. It cannot determine when the MPP has been reached. In this way, the algorithm
involves oscillations around the MPP, changing the sign of perturbation after
each cycle.

2. There are increasing difficulties finding determining the MPP because the level
of irradiance decreases due to the flattening of the P–V curve, which involves
little changes in power associated with the introduced voltage perturbation.

3. P&O can be an inappropriate method for systems subject to rapid changes in
irradiance [15] because the operation point may diverge from the MPP instead
of coming closer, showing and erratic behaviour in such conditions, and thus
diminishing the algorithm efficiency. This situation may appear on partly cloudy
days.

Fig. 21 P&O basic flowchart algorithm
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The oscillations around the MPP during the steady state can result in energy
losses. They can be avoided making not only the perturbation period not so much
higher than the system settling time but reducing the step amplitude of the per-
turbation. However, this solution slows down and makes less efficient the searching
process in the case of rapidly changing conditions that obscure the P&O algorithm.
Under these conditions, the algorithm is not able to distinguish if the changes in
array power are due to the duty cycle modulation or to changes in irradiance [16].
A proper value of the step size perturbation can overcome this problem. In this way,
different solutions to this problem involving a variable perturbation size, which
becomes smaller as the algorithm becomes closer to the MPP, have been reported in
the literature.

To overcome the previously mentioned drawbacks, some variants of the P&O
method can be found. They are aimed to decrease the oscillations around the MPP
in steady-state irradiance and temperature conditions as well as increase the algo-
rithm’s efficiency during cloudy days. In this way, P&O algorithms with adaptive
step size have been proposed [17, 18] where the step size is controlled by the slope
of the P–V curve (dP/dV); and where P&O techniques with parabolic approxima-
tion [19], in which a parabolic interpolation can be used to estimate the MPP.

Incremental conductance method
This technique constitutes an evolution of the P&O method. It is based on the fact
that the slope of the PV array curve at the MPP is zero [20], that is, the value of the
PV array conductance is equal in magnitude to the absolute value of its incremental
conductance, but opposite in sign.

dP
dV

¼ dðV � IÞ
dV

¼ I þ V � dI
dV

¼ 0 ) � I
V
¼ dI

dV
ð9Þ

Moreover, the slope of the PV array curve is negative to the right of the MPP and
positive to the left. In the first case, the PV array must be diminished to obtain the
MPP, whereas in the second case it must be increased. As can be observed, the
incremental conductance (INC) algorithm can actually determine the direction of
the perturbation introduced by the array voltage so as to reach the MPP. In this way,
and compared with P&O algorithms, it will not track in the wrong direction under
rapidly changing conditions. Moreover, it can determine when the MPP has been
reached. So in an ideal scenario, it will not oscillate around the MPP once it has
been reached and will make almost negligible any power loss due in steady-state
conditions. However, due to the noise and quantization effects related to the mi-
crocontroller that manages this algorithm, this latter advantage vanishes.

Another drawback of this method in HCPV technology is related with local
MPPs caused by partial shadowing of the module as was mentioned previously;
thus, local zero-slope curves not corresponding with the absolute MPP may be
obtained.
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There is another method that uses the INC approach: the parasitic capacitance
method [21]. In this case, it is considered the solar cell’s parasitic union capacitance
to obtain the array differential conductance.

dP/dV or dP/dI feedback control
This method is the most natural way to obtain the MPP because it calculates the
slope differential power to voltage or differential power to current (dP/dV or dP/dI)
of the PV power curve. The MPP will be reached when the latter is zero.

Because the relation of dP/dV versus V is nonlinear, some drawbacks must be
considered: increasing complexity, instability, and nonsmoothing. In contrast, the
relation between the dP/dV and output current of the PV array is proved to be
almost linear near the MPP region [22]. There are different ways to compute this
slope. The algorithm developed in [23] can provide the MPP in a quick and smooth
way, thus decreasing the energy losses associated with the P&O method in the
stationary state. Moreover, its complexity is less than with the INC method.

Fuzzy Logic Controller
Recently, the use of fuzzy logic controllers (FLC) to achieve the MPP in a PV array
has increased because they can obtain the MPP without any detailed knowledge of
the PV source model. In that sense, FLC is presented as a good solution to
determine the MPP. This type of controller has the following advantages: (1) they
are adaptive methods; (2) they do not need exact and detailed knowledge of the PV
mathematical models; (3) they can operate with imprecise inputs; and (4) they can
handle nonlinearity.

Based on their heuristic nature and fuzzy rule tables, these methods use various
ways to determine the MPP from different parameters such as the output circuit
voltage together with the short-circuit current and the instantaneous array voltage
and current. FLC exhibits a better behaviour than the P&O method by achieving
very fast transient response and decreasing the oscillations around MPP in steady
state. It has showed a better performance compared with classical MPPT
voltage-based techniques [24]. As a drawback, it must be mentioned that a deep
knowledge of the system operations is required to determine the computation error
and the rule base table.

Neural Network
Neural network is a technique related to FLC, and, like such, it is managed by
microcontrollers. Because most HCPV arrays have different characteristics, and
meteorological conditions differ from one location to another, a neural network
must be specifically trained for the HCPV array for which it is intended. To
accurately identify the MPP, the neural network must be trained where the HCPV
array is tested over a period of months or years, and the patterns between the inputs
and outputs of the neural network are recorded [25]. It must be noted that the
characteristics of an HCPV array may also change with time, so the neural network
must be also re-trained periodically. However, this limitation is overcome when
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using a genetic algorithm that achieves optimal tuning of the membership functions.
With the purpose of validating the current MPPT mechanism on HCPV systems,

the following experiment was performed. A HCPV module of 250 W was con-
nected to a microinverter, and both the DC current and DC voltage were monitored.
In Tables 4 and 5, the main characteristics and the maximum power of the HCPV
module at standard test conditions (STC) are listed.

The microinverter used for the tests had the following characteristics (Table 6).
The experiment was undertaken outdoors with DNI = 910 W/m2 and an ambient

temperature of 28 °C. The module and the inverter are connected and at a certain
moment [t = 140 s (Fig. 22)], the HCPV was completely covered with an opaque
blanket. After around 40 s (t = 182 s in the figure), the module was uncovered. This
process was repeated again 1 min later (t = 240 s).

In Fig. 22, where the DC and AC powers were monitored, it can be observed that
around 20 s after uncovering the module, the HCPV module returned to its max-
imum 100 % power, thus obtaining the rise time for the recovering power.

Another experiment using the same module and microinverter is shown in
Fig. 23. This time, they are not connected and instead of measuring the response
time under a sudden “shadow,” the response time after the connection of the HCPV
module with the inverter (t = 0 s) is measured. It can be observed that after

Table 4 Maximum power of
the HCPV module at standard
test conditions (STC)

P (W) DNI (W/m2) Tcell (°C) Spectrum

250 1000 25 AM1.5d

Table 5 Characteristics of
the high-concentrator
photovoltaic module used in
the study

Geometric
concentration

700

Primary optics SOG squared flat Fresnel lens

Secondary optics Reflexive truncated pyramid

Optical efficiency 0.80

Type of solar cells Lattice-matched
GaInP/GaInAs/Ge

Solar cells area (cm2) 0.763

No. of solar cells 20

Cooling type Passive

Every cell is protected with a bypass diode

Table 6 Characteristics of
the microinverter used in the
study

MPP voltage (V) 45–100

Maximum input (HCPV) current (A) 5

Maximum AC power (W) 300

Maximum efficiency (%) 94.8

European efficiency (%) 93.4

MPP efficiency (%) 99
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approximately 11 s, the MPPT system has reached 100 % power under the oper-
ating conditions. In this figure, the voltage (red line) and the current (blue line) are
also shown. The DC power has been obtained by multiplying both parameters. The
current increases from zero to its maximum power value, (Impp) and the voltage
decreases from open-circuit voltage (Voc) to the corresponding maximum
power-point voltage (Vmpp). Under these circumstances, the MPPT mechanism of

Fig. 23 Off-on rise-time of the MPPT of a microinverter connected to a HCPV module (Color
figure online)

Fig. 22 Rise- and fall-time behaviors of the MPPT of a microinverter connected to a HCPV
module under a sudden “shadow”
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the microinverter used has been able to rapidly follow changes in the DNI as well as
the step from open-circuit voltage to operation at the MPP.

Based on these results, it could be concluded that current MPPT techniques are
somehow adequate for HCPV technology. Nevertheless, the particularities of these
sorts of devices call for further study to optimize those methods.

4 Other Aspects Related to Inverters

The characteristics and configurations of the inverters described previously corre-
spond to grid-connected devices, but there may be some other installations that
could operate off-the grid, that is, SFA, where the characteristics of the inverters
used are slightly different. Although there is a wide experience regarding PV
stand-alone (SFA) systems, there have been some projects where the use of HCPV
for off-the-grid installation was analyzed. In those projects, new inverters and
power conditioning devices were developed that adapted to the characteristics of
SFA designs [26].

In addition to the use of special inverters for SFA systems, some other variations
and complements have been recently introduced. Among them, the inclusion of
energy storage for the minimization of the PV power fluctuation, which depends on
the MPPT control used, has been studied [27].

The most innovative solution added to standard inverters is related to the
self-consumption and net-balance concepts where the generation profile of the PV
system is compared with the instant consumption of the final user. In each moment,
the HCPV must decide whether to consume electricity from the grid, self-consume
its own electricity generated, or inject the energy generated to the grid. Thus,
instead of a one-direction traditional DC/AC converter, it must include a man-
agement system control together with a back-up device [28]. These sorts of devices
seem to have a promising future according to the current policies and trends in PV
technology.

5 Conclusions

Owing to the fact that an HCPV system is composed by several elements, the
combination of which could result in a wide variety of different HCPV configurations
(according to the bibliography consulted), the most common type of HCPV currently
used is the pedestal-tracker HCPV where a point-focus mechanism is used in the
modules. Looking at the trend in the manufactur of these devices, presumably this
sort of system will continue being the most widespread one in the years to come.

Regarding the analysis of the inverter, a significant conclusion is the one related
to the definition of weighted efficiencies for inverters. It can be observed that the
particularities of HCPV technology produce a translation of the weights to higher
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values of efficiency. This is caused by the inherent use of high levels of irradiance
values (DNI) needed for such systems to operate normally. This is the reason for
calculating a dedicated weighted average efficiency specific for HCPV technology.

Nevertheless, although the visible differences on the distribution of weights
when HCPV efficiency is compared with the European or CEC efficiencies, the
results obtained when assuming different values for two different locations show
that the differences are not so large. In fact, there is not much error if the European
efficiency is still used for estimation of the efficiency in an inverter dedicated to an
HCPV system.

With the aim of adapting previous concepts used in standard PV systems, a
novel classification of the interconnection modes based on the inverter tracker has
been proposed. Four different configurations have been identified based on the most
widespread HCPV systems currently installed.

In addition, MPPT response time experiments performed with a microinverter
showed that the MPPT techniques used for conventional PV systems seem to be
fairly adequate for its implementation in HCPV plants. Still, a detailed long-term
analysis should be implemented.
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Efficiencies and Energy Balance
in High-Concentrator Photovoltaic Devices

Francisco J. Muñoz-Rodríguez, Emilio Muñoz-Cerón,
Florencia Almonacid and Eduardo F. Fernández

Abstract Actual and forecast high-concentrator photovoltaic (HCPV) systems
efficiencies may provide a scenario where HCPV represents a potential alternative
to flat PV technology. The present status of HCPV efficiencies will be studied, and,
on this basis, future trends regarding HCPV cells, modules, and systems efficiencies
will be forecast. It will be shown that HCPV technology represents a real alternative
to the current PV systems. Guidelines and normalized documents are needed to
assess the overall performance of HCPV systems and to provide a general
assessment of the potential of HCPV technology. The International Standard IEC
61724 publication, Photovoltaic System Performance Monitoring—Guidelines for
Measurement Data Exchange and Analysis, will be highlighted. Because these
guidelines are specially addressed to flat-PV technology, some suggestions, espe-
cially those adapted to the particularities of HCPV systems on both monitored and
derived parameters, will be covered. Moreover, different indices of performance
and losses that intend to provide comparisons between different HCPV installations
will be offered adapted to the HCPV idiosyncrasy. These comparisons may be
extremely useful when it comes to optimizing HCPV installation technology.

1 Introduction

Concentration photovoltaic (CPV) and especially high-concentrator photovoltaic
(HCPV) systems are considered one of the most promising solutions to achieve cost
decrease and to make this technology more competitive by the use of inexpensive
optical devices (lenses and mirrors) to concentrate light on a small solar cell.
Currently HCPV technology is largely based on the use of high-efficiency III–V
multijunction (MJ) solar cells because they have the greatest impact on final effi-
ciency. HCPV modules are made up of MJ solar cells, optical devices, and
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peripheral components necessary to generate electricity and dissipate the heat
produced. Taking this into account, the whole efficiency of an HCPV module will
be a function of the solar cell, the optical device efficiencies, the losses in wires, and
the rest of the elements that compose the HCPV module. Both MJ cell efficiency
and HCPV module efficiency play a determining role to evaluate the potential of
HCPV technology and promote its market expansion.

The present status of HCPV efficiencies will be studied, and, based on these
studies, future trends in efficiencies of HCPV modules and systems will be forecast.
These future trends show that HCPV technology could represent a real alternative
to the current PV systems.

Although HCPV technology is still in a deployment stage, HCPV systems are
those with the most installed power of the whole CPV technology. Moreover,
HCPV systems are based on a technology that in the short and medium term will
provide high efficiencies, provide high levels of energy production, and produce
large decreases in cost. To assess the overall performance of HCPV systems, which
will also provide a general assessment of the potential of HCPV technology, the
International Standard IEC 61724 publication, Photovoltaic System Performance
Monitoring—Guidelines for Measurement Data Exchange and Analysis, will be
highlighted. However, these guidelines are specially addressed to flat-PV tech-
nology. In this chapter, some suggestions, especially those adapted to the partic-
ularities of HCPV systems on both monitored and derived parameters related to
system energy balance and performance, will be covered. It will be shown moni-
toring parameters, such as direct normal irradiance, spectral solar radiation, and
wind speed, will be mandatory. Tracker tilt, azimuth angles, and the error of
alignment of the sun using a tracking accuracy sensor should be also measured.
Moreover, different indices of performance and losses, addressed to provide a
proper performance analysis of HCPV systems and which intend to provide com-
parisons between different HCPV installations, will be indicated.

2 Efficiencies in HCPV Devices

Efficiency represents the ratio between the output power provided by a system and
its input power:

g ¼ Poutput

Pinput
ð1Þ

The concentrator cell is the basic PV device under concentrating solar radiation.
The overall cell efficiency (ηCELL) can be defined as the electric power supplied by
the cell at a given global irradiance (G) on the cell surface (Acell):
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gcell ¼
PcellðWÞ

G W
m2

� � � Acell m2ð Þ ð2Þ

The overall electric module efficiency (ηMOD) can be defined as the electric
power supplied by the module at a determined direct normal irradiance (DNI), on
the module surface (Amod):

gMOD ¼ PmodðWÞ
DNI W

m2

� � � Amod m2ð Þ ð3Þ

Moreover, as a concentrator module is made up of a group of cells, primary and
secondary (optional) optics, and other elements, the concentrator module efficiency
can be given by:

gMOD ¼ gCELL � gOPT 1� Lmoduleð Þ ð4Þ

In this sense, the module’s efficiency will be a function of the ηCELL, the optical
efficiency of the module (ηOPT), and the losses in wires and the rest of the elements
in a module (Lmodule).

If the losses associated to the wires and the rest of the elements of the array
(Larray) are considered, the efficiency of the array can be expressed by the following
expression:

gA ¼ gMOD � 1� Larray
� � ð5Þ

Finally, the system efficiency (i.e., the overall plant efficiency (ηtot) can be
expressed in terms of the array efficiency (ηA) and the overall efficiency of the
balance-of-system (BOS) components (ηBOS):

gtot ¼ gSYS ¼ gA � gBOS ¼ gA � gINV � 1� LACð Þ ð6Þ

where ηINV corresponds to the inverter efficiency and LAC represents the losses
associated to the AC side (wires and the rest of the elements).

2.1 Present Status of HCPV Efficiencies and Forecast

MJ cells, which form the basis of HCPV systems, split their sensitivity to the sun’s
spectrum so they are better matched throughout its wavelength distribution than
single-junction devices. This produces a better and more efficient conversion of
sunlight into PV electricity.

The high efficiency achieved by MJ solar cells is also explained by the decrease
of thermalization and transmission losses in solar cells when the number of p-n
junctions is increased [5]. Obviously, these efficiency levels are possible at the
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expenses of a substantial increment of the price up to levels where its profitability is
questionable when using bare cells for the module composition. This explains the
reason for using concentrating optic devices so the cell’s area can be decreased
while the Sun flux is increased.

The theoretical efficiencies calculated for these devices depend on the number of
layers and the considerations estimated. As a global vision, and within a thermo-
dynamic context, the limit is close to 95 %, whereas a detailed balance theory leads
to a limit approximately 86.8 % under the black-body consideration or 85 % if
AM1.5 DNI [24, 36] is assumed.

It is important to mention that we should distinguish theoretical efficiency of MJ
cells in general and the efficiency for a specific structure [34]. Among the mono-
lithic MJ cells there are several structures depending on the manufacturing process
and the band gap combination. Under the current state of the art, metamorphic cells
seem to achieve slightly greater efficiencies levels regarding the most widespread
lattice-matched cells [45, 54].

The historical evolution of best research-cell efficiencies [41] highlights the
flattening of the efficiency trend for crystalline silicon cells, which means that it is
close to its maximum theoretical limit [35]. Meanwhile, the efficiency records
regarding MJ cells have experienced an incremental trend in the last decade, clearly
surpassing the 40 % barrier, and have an optimistic roadmap potential because a
long gap still exists until getting close to the theoretical limit efficiencies mentioned
previously.

The record efficiency of a solar cell currently reported (late 2014) is 44.4 % for
an inverted metamorphic monolithic 3-junction cell under a concentration ratio of
302 suns and manufactured by Sharp with the composition InGaP/GaAs/InGaAs
[20]. In contrast, Soitec and the research center Fraunhofer Institute for Solar
Energy Systems have reached 44.7 % efficiency by means of a 4-junction cell
composed by GaInP/GaAs/GaInAsP/GaInAs at 297-times concentration [9].

Nevertheless, the efficiencies of commercial MJ solar cells are slightly lower
than these values because the quality of the manufacturing process is diminished in
the interest of decreasing prices and increasing production speed. A brief repre-
sentation of the most widespread commercial MJ solar cells is listed in Table 1.

It was briefly mentioned that the efficiency of the cells differs from the one
reached either on modules or on systems because of the occurence of certain
intrinsic losses when joining the elements that comprise a HCPV device.

According to the losses mentioned and the current state of the art of commercial
MJ cells, the efficiency range of commercial HCPV modules and systems can be
identified (Table 2). The module efficiency data are based on the manufacturer’s

Table 1 Most representative
commercial MJ cell
efficiencies (2014)

Manufacturer Efficiency (%) Concentration (suns)

Emcore 39 1000

Spectrolab 40 500

Azurspace 41.9 500

Solar junction 41.4 1000
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data sheet, and the system efficiency is based on the scarce empirical research
papers published because most companies are reluctant to offer data on the real
operational efficiency of their systems.

Although the efficiency of an MJ cell increases proportionally to the number of
layers used, the complexity of stacking different semiconductor materials makes
using more than five or six layers unlikely. With the current state of the art
regarding the number of layers used, that is, three bands or the recent record
four-layer MJ cell, a theoretical limit that clearly surpass efficiencies to >60 % [34]
it is expected. Under this scenario, there is still a clear pathway for improvement of
efficiency in years to come.

Several studies regarding the forecast in HCPV efficiencies [21, 44, 51] have
been published. In Fig. 1, an efficiency forecast for different HCPV devices is
shown. Following the previous predictions and assuming a similar trend based on
the current state of the art of the cells and the record efficiencies achieved, it is
expected that in 2025 the efficiency of the different subelements of HCPV tech-
nology could be similar to the ones shown in Table 3.

Table 2 Present efficiency
status of commercial CPV
elements [4]

Device Efficiency (%)

Cells *40

Modules *31

Systems *26

Fig. 1 MJ cell, HCPV
module, and HCPV system
efficiency roadmap from 2005
to 2025 [21, 44, 51]

Table 3 Efficiency forecast
for HCPV cells, modules, and
systems

Device Efficiency forecast 2025 (%)

Cells 45–50

Modules 40–45

Systems 35–40
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3 Performance Analysis of HCPV Systems: Yields, Indices
of Performance, and Efficiencies

Many PV installations use data-acquisition systems to document daily, monthly, or
annual derived parameters obtained from monitored data. In the case of HCPV
systems, as in any PV system, data obtained during their operation provide valuable
information not only to verify whether the design goals have been met but also to
improve the design and operation of HCPV systems and to assess the potential of
this technology. In this way, the Guidelines for the Assessment of Photovoltaic
Plants prepared by the Joint Research Center (JRC) [8] and the International
Standard IEC 61724 Photovoltaic System Performance Monitoring—Guidelines for
Measurement Data Exchange and Analysis [26] recommend procedures for the
analysis of monitored data to assess the overall performance of PV systems. The
monitored data in PV systems are processed to determine the daily, monthly, or
annual irradiation, overall energy balances, and energy production data which,
together with the energy efficiencies and the indices of performance, provide a good
indication of the performance of these systems.

The documents mentioned previously can be also used to assess the performance
of HCPV systems. However, these documents are intended for flat-PV
grid-connected systems. In [40], some considerations were offered to improve the
performance analysis from monitored data of stand-alone PV (SAPV) systems
without a maximum power point tracker (MPPT). Some particularities must be
taken into account when analysing the performance of HCPV systems.

Unlike conventional PV technology that is installed worldwide under different
insolation and temperature conditions, HCPV systems are installed in locations with
high DNIs. Moreover, this type of system is highly influenced by solar spectrum,
whereas the influence of the module temperature on the generated power in an
HCPV is not as pronounced as that in a flat-panel PV device. The aim of this
section is to provide suggestions on both monitored and derived parameters related
to system energy balance and performance, which are calculated from the recorded
monitored parameters. Moreover, different indices of performance and losses that
intend to provide comparisons between different HCPV installations will be offered
adapted to the special features of HCPV technology. These comparisons could be
extremely useful when it comes to optimizing HCPV installation technology.

3.1 Monitored Parameters in HCPV Systems

The parameters to be monitored in an HCPV system are shown in Table 4. Most of
them correspond to those described in [8, 26]. Although in conventional PV
technology without tracking, parameters such as wind speed (SW), tracker tilt angle
(ΦT), and tracker azimuth angle (ΦM) are not necessary, in HCPV systems they are
mandatory due to the use of trackers. The error of alignment with the Sun
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(Sun-pointing error) through a tracking accuracy sensor should be also measured.
Moreover, global irradiance in the plane of the array has been substituted for direct
irradiance in the plane of the array (DNI), and other parameters, such as the spectral
solar radiation and some atmospheric variables, have been included. Meteorological
measurements, together with spectral irradiance, manage to determine the rela-
tionship between solar resource, temporal meteorological change, and HCPV sys-
tems performance.

3.1.1 Direct Normal Irradiance

Due to the use of optical devices, HCPV modules only react to the direct com-
ponent of the irradiance. The DNI can be measured directly using either a

Table 4 Parameters to be measured in real time in HCPV systems

Monitored parameters Symbol (U) Installation

Direct irradiance in the plane of the array DNI (W/m2) Meteorological parameters

Ambient air temperature Tam (°C)

Wind speed SW (m/s)

Spectral power-density distribution S

Array output voltage VA (A) Array

Array output current IA (A)

Array output power PA (A)

Cell temperature TC (°C)

Tracker tilt angle ΦT (°)

Tracker azimuth angle ΦA (°)

Sun-pointing error (°)

Operating voltage VS (V) Storage

Current to storage ITS (A)

Current from storage IFS (A)

Power to storage PTS (kW)

Power from storage PFS (kW)

Load voltage VL (V) Load

Load current IL (A)

Load power PL (kW)

Utility voltage VU (V) Utility grid

Current to utility grid ITU (A)

Current from utility grid IFU (A)

Power to utility grid PTU (W)

Power from utility grid PFU (W)

Output voltage VBU (V) Back-up sources

Output current IBU (A)

Output power PBU (kW)
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pyrheliometer or in an indirect way by other pyranometric Systems, such as a
rotating shadowband irradiometer (RSR), where the DNI is calculated from the
diffuse horizontal irradiance (DHI), the global horizontal irradiance (GHI), and the
solar position [53] as shown in Fig. 2. The pyranometric systems offer an alternative
to pyrheliometers to decrease the investment and operation/maintenance costs
and/or to increase the robustness of the DNI-measurement systems with respect to,
for example, misalignment, soiling, or perturbation due to meteorological events.

Pyrheliometers are robust field instruments that provide excellent expanded
measurement uncertainty for subhourly DNI measurements (i.e., ±2.5 %) for a
well-maintained measurement station equipped with a thermopile-based pyrheli-
ometer. The maintenance implies daily cleaning, regular calibration, and control
procedures. They are ideal instruments for high-end research. For RSR, the
expanded measurement uncertainty for subhourly DNI measurements is approxi-
mately ±5.

The International Orgtanization for Standarization (ISO) and the World Mete-
orological Organization (WMO) have established classifications and specifications
for the measurement of solar irradiance [29, 55]. The aim of these classifications is
to provide an estimation of the uncertainty measurement. The user is encouraged to
review these documents in more detail as part of the project planning for solar
resource measurements before acquiring pyrheliometers or pyranometers. In [53]
can be found either WMO and ISO characteristics of operational pyrheliometers
and pyranometers for measuring, respectively, DNI and GHI or DHI.

3.1.2 Spectral Solar Irradiation

To accurately evaluate the performance of an HCPV system, temporal references of
the spectral variations are required because the behaviour of HCPV modules shows
an important dependence on the solar incident spectrum. This type of module is
strongly influenced by spectral irradiance due to the use of several junctions

Fig. 2 a Pyrheliometer. b RSR. Courtesy NREL
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interconnected in series. Moreover, the optical devices, usually Fresnel lenses, used
to concentrate the light on the solar cell surface also modify the spectral distribution
that falls on the solar cell surface. In this sense, HCPV modules show a large and
complex spectral behaviour [13, 37, 50]. Measuring the spectrum constitutes an
important task to improve the performance analysis of HCPV systems because the
spectral data may permit the determination of the impact of temporal variations in
spectra on HCPV system energy yield.

Direct spectral irradiance can be measured with the following:

• Spectroradiometer. A spectroradiometer measures quantitative or absolute
intensity at different wavelengths of the electromagnetic spectrum. It delivers
complete spectral information, thus enabling a detailed study of the solar
spectrum. It must be also noted that spectroradiometers are not only expensive,
but their use may be relatively complex, and they have multiple disadvantages,
especially when outdoor solar spectra are to be measured continuously and
reliably over several months to obtain long-term analyses. Moreover, most
spectroradiometers are based on semiconductors, and the spectral range covered
usually reaches 1100 nm. In the market, there exists a combination of several
spectroradiometers that can extend the spectral measurement range from 300 up
to ≥1700 nm.

• Spectroheliometer based on isotype cells. Either HCPV module and system
performance under determined spectral conditions can be obtained from mea-
sured monitor cell photocurrents, which provide individual measurements of the
effective irradiance in the spectral zones corresponding to each subcell of an MJ
solar cell [43] (Fig. 3). Ideally, these monitor cells offer the same spectral
response as the subcells in the MJ cell of the HCPV module or system under
study. This approach has been used to define spectral matching ratio [10] and
the Z spectral parameter, which can be used as spectral indexes for the electrical
characterization of HCPV systems [19, 42].

Fig. 3 Tri-band
spectroheliometer based on
isotype cells. Courtesy of
Solar Added Value
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• Ground-based measurements of atmospheric parameters. The atmospheric
parameters with the largest influence on the spectral irradiance and the behav-
iour of HCPV modules are, in order of importance, air mass (AM); aerosol
optical depth (AOD), which is usually quantified at 500 or 550 nm; and pre-
cipitable water (PW). These parameters, together with radiative models such as
the MODerate resolution atmospheric TRANsmission (MODTRAN) and the
Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS) [22],
manage to analyze the spectral performance of an HCPV module and array [6, 7,
11, 39]. The advantage offered by this method lies in the fact that it allows
spectral effects to be evaluated for long-term analysis in remote places if
atmospheric parameters are available. Furthermore, this method could be suit-
able for small HCPV systems where spectroradiometers and Isotype cells can be
an expensive solution.

3.1.3 Cell Temperature

Although the influence of the temperature in an HCPV module is not as high as in a
flat-PV module, it is still critical to measure the cell temperature of an HCPV
module because the cell temperature influences its electrical parameters. Thus, it is
imperative for characterizing the behaviour of HCPV modules and systems to know
the cell temperature. The cell temperature in HCPV modules is affected by atmo-
spheric parameters such as DNI, air temperature, and SW [2]:

Tcell ¼ f DNI;Tair; SWð Þ ð7Þ

Although cell temperature is a necessary input parameter in any model for the
electrical characterization of HCPV modules, the direct measurement of this
parameter is a complex task because it is necessary to get inside the module and
place a small temperature sensor close to the solar cell. For this reason, different
approaches have been followed by several authors to estimate the temperature.
Some of these approaches are based on direct measurements (such as heat-sink
temperature or open-circuit voltage) on the HCPV module, whereas others attempt
to resolve this issue through the relationship between atmospherics parameters and
the cell temperature. Although the methods based on direct measurements of an
HCPV module provide better results than methods based on atmospheric parame-
ters, the use of atmospheric parameters have the advantage of allowing the cell
temperature of an HCPV module to be estimated for a specific location without
directly measuring any parameter in the module. Furthermore, experimental anal-
ysis has shown that all of the methods can be used for the estimation of cell
temperature with an acceptable degree of accuracy [12, 14, 48]. Table 5 shows a
summary of existing methods for measuring or estimating the cell temperature in
HCPV modules.
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It is important to note that the most of the methods shown in Table 6 measure or
estimate the cell temperature of an HCPV module when it operates at open circuit.
However, when the module is connected to an inverter and is working at the MPP,
the cell temperature is considerable lower. This can be explained by the power that
is not transformed into heat when the HCPV module is connected to an inverter.
This difference was theoretically studied in [56], and the authors found a difference
of ≤14 °C in the studied modules. Bearing this in mind, a method that takes into
account this issue and provides the average cell temperature at the MPP of the cells
of a module connected to an inverter was introduced in [15].

3.1.4 Sun-Pointing Error

The error of alignment with the Sun (Sun-pointing error) can be calculated using
both ΦT and ΦA, respectively. However, to certify proper tracking, this error can be
measured using a tracking-accuracy sensor (Fig. 4).

Generally, all of the parameters shown in Table 4 should be sampled at a common
rate during the specified monitoring period [26]. The temporal resolution for the
measurements is important because temporal records are required for monitoring
variations in the incident spectra due to conditions such as change in sky cloud cover,
turbidity, air pollutants, water vapour, and AM. In addition, the time resolutionmust be
justified by the fact that sky cloud cover, AM, and, therefore, spectral solar radiation,
are known to vary with the solar elevation, location, time of day, and season. In this

Table 5 Methods for measuring or estimating cell temperature on an HCPV module

Model Reference Required inputs

Methods based on direct measurement on the HCPV module

Sandia’s model [31] Module heat-sink temperature, DNI

ISFOC/IES-UPM
model

[49]

Muller’s model [38] Module heat-sink temperature, open-circuit voltage

Fernández’s
model

[17] Module heat-sink temperature, DNI, generated electrical
power density

IEC 60904-5 [27] DNI, open-circuit voltage

Fernández’s
model

[18]

Ju’s model [30] Open-circuit voltage, short-circuit current

Peharz’s model [42]

Yandt’s model [56] DNI, cell temperature at open circuit, current-voltage
curve, ambient temperature

Methods based on atmospherics parameters

Almonacid’s
model

[2] DNI, ambient temperature, wind speed

Hornung’s model [25]

Fernández ANN [14]
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way, the IEC recommendation can be followed, and a sampling interval of 1min can be
chosen. Moreover, this sampling interval can match the recording interval (τr) instead
of processing the sampled data from each parameter into time-weighted averages and
recording at a given recording interval expressed in hours.

Table 6 Derived parameters: system performance indices

Derived parameters: BOS component performance and system performance indices

Parameter Symbol Unit Equation

BOS efficiency ηBOS – EL;s þ ETSN;s � EFSN;s þ ETUN;s

� EFUN;s= EA;s þ EBU;s
� �

Reference yield Yr kWh/(d Wp)
or h d−1

DNIs=DNISTC ¼ PSHD;day

Array yield YA kWh/(d Wp)
or h d−1

EA;day=P0

Final yield Yf kWh/(d Wp)
or h d−1

EusePV;day=P0 ¼ YA � gLOAD

Capture losses LC kWh/(d Wp)
or h d−1

Yr � YA

BOS losses LBOS kWh/(d Wp)
or h d−1

Yf � YA ¼ YA � 1� gBOSð Þ

Performance ratio RP (PR) – Yf=Yr
Mean array
efficiency

ηA,mean, τ – EA;s= Aa � sr �
P

s DNI
� �

Overall HCPV
plant efficiency

ηtot,τ – gA;means � sr � gLOAD

P0 and Aa, Corresponds respectively, to the nominal array power and to the overall array area

Fig. 4 Tracking accuracy
sensor BPI-TA1. Courtesy of
Black Photon
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3.2 Derived Parameters in the Performance Analysis
of HCPV Systems

The derived parameters are system-performance indices (Table 6) and meteoro-
logical and electrical energy quantities (Table 7), which are calculated from the
recorded monitored parameters with a given recording interval over the reporting
or reference periods (τ) such as days, weeks, months, or years.

It must be stated that some indices of performance require the nominal power of
the array. However, the scientific community has been slow to embrace a unified
method for assessing a nameplate rating. The choices of whether to use 850, 900, or

Table 7 Derived parameters: meteorological and electrical parameters

Parameter Symbol Unit Equation

Direct irradiation in the plane
of the array

DNIτ kWh/d
or h/d

Z
s

DNI dt ¼
X

s
DNI � sr

� �
=1000

¼ sr �
X

s
DNI

� �
=1000

Net energy from array EA,τ kWh/τ
R
s
IA � VA dt ¼ sr �

P
s
IA � VA

Energy to storage ETS,τ kWh/τ
R
day

ITS � VS dt ¼ sr �
P
s
ITS � VS

Energy from storage EFS,τ kWh/τ
R
day

IFS � VS dt ¼ sr �
P
s
IFS � VS

Net energy to storage ETSN,τ kWh/τ ETS � EFSð Þþ
Net energy from storage EFSN,τ kWh/τ EFS � ETSð Þþ
Net energy to loads EL,τ kWh/τ

R
s
IL � VL dt ¼ sr �

P
s
IL � VL

Net energy from back-up EBU,τ kWh/τ
R
s
IBU � VBU dt ¼ sr �

P
s
IBU � VBU

Energy to utility grid ETU,τ kWh/τ
R
s
PTU dt

Energy from utility grid EFU,τ kWh/τ
R
s
PFU dt

Net energy to utility grid ETUN,τ kWh/τ ETU � EFUð Þþ
Net energy from utility grid EFUN,τ kWh/τ EFU � ETUð Þþ
Total system input energy Ein,τ kWh/τ EA;s þ EBU;s þ EFUN;s þ ETUN;s

Total system output energy Euse,τ kWh/τ EL;s þ ETUN;s þ ETSN;s

Fraction of total system input
energy contributed by HCPV
array

FA,τ – EA;s=Ein;s

Direct PV contribution to Euse Euse,PV kWh/τ FA � Euse

Load efficiency ηLOAD – Euse;s=Ein;s

τ Indicates the reporting or reference period
τr Indicates the recording interval
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1000 W/m2 for DNI and whether to link the rating to ambient or cell temperature
may affect how CPV modules are rated and compared with other technologies [33].
Finally, the CPV community has agreed [28] to the concentrator standard test
conditions (CSTC), i.e., Tcell = 25 °C, DNI = 1000 W/m2, G173/AM 1.5. Moreover,
concentrator standard operating conditions (CSOC) have also been defined:
Tair = 20 °C, DNI = 900 W/m2, wind speed = 2 m/s, and direct normal spectral
irradiance distribution consistent with conditions described in 60904 (Table 8).

3.3 Indices of Performance of HCPV Systems

The yields and indices of performance of the system (Table 6) are also derived
parameters calculated from the recorded monitored parameters, which enable the
performance comparison of systems installed at different locations.
Reference yield. This parameter is obtained by dividing the daily direct irradiation
(DNI,day) by the module’s reference in-plane direct irradiance, DNI at STC
(1000 W/m2). It represents the number of direct peak solar hours (PSHD) that would
provide the same monitored daily direct normal irradiation.
Capture losses (LC). This represents the losses due to array operation. However,
this is a very wide concept, which, in the case of HCPV Systems, may include the
following:

• Spectral losses. These are produced when the solar spectrum differs from
AM1.5 spectrum (due to changes in AM, clouds, atmospheric turbidity, etc.).

• Thermal cell capture losses. These losses are caused by cell temperatures >25 °C.
They are caused by a decrease of generator efficiency when the cells operate at
temperatures greater than standard (25 °C for concentrating).

• Thermal optical losses. These are due to the effects of the temperature on the
optical devices.

• Shading losses. These are due to the presence of obstacles, mainly other trackers
with their corresponding arrays.

Table 8 IEC 62670-1 CSCT and CSOC

CSTC CSOC

Irradiance (W/m2) 1000 900

Temperature (°C) 25 20

Temperature location Cell Air

Wind Speed (m/s) – 2

Spectrum Direct normal AM1.5 spectral
irradiance distribution
consistent with conditions
described in IEC 60904-3

Direct normal AM1.5 spectral
irradiance distribution
consistent with conditions
described in IEC 60904-3
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• Tracking error losses. This type of loss is produced when sunlight direction
differs from normal incidence.

• Tolerance and degradation losses. These occur due to the fact that effective
module power is lower than the one given by the manufacturer. In addition,
degradation occurs as a decrease in module power with their use over time.

• Mismatch losses. These are due to the dispersion of the electrical characteristics
of the modules and strings. The series–parallel connection of the modules
implies that the worst module defines the output of the generator. In this way,
the output power from the array will be lower than the sum of the individual
power of each module that constitutes the array.

• Ohmic losses. These occur due to the voltage decrease across the wires that
interconnect the modules and across the wires that connect the generator to the
inverter.

• Low irradiance losses. These are due to the decrease of the efficiency of the cells
when they operate under low irradiance levels.

• Dirt and dust losses. These optical losses are due to the deposition of dirt and
dust on the generator surface.

Maximum power-tracking error, decrease of array power caused by inverter
failures or when the accumulator is fully charged in SAPV systems.
Array yield (YA). This is the daily net energy from array (EA) per kW of the
array-rated power (P0). It also represents the time in hours that the array must
operate at its nominal power (P0) to provide the same monitored net energy from
array EA.
System (Ls) or BOS Losses (LBOS). These are system losses due to the following:

• Inverter efficiency
• Inverter disponibility and failures
• Ohmic losses due to the voltage decrease across the wires that interconnect the

AC side
• Transformer station if an HCPV power plant is considered
• Accumulator storage losses in HCPV SAPV systems.

Final yield (YF). This represents the time expressed in hours that the array must
operate at its rated power to provide the monitored direct PV contribution to Euse

(Euse,PV). It can be also seen as the portion indicated by ηLOAD of the array yield.
Performance ratio (PR). This parameter indicates the fraction of the available

solar energy used, and it can be used for the evaluation of grid-connected systems,
thus reflecting the technical operation of a system. In the case of HCPV systems, the
most influential parameter on the PR is usually the solar spectrum instead of
temperature, which constitutes a determining parameter when studying the PR in
flat-PV systems.
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At present, the different losses in a PV system specified by the International
Standards are only classified into two groups (e.g., system losses and capture
losses). This classification may not properly discriminate the different types of
losses in a HCPV as indicated previously. Moreover, it does not permit differen-
tiation between avoidable and unavoidable losses. This fact is especially relevant in
the case of capture losses, into which category fall thermal, spectrum (unavoidable
losses), and the rest of capture losses, which are due to possible malfunctions
(avoidable losses) and configure the so-called miscellaneous capture losses (LCM).
Because spectrum and thermal losses may represent, in a well-designed and
installed HCPV system, a considerable portion of the capture losses, the identifi-
cation of any other type of loss may be not easy, which may delay its solution.
Thermal capture and spectrum losses may be relatively easy to determine from
other parameter readings. The rest of capture losses configure the LCM. This type of
loss is generally occasional and sporadic because a well-planned and well-realized
grid-connected system normally should exhibit only minimal LCM [23].

In the next paragraphs, a method to estimate different losses—such as thermal
cell losses, optics capture losses, or spectrum losses—will be indicated. It must be
highlighted that these parameters are not derived parameters calculated from
monitored data but estimations that are calculated from the monitored parameters.
However, they can quantify these types of losses and may improve the performance
analysis of HCPV systems, thus helping to find a possible system malfunction.

3.3.1 Capture Loss Estimation from Derived Parameters

It is known that MJ concentrator solar cells are influenced by changes in irradiance,
spectrum cell temperature, and optics temperature. Because of this, the MPP of the
array can mainly be expressed as a function of:

Pmpp ¼ f DNI; S; Tcell; Topt
� � ð8Þ

Due to the special characteristics of HCPV modules, conventional methods used
in flat-PV panel Systems are not valid for HCPV technology. Because of this, there
are different methods to estimate the maximum power of an HCPV module that
tackle the special features of these kinds of devices [47]. Table 9 shows a summary
of the main existing methods for estimating the MPP in HCPV modules.

Once the power harvested by the array has been determined using some of the
methods available for HCPVs, special attention must be paid to capture losses
because they include several types of losses, which makes it difficult to detect array
malfunctions. In this sense, a simple method is provided to discriminate between
the different capture losses and help to find the avoidable ones, that is, the LCM.
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Spectrum capture loss estimation
Spectrum capture losses can be defined as follows:

LCS ¼ Yr � YA;S ð9Þ

where YA,S represents the array yield due only to the solar spectrum and DNI, that
is, it represents the daily energy output considering only the effects of solar spec-
trum and DNI (EA,S) per kW of rated array power. YA,S can be estimated from the
monitored DNI and the solar spectrum:

YA;S ¼ EAS;day

P0
¼

P
day PmppðDNI; SÞ � sr

P0
ð10Þ

where Pmpp(DNI,S) corresponds to an estimation of the HCPV array power as a
function only of the DNI and the solar spectrum.

Thermal cell capture loss estimation
Thermal capture losses can be defined as follows:

LCTC ¼ YA;S � YA;TS ð11Þ

where YA,TS represents the array yield due to cell temperature and solar spectrum,
that is, it represents the daily energy output considering only the effects of these two
monitored parameters (EA,TS) per kW of rated array power. YA,TS can be estimated
from the monitored DNI, the solar spectrum, and the cell temperature as follows:

YA;TS ¼ EA;TS;day

P0
¼

P
day PmðDNI; S; TcÞ � sr

P0
ð12Þ

where Pm(DNI, S, Tc) corresponds to an estimation of the HCPV array power as a
function only of the monitored DNI, Tc (the cell temperature), and the solar
spectrum.

Table 9 Methods for estimation of MPP in HCPV modules

Methods References Required inputs

ASTM E 2527 [3] DNI, ambient temperature, wind speed

Peharz’s method [42] DNI, cell temperature, subcell photocurrents

Steiner’s method [52] DNI, PW, cell temperature, optics temperature, AOD,
amsgtrom exponents (α1 and α2), tracking error

Rivera’s method [46] DNI, ambient temperature, wind speed, average photon
energy

Almonacid’s method [1] DNI, ambient temperature wind speed, PW, AM

Fernández’s method [13, 16] DNI, ambient or cell temperature, AM, AOD (optional)

Sandia’s method [31] DNI, cell temperature, AM
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Thermal optics capture loss estimation
In the same way, thermal optics capture losses can be expressed as:

LCTO ¼ YA;TS � YA;TOS ð13Þ

where YA,TOS represents the array yield due to cell temperature, the solar spectrum,
and the lens temperature, that is, it represents the daily energy output considering
only the effects of these monitored parameters (EA,TOS) per kW of rated array
power.

YA;TOS ¼ EA;TOS;day

P0
¼

P
day PmðDNI; S; Tc; TOPTÞ � sr

P0
ð14Þ

where Pm(DNI, TC, S, TOPT) corresponds to an estimation of the HCPV array power
as a function only of DNI, the Tm, the solar spectrum, and the lens temperature.

LCM estimation
LCM can be defined as follows:

LCM ¼ YA;TOS � YA ð15Þ

The sum of the four different capture losses mentioned previously provides the
entire capture losses of the array:

LC ¼ LCS þ LCTC þ LCTOS þ LCM ¼ Yr � YA;S þ YA;S � YA;TS
þ YA;TS � YA;TOS þ YA;TOS � YA

ð16Þ

In this way, the estimations mentioned previously can help not only to quantify
these types of losses but also differentiate avoidable versus unavoidable losses. This
fact may improve the performance analysis of HCPV systems, thus helping to find a
possible array malfunction.

4 Conclusions

The present status of the HCPV efficiencies has been provided. Although the
efficiency of commercial cells can be slightly greater the 40 %, it must be noted that
cell efficiency differs from either modules and systems efficiencies as determined
intrinsic losses must be considered when joining the elements that comprise an
HCPV device. In this sense, and taking into account the manufacturer’s data sheet,
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the efficiency values associated with commercial HCPV modules is decreased to
31 %. Meanwhile, system efficiency stands at approximately 26 %. This value is
based on the scarce empirical research papers published.

Following predictions based on different studies and assuming a similar trend
based on the current state of the art of the cells and the record efficiencies achieved,
it is expected that in 2025 the efficiency of the commercial cells may lie between 40
and 45 %. Meanwhile, for modules and systems, the efficiency ranges could be,
respectively, 40–45 % and 35–40 %. These values highlight the great potential of
HCPV systems.

Guidelines and normalized documents are needed to assess the overall perfor-
mance of HCPV systems and to provide a general assessment of the potential of
HCPV technology. However, the current documents (i.e., IEC 61724 and the
Guidelines for the Assessment of Photovoltaic Plants prepared by the Joint
Research Center) are focused on flat PV technology. Therefore, in Sect. 3 different
suggestions and recommendations about the monitored and derived parameters in
the performance analysis of HCPV systems have been provided. Concerning the
monitored parameters, it has been shown that the DNI can be achieved using either
a pyrheliometer or in an indirect way by other pyranometric systems such as RSR.
Direct spectral irradiance can be measured with a spectroradiometer or a spectro-
heliometer based on isotype cell and using ground-based measurements of atmo-
spheric parameters. Moreover, it has been shown that although the influence of the
temperature in an HCPV module is not as high as that in a flat-PV module, it is still
critical to measure the cell temperature of an HCPV module because the temper-
ature influences its electrical parameters. However, the direct measurement of this
parameter is a complex task because it is necessary to get inside the module and
place a small temperature sensor close to the solar cell. For this reason, different
approaches to estimate cell temperature have been provided.

Finally, regarding the indices of performance, a method to estimate different
types of capture losses (spectrum, thermal cell, thermal optics, and miscellaneous)
from monitored parameters have been shown. This approach can quantify these
types of losses and may improve the performance analysis of HCPV systems, thus
helping to find a possible system malfunctions. It must be highlighted that this
estimation from monitored parameters is based on the calculation of the maximum
power of an HCPV module. Therefore, the main existing methods for estimating the
MPP in HCPV modules methods have been indicated.
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Solar Resource for High-Concentrator
Photovoltaic Applications

José A. Ruiz-Arias and Christian A. Gueymard

Abstract Direct solar radiation is the main fuel for concentrating photovoltaic
(CPV) technologies. At any instant, the magnitude and spectral distribution of
incoming direct normal irradiance (DNI) on the concentrator determines the
instantaneous power produced by the generator. On a seasonal or mean annual
basis, the magnitude of the DNI resource also directly affects the design of the
whole system. Therefore, detailed knowledge of the available solar resource—
essentially in terms of broadband DNI—is required at the system’s design stage to
evaluate the anticipated power to be produced by the projected CPV plant. This
chapter is devoted to providing a better understanding of the current methods used
in solar resource assessment to accommodate the specific needs of CPV projects. To
this aim, the chapter starts with an introductory discussion on extraterrestrial solar
radiation and its transfer throughout the Earth’s atmosphere. Later on, the most
common solar radiation modelling approaches for solar energy applications are
discussed preceding a brief review of the best current measuring techniques and
data quality-control methods for solar radiation. This includes important measure-
ment recommendations for CPV applications. The chapter ends with brief discus-
sions on spectral and circumsolar solar radiation.

1 Introduction

A key feature of photovoltaic (PV) and concentrating photovoltaic (CPV) technol-
ogies is their relatively high scalability. Large projects, however, require consid-
erable financial investments that are usually supported by private financial
institutions. Therefore, their “bankability” rules must be satisfied. Considering that
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the gross revenue of CPV plants is proportional to their power production—and
thus also essentially proportional to the available direct normal irradiance (DNI)—
the proper evaluation of the available solar resource during a long-term period is
critical to secure financing. This must be performed with a sufficient degree of
certainty as to guarantee not only the project’s bankability but also its optimal
design and ultimately its correct performance over time. The long-term (interannual
and decadal) DNI variability is important to predict the power output and revenue
during the lifetime of the system assuming, of course, that historical trends can be
extrapolated into the future. In addition, the short-term temporal variability of the
historical DNI and its ramp rates may be important in the context of inverter safety,
grid stability, and complementarity with other variable energy sources.

The bankability issue is important in CPV because the technology itself is not as
mature as other solar technologies, such as PV or concentrating solar thermal
power, which tends to make CPV projects appear more risky to investors. Providing
high-quality solar resource assessments is a way to objectively improve bankability
while subjectively compensating for this perception at least to some extent. In
addition to these key quantitative aspects, various other considerations may affect
the performance of CPV systems as discussed in the following text.

The spectral quality of sunlight is important because CPV cells have various
spectral responses. With current multijunction HCPV cells, the power production is
directly affected by the spectral distribution of DNI, which varies rapidly over time
and space, and thus must be predicted so that accurate performance simulations of
HCPV modules and systems can be obtained. Recent research has been geared
toward the development of “tunable” multijunction cells whose design would be
customizable according to the prevalent spectral conditions at each projected CPV
power plant site. If this avenue proves successful and cost-effective, it can be
anticipated that this would make the local solar resource become a key element
toward the selection of the most suitable CPV technology from the type of PV cell
to the concentrating optics. Various aspects of spectral solar irradiance are dis-
cussed in Sect. 6.

A fraction of incident irradiance, known as circumsolar irradiance (CSI), ema-
nates from the sky rather than from the Sun’s disc. It may affect the performance of
concentrator optics, etc., as well as what is really incident on the CPV system
compared with local DNI measurements. This issue is discussed in Sect. 7.

1.1 Concepts and Definitions

At the Earth’s surface, sunlight is a heterogeneous and variable combination of
electromagnetic waves with wavelengths ranging from 0.3 to 4 μm (known cus-
tomarily as “shortwave” spectral range). In the present context of terrestrial solar
applications, the term solar “radiation” refers to the electromagnetic radiation in this
shortwave spectral range, which contains most of the solar spectrum’s total energy
that reaches the Earth’s surface.
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Solar radiation transports photonic energy. In the present context, the flux
density of monochromatic solar radiant energy Fλ, that is, the solar radiant energy
per unit wavelength, unit time, and perpendicular unit area, is referred to as “solar
irradiance” and is typically measured in W m−2 nm−1. The total broadband flux
over an extended spectral band with limits [λ1, λ2] is obtained by summing Fλ over
all wavelengths in that interval resulting in a broadband solar irradiance with unit of
W m−2. In contrast, the radiant intensity Iλ, or solar spectral “radiance” in the
present context, is defined as the flux density of solar radiant energy per unit solid
angle. It is usually expressed in W m−2 nm−1 sr−1.

2 Extraterrestrial Solar Radiation

In the study of solar radiation at the Earth’s surface, the atmosphere can be con-
sidered as a filter that selectively modifies the spectral power distribution of solar
radiation at the top of the atmosphere (TOA), also referred to as “extraterrestrial
irradiance.” Thus, it is logical to start the characterization of solar radiation by
studying the incoming solar spectrum at TOA before it is perturbed by the Earth’s
atmosphere. Both the total amount of the Sun’s radiated energy that is received at
TOA and its spectral distribution are described in this section. The former, which is
referred to as “total solar irradiance” (TSI or En0), is measured on a plane normal to
the Sun’s rays and reduced to the average Sun Earth distance (R0 = 1.496 × 1011 m,
or ≈ 1 AU). It can be observed directly with a spaceborne broadband radiometer or
computed from the solar spectral irradiance Enλ as:

En0 ¼
Z1
0

Enkdk ð1Þ

2.1 Total Solar Irradiance

The output energy from the Sun varies with solar activity. Long-term variability is a
direct consequence of the solar cycle, which has an average duration of 11 years.
Because of these time variations, the term “total solar irradiance” should be pre-
ferred rather than the older concept of solar constant (SC), which is, however, still
used to refer to the long-term average value of TSI.

After nearly a century of unsuccessful attempts at determining TSI from surface
measurements, satellites started to routinely acquire relatively precise and stable
observations in 1978. Since then, many space missions have been providing time
series of TSI. Their combination and corrections led to continuous long-term esti-
mates of TSI, such as the World Radiation Center Physikalisch-Meteorologisches
Observatorium Davos (PMOD ) composite [21], which currently covers 36 years
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(since November 17, 1978). An extended version of it adds estimated values for the
period January 1, 1976, to November 16, 1978, to provide data over the entire solar
cycle that started at the former date.

The TSI observations obtained by NASA’s Solar Radiation and Climate
Experiment1 (SORCE) space mission surprisingly disagreed with the PMOD and
other data. During the period 2003 to 2014, the mean difference between the
SORCE daily TSI and its PMOD counterpart was ≈5 W m−2, which could finally
be traced to a systematic error in older measurements and thus in the historical
PMOD data set.2 This problem is now corrected in version 42_64_1410 (the latest
as of this writing).3 As a consequence, the SC value of 1366 W m−2 previously
obtained with the PMOD data decreased to 1360.3 W m−2. In parallel, the 2003 to
2014 average TSI value from SORCE amounts to 1360.9 W m−2. Therefore, a
notable agreement has now been achieved between these two independent datasets.
It can be expected that the results from newer spaceborne instruments, such as a
four-channel precision filter radiometer or the future total and spectral solar irra-
diance sensor, might change the value of SC by a few tenths of a Watt.

Figure 1 shows the daily TSI observations from PMOD and SORCE. Normal
short-term solar activity results in daily TSI variability with a standard deviation of
0.39 W m−2 in both the PMOD and SORCE data. Because such a small departure
from the mean value of TSI can be considered negligible in engineering applica-
tions, the use of a fixed SC value to characterize TSI is considered perfectly
adequate. In Fig. 1, low TSI values are associated with sunspots, whereas high
values are caused by the hot and bright areas called “faculae.” The 11-year solar
cycles are clearly apparent from the time series.

Fig. 1 Daily total solar irradiance from the PMOD (version 42_64_1406) and SORCE data sets.
Both original and corrected TSI values are shown for the PMOD data set. The horizontal lines are
the average daily TSI value in each case (SC), whose numeric value is annotated in the plot

1Available at http://lasp.colorado.edu/lisird/sorce/sorce_tsi/
2For details see ftp://pmodwrc.ch/pub/Claus/VIRGO-TSI/VIRGO_Char2Space.pdf
3Available at ftp://pmodwrc.ch/pub/data/irradiance/composite/
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Due to the eccentricity of the Earth’s orbit around the Sun, the Sun Earth dis-
tance is continuously changing. Therefore, the SC value must be corrected by a
multiplicative factor S to yield the actual TSI at TOA. As described by Michalsky
[60], the daily correction factor S—which varies seasonally within the range
±3.34 %—can be computed precisely from:

S ¼ 1:00014� 0:01671 cos g� 0:00014 cos 2gð Þ½ ��2 ð2Þ

where g is the mean anomaly (in radians) calculated from the number n of days
elapsed since the current astronomical epoch (January 1, 2000 Universal Time) as:

g ¼ 6:24006þ 0:0172019699 n: ð3Þ

2.2 Solar Spectral Irradiance

Planck’s law describes the spectral radiation emitted by a perfect blackbody at a
known absolute temperature T. A perfect blackbody absorbs all of the energy it
receives and emits it at the same rate. Assimilating the Sun as a blackbody, Planck’s
law leads to a straightforward approximation of the emission spectrum of the Sun.
Furthermore, Stefan Boltzmann’s law, E = σT4, which results from the spectral
integration of Planck’s law over a complete sphere, can be used to evaluate the
effective absolute temperature of the Sun from, e.g., TSI observations. Specifically,
considering σ = 5.67 × 10−8 W m−2K−4 (the Stefan Boltzmann constant) and the-
mean solar radius Rs = 6.96 × 108 m, the radiant output of the Sun is
E = SC (R0/Rs)

2. Hence, Ts = 5770 K for SC = 1360.3 W m−2.
Figure 2 shows the spectral irradiance of perfect blackbodies at absolute tem-

peratures of 5500, 5770, and 6000 K. It also shows the extraterrestrial spectrum of

Fig. 2 Spectral irradiances for perfect spectral blackbodies at 5500, 5770, and 6000 K compared
with the Gueymard [31] solar spectrum. The inset shows an expansion over the ultraviolet (UV),
visible (VIS), and near infrared (NIR) spectral regions as well as the fraction of sunlight contained
in each band
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Gueymard [31] that is here scaled down by a factor of 1360.3/1366.1 = 0.99575 to
reflect the revised value of SC suggested in Sect. 2.1. The difference between the
smooth 5770 K curve and the Gueymard spectrum simply results from the fact that
the Sun is not a perfect blackbody.

The precise measurement of the spectral distribution of solar irradiance is
cumbersome and much less accurate than the observation of TSI because detectors
of varying characteristics must be used to cover different parts of the spectrum.
Their absolute calibration is also approximately an order of magnitude less accurate
than that of absolute radiometers used for TSI. A complete spectrum necessitates an
appropriate combination of multiple sources of data obtained from different sensors
and usually from different solar activity periods. This piecewise combination, in
practice, additionally involves different scaling factors so that the total irradiance
exactly amounts to a preselected value of SC as described by Gueymard [31].

The solar spectrum is broadly made of three different spectral bands: ultraviolet
(UV), visible (VIS), and infrared (IR) as shown in the inset of Fig. 2. The UV band
(approximately 0.1–0.4 μm) is the most energetic part of the shortwave spectrum in
terms of photonic activity, but its total power is small (≈8 % of SC). Some of its
photons have sufficient energy to initiate photochemical reactions that may result in
tissue injuries and DNA damage. Fortunately, approximately 99 % of these photons
are absorbed by oxygen (O2) and ozone (O3) molecules in the mesosphere and the
stratosphere. The VIS band (approximately 0.4–0.7 μm) comprises the part of the
spectrum to which human eyes respond. It also contains the wavelengths at which
the Sun’s emissivity is the highest and a notable fraction of SC (≈39 %). The IR
band extends beyond 0.7 μm and includes the NIR, which contains ≈52 % of SC
between 0.7 and 4 µm. The residual TOA irradiance beyond 4 µm (far IR) amounts
to <1 % of SC.

3 Solar Radiation at the Earth’s Surface

Throughout its path from TOA to the Earth’s surface, solar radiation undergoes
significant attenuation, in terms of both magnitude and spectral distribution, which
depends on the amount of the traversed constituents and their optical properties.
From this standpoint, and considering that some of these constituents are variable
over time and space, the atmosphere can be conveniently abstracted as an optical
spectral filter whose properties change dynamically. In this section, the most
important interactions between sunlight and the atmosphere are introduced.

3.1 Sun-Earth Geometry

The relative Sun-Earth geometry determines the Sun’s rays’ pathlength through the
atmosphere, which is an essential factor that affects the extinction of solar radiation.
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The position of the Sun with respect to an observer on the Earth’s surface is
described in a spherical coordinate system in which the Sun’s position is defined by
its zenith and azimuth angles. The Sun’s zenith angle (θz) is the angle subtended
between the imaginary line that joins the local observer and the Sun and the
imaginary line that joins the Earth’s center and the local observer’s position
(Fig. 3). The Sun’s azimuth angle (ψ) is the angle subtended between the plane that
contains the former two imaginary lines and the plane that contains the great circle
determined by the north-pointing local meridian. It is conventionally measured
clockwise from north (0°) to east (90°), south (180°), and west (270°). For our
purposes, which exclude shading considerations, only θz is of importance. The
Sun’s zenith angle is computed from:

cos hz ¼ sin d sinuþ cos d cosu cosx ð4Þ

where δ is the Earth’s declination, φ is the local geographical latitude, and ω is the
local hour angle (zero at solar noon). The main Sun-Earth geometry variable here is
δ. It can be calculated from a number of formulas that have been proposed in the
literature with varying degrees of accuracy. For CPV applications, where tracking
accuracy is of the utmost importance, accuracy of the calculated θz should be of the
order of ±0.001° or better [7, 9, 25, 60, 77, 78]. Currently, the most accurate
algorithm—but also the slowest—is that of Reda and Andreas [78].

The optical mass (m) is defined as the ratio between a slant path-length for any
zenith direction and the vertical path-length (Fig. 3). Because the atmospheric
constituents have different vertical density profiles, they also normally have dif-
ferent specific optical masses for the same zenith angle. The optical mass accounts
for the increased amount of substance that is traversed by the Sun’s rays with
respect to a vertical trajectory. In the particular case of molecules and uniformly
mixed gases, the optical mass is referred to as optical air mass or simply air mass.
It is the one reported most usually. The optical mass of constituents that are con-
centrated at high altitude (e.g., O3) is lower than the air mass. Vice versa, the optical
mass of constituents concentrated in the lower atmosphere (e.g., aerosols and water
vapour) is larger than the air mass. By definition, the minimum air mass is 1 (AM1)
for a vertical Sun (θz = 0). However, it is customary to refer to air mass 0 (AM0) for
the TOA irradiance. Some authors use the concept of “absolute air mass” where

Fig. 3 Optical air mass, m, and solar zenith angle, θz. The dark thick line shows the bending of the
sunlight path due to atmospheric refraction
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m is corrected by the relative atmospheric pressure (i.e., surface pressure divided by
standard pressure), but this can be confusing and thus is not recommended.

Assuming a hypothetical plane-parallel atmosphere, the air mass would be
1/cosθz (Fig. 3). Although this assumption is very convenient to solve the radiative
transfer (RT) problem in the atmosphere, it is not appropriate for solar radiation
calculations at large solar zenith angles. For this reason, it is quite common to use
empirical corrections that account for the Earth’s sphericity. Such is the case, for
instance, of the spherical approximation proposed by Gueymard [29, 30]:

m ¼ cos hz þ 0:48353h0:095846z

.
96:7412� hzð Þ1:754

h i�1
; ð5Þ

where θz is in degrees and should consider light refraction for low sunlight.

3.2 Atmospheric Extinction and Direct Solar Radiation

The atmosphere absorbs and scatters solar radiation. The former process results
from the capture of light photons by molecules (such as O3) or particles (such as
soot). In the latter process, the atmosphere scatters the light photons out of their
direction of origin into all possible directions. This is how air molecules, aerosol
particles, and clouds scatter incident sunlight generating the (variable) sky diffuse
radiance. The combined effects of absorption and scattering are often referred to as
either extinction or attenuation and are physically quantified by means of their
respective optical depth (τ). Precise modelling of all extinction processes is nec-
essary to evaluate the direct irradiance at the surface at any point in time or space.

Specifically, the downward solar irradiance flux incident on a surface normal to
the Sun’s rays is referred to as DNI. It can be considered in the form of either a
broadband irradiance, noted as BN, or a spectral irradiance, noted as BNλ. Because
the extinction processes are a strong function of wavelength, the precise evaluation
of BNλ requires detailed information about the optical depth, τiλ, of each extinction
process i at wavelength λ (in µm) as:

BNk ¼ Enk exp �
X
i

misik

 !
ð6Þ

More details on spectral irradiance are provided in Sect. 6. Because spectral cal-
culations are complicated and time consuming, an alternate way to the use of
(Eq. 6) and its subsequent spectral integration is to develop a simpler radiation
model that determines BN directly with limited or no spectral information. This can
be performed with simplified, broadband radiation models (Sect. 4).
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Because measurements of DNI are much less common than those of global
horizontal irradiance (G), also commonly referred to as GHI, it is worth mentioning
that BN can be obtained from G using:

BN ¼ G� Dð Þ=cos hz; ð7Þ

where D is the diffuse horizontal irradiance. Because measurements of D are again
less common than those of G, it is often necessary to estimate D empirically
from G. This approach is discussed in Sect. 4.2.

3.3 Atmospheric Constituents: Gases, Aerosols, and Clouds

The radiatively active constituents of the atmosphere spread over three different
broad types: gases, which act at the molecular level; aerosols, which are small
particles suspended in the air; and clouds, which are made principally, although not
exclusively, of water droplets and/or ice crystals.

Up to 98 % of the atmosphere is made up with only two constituents: nitrogen
and O2. The remaining 2 % is constituted by water vapour (mostly near the ground),
inert gases such as argon, and trace gases such as carbon dioxide (CO2), methane
(CH4), O3, nitrous oxide, carbon monoxide, and chlorofluorocarbon compounds (of
anthropogenic origin). Very importantly, however, the radiative effect of the
components in this 2 % of the atmosphere is disproportionally large compared with
their reduced amount. All atmospheric gases contribute to the extinction of solar
radiation through molecular scattering, also known as “Rayleigh scattering.” In
addition, some gases, such as O2, O3, CO2, CH4, or water vapour, absorb radiation
(some very strongly) in various parts of the solar spectrum (Sect. 6).

Aerosols are particles suspended in the atmosphere. Their shape is variable and
intricate, so they are typically abstracted as spheroid particles. Their sizes sweep a
wide range, from <0.1 up to >20 μm, resulting in intricate size distributions.
Aerosols can be of (1) natural origin such as dust and sand dragged from deserts,
salt particles from the sea surface, smoke and soot from wildfires or volcanic
eruptions, etc.; or (2) anthropogenic origin such as smoke and soot from pollution.
Aerosol particles are mostly concentrated in the lower troposphere, typically lower
than 2 km, although they can also be lifted higher up to the upper atmosphere and
transported thousands of kilometres away. This frequently occurs as a consequence
of strong dust storms [44].

Clouds are mostly formed by water droplets and ice crystals. Normally, water
clouds are concentrated in the lower layers of the atmosphere (up to approximately
6 km above the ground) and ice clouds (cirrus type) in the highest layers (above
appoximately 6 km). Thin clouds (typically of the cirrus type) can transmit a large
fraction of direct irradiance and are thus of significance in CPV applications as
shown in Sect. 3.4.
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3.4 Broadband Extinction of Solar Radiation

The combination of variable amounts of atmospheric constituents and their corre-
sponding optical properties determine how much DNI is available at the Earth’s
surface. Figure 4 shows an estimate of the individual atmospheric transmittances for
uniformly mixed gases, water vapour, aerosols, and clouds. The uniformly mixed
gases absorb solar radiation depending on their total columnar amounts, which are
typically proportional to surface pressure. In particular, Fig. 4a shows that, on

Fig. 4 Individual atmospheric transmittances of different atmospheric constituents for a zenith
Sun (m = 1). a Zenith transmittance of uniformly mixed gases against surface elevation. b Zenith
transmittance of water vapour against PW (upper curve) and frequency distribution of global PW
values (lower curve). c Zenith transmittance of aerosols against Ångström turbidity β (upper curve)
and frequency distribution of global β values (lower curve). d Zenith transmittance of ice clouds
against cloud optical depth (COD) (upper curve) and frequency distribution of global COD values
(lower curve). All atmospheric transmittances are calculated with the libRadtran radiative transfer
library, v1.7 (http://www.libradtran.org). The global frequency distributions of PW and β are
obtained from multiyear data from the Aerosol Robotic Network (AERONET) (http://aeronet.gsfc.
nasa.gov), whereas that of COD is obtained from 1 year of satellite retrievals from the Climate
Monitoring Satellite Facility [CM-SAF (http://www.cmsaf.eu)]. Note that the y-axes for the fre-
quency distributions are not shown because only the relative distribution of data is of interest here.
The vertical dotted lines in the frequency distributions curves show the median value of each
distribution, i.e., it splits the distributions into two halves with exactly the same number of samples
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average, the transmission of DNI by uniformly mixed gases is quite stable at
approximately 90 %, and slightly increases with increasing surface elevation.

Precipitable water (PW) is a commonly used variable to represent the total
columnar amount of water vapour. If the water vapour in a vertical column of 1 cm2

base area were condensed, PW would be the height (cm) of that column. (Because
the mass of 1 cm3 of water is 1 g, equivalent units for PW are g/cm2 or g/cm3.)
Considering the global distribution of PW shown in Fig. 4b, solar radiation
attenuation by water vapour is normally in the range of 10–15 %.

Solar radiation extinction by aerosols and clouds mostly occurs by scattering,
along with some absorption, of sunlight photons. The exact relative proportions of
scattering and absorption are not relevant to CPV applications because only the total
attenuation impacts DNI. The total (scattering + absorption) aerosol optical depth
(AOD) depends on the refraction index of the aerosol particles, their size distribu-
tion, and the sunlight’s wavelength. The AOD at 1 µm is known as the Ångström
turbidity coefficient (β) and is a customary variable to characterize atmospheric
turbidity. The extinction of direct solar radiation for β values less than approximately
0.1 is comparable to the one normally produced by PW (Fig. 4b, c). However, for
greater AODs, the aerosol-induced extinction increases steadily. If the aerosol
transmittance curve is analyzed in combination with the global distribution of β
values shown in Fig. 4c, it is concluded that approximately half of the β values—
specifically, the upper half of β values—lie on the high-extinction region. Therefore,
extinction of DNI by aerosols may be quite important and is typically the main
source of extinction under cloudless conditions by far.

Desert areas, which are most interesting for solar applications, are generally
characterized by low cloudiness and occasionally or frequently high AOD values.
Therefore, a proper characterization of AOD and other aerosol optical properties is
crucial to correctly model DNI and obtain accurate solar resource assessments, but
is difficult and costly in practice.

Conversely to AOD and other optical depths COD is fairly independent of
wavelength. Therefore, very often its spectral dependence is neglected, and a single
value is used. As a general rule, low- and middle-altitude clouds are optically thick
because they are made of liquid droplets. Their COD is typically >5. High-altitude
clouds (e.g., cirrus), in contrast, are mostly made of ice crystals, which makes them
optically thin. Their COD ranges from a fraction of 1 to a few tenths. Clouds can
only transmit DNI if their COD is lower than ≈5. Figure 4d shows that approxi-
mately 50 % of all ice clouds covering Earth produce a complete extinction of DNI.
The remaining 50 % only attenuate DNI partially.

From a solar resource perspective, the modelling of DNI’s attenuation is not very
sensitive to errors in the estimation of PW [41] but conversely is very sensitive to
errors in AOD and COD (as can be interpreted from Fig. 4). Significant errors in
modelled DNI may typically ensue. Such errors may be large because both AOD
and COD are quite complex to observe and the current remote-sensing techniques
from satellite platforms are still affected by considerable noise. This makes
the modelling of DNI quite difficult and its uncertainty significant over difficult
areas [13].
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4 Solar Radiation Modelling Approaches

Solar radiation can be modelled in various ways from simple yet limited statistical
parameterizations to complex and computationally intensive physical methods. The
most suitable approach depends on the specific application for which solar radiation
is required and the boundary conditions of the problem at hand (i.e., which input
variables are known and with what accuracy). In this section, the most widespread
current modelling approaches are introduced along with a highlight of their
intended applications, strengths, and weaknesses.

4.1 Clear-Sky Models

Because solar power production peaks under cloudless or quasi-cloudless situa-
tions, the accurate modelling of clear-sky radiative processes is key to the proper
evaluation of the surface DNI and hence of CPV power production.

In this context, clear-sky radiative transfer (CSRT) models are of particular
interest. Because they do not need to consider the vertical profile of atmospheric
attenuation or the radiative effects of clouds, large modelling simplifications are
possible. In particular, many such models assume a single-layer atmosphere, i.e.,
the radiatively active properties of the atmosphere are considered to be homoge-
nously distributed along the vertical column. CSRT models are numerical param-
eterizations based on statistical correlations and, to some extent, on physical
foundations. These functions are derived from precise observations and/or detailed
simulations using more rigorous models for the transfer of radiation throughout the
atmosphere. Compared with rigorous (physical) models, simple CSRT models
typically only require a simple description of the atmosphere such as total column
quantities (e.g., precipitable water and surface pressure). They also simplify the
spectral issue by relying on bulk computations over—most generally—just a single
band (i.e., the full spectrum) or, at most, a few large spectral bands. Thus, most
CSRT models directly produce the broadband radiative quantities, such as DNI and
GHI, that are familiar to the solar community. However, when spectral information
is necessary, fast models, such as SMARTS [27, 32] or SPCTRAL2 [6], also
produce irradiance estimates with a moderate spectral resolution (Sect. 6).

During recent decades, the complexity of CSRT models has evolved to reflect
the rapid improvements in observing methods of the atmosphere and particularly
that of remote sensing. Thus, new generations of CSRT models have been devised
to reconcile the availability and reliability of information and theoretical knowl-
edge. For an illustration of this evolution, consider the European Solar Radiation
Atlas model [82], which was proposed at the turn of this century and had a large
effect on the European solar energy community. In this very simple CSRT model,
the total atmospheric optical depth is represented by only one variable, namely the
Linke turbidity factor, which combines the broadband effects of all attenuations.
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More recent CSRT models not only separate these effects by requiring various
inputs, such as PW and AOD, but they also even consider the spectral effect of
aerosol extinction through the Ångström exponent (AE [see Sect. 6]). This step
ahead in CSRT modelling was made possible by the steady increase in the amount
and quality of observed variables of the Earth’s system.

In recent benchmarking studies [3, 39, 45], the REST2 [33] and Ineichen
broadband models [46] obtained the highest marks. They consist of a set of sta-
tistical and physical parameterizations that provide estimates of broadband surface
irradiance from surface pressure, PW, AOD and, in the case of REST2, some other
parameters such as AE. The McClear model has also been introduced recently [53].
Unlike the REST2 and Ineichen models, McClear estimates are based on a large
assembly of precomputed solar irradiance values originally obtained with accurate
RT models. The output values of McClear are then interpolated from these pre-
computed tables (“look-up table” approach). McClear’s irradiance estimates are
available worldwide from 2004 to present with only a few days lag (see http://www.
soda-pro.com/es/web-services/radiation/mcclear).

Figure 5 compares 1-min GHI and DNI observations under clear-sky conditions
at the Southern Great Plains ARM site in Oklahoma during 2011 vis-à-vis the
simulated values with the McClear, Ineichen, and REST2 models. The GHI and
DNI predictions of the Ineichen and REST2 models were produced using collocated
observations of pressure, the PW and AOD. In contrast, McClear uses synthetic
input data from numerical weather prediction (NWP) models (Sect. 4.4) and thus
does not depend on any local ground observations of atmospheric constituents.
Considering all data points (N = 3853), the three models produce reasonable values
of GHI with a slight advantage to REST2. In contrast, only REST2 provides nearly
unbiased estimates of DNI. In particular, McClear largely underpredicts DNI
because the AOD input it uses is modelled rather than locally observed and is thus
significantly too large for this site due to shortcomings in the underlying aerosol

Fig. 5 Simulated values (using the McClear, Ineichen, and REST2 models) versus research-class
cloudless solar irradiance observations from the Atmospheric Radiation Measurement (ARM) site
in Oklahoma, USA, for a GHI and b DNI. The mean bias error and root mean square error values
are shown in both W m−2 and percent in each case
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model. This example shows the much greater impact of input errors on DNI than on
GHI and also the underlying need for local atmospheric observations to undertake
reliable DNI modelling.

The results shown in Fig. 5 correspond to a temperate site where turbidity is
moderate, and therefore the attenuation caused by aerosols is not as high or as low
as it can be in other regions. Figure 6, in contrast, shows the predictions made with
REST2 and the rapid radiative transfer model (RRTMG) at three sites experiencing
a wide range of aerosol regimes: (1) Mauna Loa (Hawaii), a high-elevation station
considered representative of areas where turbidity is lowest and solar resource is
highest; (2) Plataforma Solar de Almeria (Spain), located in a dry but temperate
climate with intermediate atmospheric turbidity; and (3) Masdar Institute (Abu
Dhabi), a station that experiences frequent haze episodes and thus high AOD.
The RRTMG model uses 14 spectral bands over the shortwave spectrum and a
detailed 2-stream algorithm with a precise description of the vertical profiles of
atmospheric constituents. REST2 uses only 2 spectral bands and no vertical

Fig. 6 Simulated clear-sky DNI values with the REST2 and RRTMG models versus
research-class cloudless DNI observations at a Mauna Loa, Hawaii, b Plataforma Solar de
Almeria, Spain, and c Masdar Institute, Abu Dhabi
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profiling, which makes it up to 6 times faster than RRTMG. Nonetheless, it
compares fairly well against cloudless DNI observations and even favourably
against the DNI estimates of the detailed RRTMG model, including under
high-turbidity conditions.

4.2 All-Sky Separation Models

The measurement of DNI involves more costly equipment than that of GHI
(Sect. 5). Consequently, most historical records of solar radiation have only
included GHI data and, only occasionally, DNI data. Adding DNI observations to
radiometric networks has gained support only recently in part to help solar energy
applications. Nonetheless, the radiometric sites observing only GHI still outnumber
those where DNI is also measured. Using models to derive DNI from GHI offers a
means to exploit GHI data for the many solar applications that also require DNI. As
discussed later in Sect. 4.3, such models also provide DNI estimates whenever
semiempirical GHI predictions are derived from satellite imagery. This makes an
evaluation of the capabilities of such models all the more important.

Since the pioneering work of Liu and Jordan [56], the literature on “separation
models” (strictly speaking these models separate GHI into its direct and diffuse
components) has been rich and profuse probably because all are of an empirical
nature and are thus simple to derive. Recently, Gueymard and Ruiz-Arias [42]
presented a validation study of such models, with a specific focus on the evaluation
of DNI over arid regions, where a large potential for solar power applications exists.
Although 36 models were tested, nearly 90 were found in the historical literature.
All of these models have the same approach of exploiting the underlying correlation
between GHI and DNI: if DNI increases, so does GHI. Most models, however,
rather exploit the empirical correlation between the ratio Kd = D/G, known as
“diffuse fraction,” and the ratio Kt = G/G0, known as “clearness index,” where G0 is
the extraterrestrial counterpart of G. Once Kd is determined from Kt, DNI can be
derived from BN = (1 − Kd) G/cos θz in virtue of Eq. (7).

In addition to Kt, other predictors may be considered such as air mass, tem-
perature, relative humidity, etc. A few separation models also incorporate a tem-
poral variability index to help discriminate between the radiative impacts of stable
conditions (cloudless or overcast conditions) and those of rapidly changing con-
ditions (scattered clouds). Many functional forms have been proposed in the lit-
erature: piecewise functions [18, 79], polynomials [67], logistic functions [11, 86],
artificial intelligence methods [17], and even approximate physical foundations [57,
73, 74, 92, 93].

Despite these developments, the multiple processes that occur in the atmosphere
are so intricate that the performance achievable with such simple models is limited.
This translates into large random errors in particular. In addition, the vast majority of
existing separation models have no physical foundation and are rather empirical in
essence because they are derived directly from observations at a few specific sites.
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Therefore, their performance varies from site to site depending on their respective
atmospheric conditions. Similarly, it is virtually impossible to correctly guess which
model would be best at any new site without preliminary validation of existing
models or development of a new “local” model.

Figure 7 shows a comparison of observed and estimated DNI values from GHI
observations using eight separation models. In particular, Fig. 7a shows results for a
clear morning at Mauna Loa as a function of solar altitude. The estimation errors are
high and very different between models suggesting the already noted strong “loca-
tion” dependence of their performance. Figure 7b shows another particular case, this
time using the popular models proposed by Erbs et al. [18] and Perez et al. [74], for
the estimation of DNI from 1-min GHI observations at Tucson, Arizona. The latter
model is also known as DIRINDEX. In detailed benchmarking studies [37, 42],
DIRINDEX was found to generate fewer random errors than other models of its
class. Even for this low-cloudiness location, the random errors in DNI estimates are
remarkably large. Interestingly, this GHI-to-DNI model is used in two of the most
well-known satellite-based solar radiation models,4 as discussed further in Sect. 4.3.

4.3 Satellite-Based Models

The radiometers aboard satellite platforms observe the multispectral back-scattered
radiance from the Earth’s system. This includes scattered radiance from the Earth’s

Fig. 7 Validation against DNI observations of DNI estimates using separation models from GHI
observations. a Variation of DNI with solar elevation during a clear summer morning at Mauna Loa
as measured and predicted by eight separation models. Figure based on data from Gueymard [37].
b Scatter plot of predicted versusmeasured 1-min DNI using the models proposed by Erbs et al. and
Perez et al. [18, 74] at Tucson, AZ. Figure based on data from Gueymard and Ruiz-Arias [42]

4SolarGIS (http://geomodelsolar.eu) and SolarAnywhere (https://www.solaranywhere.com
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surface (land, water, ice), aerosol layers, and clouds. By combining this multi-
spectral information in different ways, multiple properties of the Earth’s system,
including some cloud information, can be derived for each observed pixel. This
cloud information can consist of either (1) derived physical and optical properties
(such as COD, cloud fraction, cloud height) if using radiative transfer retrieval
methods; or (2) just simple reflectance properties if not. In the former case, the solar
irradiance at the surface can be evaluated from this detailed cloud information using
an appropriate radiation model. This physical approach involves complex numerical
processes and requires a detailed and precise description of the atmosphere [43, 65],
which is still rarely available in the practice of solar resource assessment. Never-
theless, because this method provides a comprehensive description of solar fluxes in
the atmosphere, and super-computing power now makes it operationally possible,
this approach will probably become more prevalent in the near future.

The latter case, usually referred to as semiempirical modelling, is much simpler
and more commonly used. It exploits the existing correlation between the radiance
sensed by the satellite radiometer and the solar irradiance at the Earth’s surface
[12, 52, 55, 74, 75, 83].

Overall, the semiempirical modelling of DNI entails a three-step procedure.
First, the ideal clear-sky GHI is modelled with a CSRT model (Sect. 4.1) using
ancillary data of pressure, water vapour, aerosols, etc. Second, the cloud extinction
estimate obtained from the satellite radiance observations is superimposed on the
clear-sky GHI value. Finally, DNI is evaluated from the satellite-based GHI esti-
mate using an all-sky solar radiation separation model (Sect. 4.2).

For any given location, the maximum back-scattered radiance sensed by the
satellite radiometer occurs in presence of clouds, whereas the minimum is sensed
under cloudless conditions. In that case, the radiance is due uniquely to the clear
atmosphere and surface reflectance (generally referred to as surface albedo). This
albedo varies over time depending on the biological cycle of the present vegetation,
groundwater content, or presence of ice or snow. To separate the backscattered
radiance reflected by the surface from that coming from clouds, a relative index,
referred to as the cloud index (n), is used. This index varies linearly from 0 to 1 as
sky conditions change from completely cloudless to completely overcast, respec-
tively. The cloud index, which gives a quantitative assessment of cloud extinction,
is correlated with the so-called clear-sky index, defined as k�t ¼ G=Gc where Gc is
the ideal clear-sky GHI mentioned previously. The n� k�t relationship is deter-
mined empirically. It is not unique, and it varies between semiempirical models
[74, 75, 83]. The basic algorithmic chain in semiempirical models is therefore as
follows: n is determined from the satellite radiance observations, then k�t is deter-
mined from n using the n� k�t empirical relationship, and, finally, G is obtained as
k�t Gc using the Gc value obtained with the CSRT model. To derive DNI from G, an
additional step, involving an all-sky solar radiation separation model, such as
DIRINDEX [74], is required. However, according to Gueymard and Ruiz-Arias
[42], this step typically introduces some bias and large random errors depending on
location.
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An example of a DNI map that results from the application of a semiempirical
method, namely that of Mueller et al. [66], appears in Fig. 8. The method is used to
construct the CM-SAF database from imagery generated by the SEVIRI sensor
onboard the Meteosat Second-Generation geostationary satellite.

Although the semiempirical methodology is most widely used in solar-resource
assessment studies, there are sources of uncertainty associated with it, the relative
importance of which was discussed by Cebecauer et al. [13]. In particular, the
proper evaluation of DNI under cloudless conditions requires an accurate evaluation
of aerosol extinction. Because of shortcomings in most simple clear-sky models and
in the aerosol data they use, large biases in monthly or annual DNI are frequently
observed over arid areas in particular [39].

Ineichen [47] performed a thorough long-term validation study of 7
satellite-derived solar irradiance databases (in the public domain or not) derived
with some of the most current models, thus representing the state-of-the-art in
semiempirical modelling. Their simulated GHI and DNI hourly values were com-
pared with high-quality ground observations from 18 stations in the European and
Mediterranean region. The author found that the overall accuracy of the
satellite-derived hourly GHI is characterized by a negligible bias and an SD
between 17 and 24 %. For DNI, the models’ bias and SD vary between −9 and
+12 % and between 34 and 49 %, respectively. At a daily scale (respectively,
monthly scale), the DNI models’ bias and SD values vary between −9 and +11 %
(−9 and +12 %), and between 21 and 35 % (10 and 16 %). Although large dis-
crepancies may exist for specific sites and models, all of the products normally

Fig. 8 Mean annual sum of DNI obtained during the period 2003 to 2005 from the CM-SAF
(http://www.cmsaf.eu), which uses Meteosat Second-Generation satellite imagery and an approach
based on Mueller et al. [66]
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provide an average annual GHI within one SD of the interannual variability. In the
case of DNI, 8 of the 9 satellite models provided estimates within 1 SD of the
interannual variability with the best SD being 6 %.

4.4 Numerical Weather Prediction Models

NWP models are mainly intended to provide weather forecasts. Indeed such models
are routinely used by all meteorological services to predict the weather. NWP
models typically generate forecasts by combining a more or less precise description
of the atmosphere at an initial time, and a computer model that casts the state of the
atmosphere to future times. The skill of weather forecasts therefore has a twofold
component: (1) the accuracy of the atmosphere description at the initial time; and
(2) the skill of the computer model to represent the physical processes of the
atmosphere.

The description of the atmospheric initial conditions for NWP modelling is
based on routine worldwide observations from, e.g., ground stations, radiosondes,
geostationary and polar satellites, marine buoys, aircraft, or Global Positioning
System sensors [97]. All of these data sources are ingested every few hours, quality
controlled, and combined with other observations through a complex computational
process called data assimilation [48, 49].

The computer model of the atmosphere consists of a set of complex partial
differential fluid dynamics equations supported by numerical models of physical
processes unaccounted in these equations. One such process is the transfer of solar
radiation throughout the atmosphere, which is modelled with RT models. One of
them is the popular RRTMG model already introduced in Sect. 4.1 (see Fig. 6).
An RT model allows the NWP system to predict and evaluate the radiation
absorbed at each level of the atmosphere (which causes its heating) as well as the
total flux reaching the Earth’s surface.

Because the solar feedback in most of the processes that occur in the atmosphere
and at the surface can be well represented with only GHI, the specific calculation of
DNI is usually not considered in NWP modelling. Recently, however, the interest in
DNI has considerably increased, boosted mostly by requests from the solar energy
community. In particular, the solar industry increasingly depends on accurate solar
radiation and solar power production forecasts. The weather research and fore-
casting (WRF) NWP model [91] is one of the first NWP models to incorporate
specific capabilities for DNI modelling. The WRF model’s prediction skills for GHI
and DNI have been evaluated by, e.g., Lara-Fanego et al. [50] and Perez et al. [76].
Its specific use to forecast DNI for CPV applications has also been discussed by
Lara-Fanego et al. [51].

Atmospheric RT calculations are one of the most computationally intensive
processes in NWP modelling. Consequently, the RT algorithms included in NWP
models have been largely simplified and customized for the evaluation of GHI only.
Fortunately, the steady increase in computational power allows a more detailed
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representation of the radiative processes that occur in the atmosphere. In this
context, the comprehensive evaluation undertaken by Ruiz-Arias et al. [87] showed
the good skill of WRF at predicting GHI and DNI under clear conditions.

Provided the aerosol optical properties are well described (from, e.g., AER-
ONET data), Fig. 9 shows that WRF provides highly reliable estimates of clear-sky
GHI and DNI comparable with those from the SMARTS spectral RT model [27,
32]. In contrast, when the radiative aerosol effects are oversimplified—which is the
general rule in NWP modelling—or even neglected, such as in the case of the
RRTMG simulation with no aerosols in Fig. 9, a noticeable systematic bias appears
in the simulated DNI (but not GHI) values. To improve this situation, Ruiz-Arias
et al. [88] proposed a versatile numerical scheme—now implemented into WRF—
that evaluates the aerosol radiative effects at the Earth’s surface from regular AOD
observations. Assuming that these are sufficiently accurate, this parameterization
delivers results comparable with those shown in Fig. 9.

Although NWP models are mainly intended for weather forecasts, they can also
be used for a retrospective weather evaluation called reanalysis [15, 81, 90]. This
includes multidecadal evaluations of solar radiation time series [10] even predating
the period covered by the satellite methods described in the previous section.
Nonetheless, satellite-based methods still provide a more accurate representation of

Fig. 9 WRF-simulated versusmeasured GHI (upper panels) and DNI (lower panels). WRF is used
here with the RRTMG radiation model assuming either an ideal atmosphere with zero aerosols [left
column] or a realistic atmosphere with aerosol optical properties observed at AERONET stations
[middle column]. The rightmost column shows alternate simulations obtained by the SMARTS
spectral RT model in lieu of the WRF/RRTMG model still using the same aerosol inputs. The
number (N) of samples and the linearly explained variance (r2) are shown in each panel
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clouds, and they are generally preferred over NWP models for the evaluation of
solar radiation. Very recently, however, Ruiz-Arias et al. [89] proposed a meth-
odology to fuse satellite- or NWP-based irradiation data and ground observations.
With this method, NWP models may become a valid approach for regional solar
resource assessments if a sufficient density of ground radiometric stations exists.

5 Solar Radiation Measurement and Quality Control

Solar radiation can be measured with different types of radiometers. They differ by
their detector, time response, quality of materials and construction, maintenance
requirements, uncertainty, field performance, and cost. Although DNI can be
measured with a single instrument, it is strongly suggested to add separate instru-
ments to measure the two other components (global and diffuse) independently.
This is an essential part of the best practice in this field [95]. The goal here is
twofold:

• Redundant measurements allow a much improved quality-assurance process
(see Sect. 5.4) and thus less uncertainty in the resulting data stream.

• Redundancy also provides a way to replace missing data points in virtue of
(Eq. 7) in case of data breaks, which occur frequently in practice. Data breaks
are a major issue in solar resource assessments because they degrade the quality
of the overall database and the bankability of future projects.

5.1 Conventional Instrumentation

Direct normal radiation is conventionally measured with pyrheliometers. They have
a narrow angular aperture now standardized to 5° (or 2.5° half-angle) to measure
unscattered sunlight with, however, some inadvertent contribution from diffuse
radiation emanating from the Sun’s aureole, also referred to as the circumsolar
region (Sect. 7). Remarkably, a well-maintained and calibrated pyrheliometer
provides irradiance data with the best possible accuracy compared with any other
field radiometer. However, pyrheliometers must permanently point to the Sun and,
for that reason, must be mounted on a tracking device such as a dedicated Sun
tracker (see Fig. 10, left). This requires electricity and regular maintenance to
guarantee correct tracking. Modern trackers are computer controlled and can point
at the Sun very accurately even before it rises. Such trackers are, however, much
more expensive than the radiometer itself, which makes the long-term monitoring
of DNI a costly proposition.

The sensor in pyrheliometers is a black receiver connected to a thermopile
detector, which converts solar heat into an electric signal. The typical time constant
of modern pyrheliometers is a few seconds. Some newer compact models have an
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advanced design that includes a faster thermopile, which decreases the signal time
constant. Such models have the benefit to improve precision in situations when DNI
changes rapidly over time. The receiver is protected from stray light by a collimator,
whose inside surface is black and equipped with baffles. This attachment is also
protected from the elements by a quartz window, which has a high transmittance
over the whole shortwave domain (≈0.2–4 µm).

Global hemispherical radiation (G) is measured with a pyranometer, which is a
fixed, horizontally mounted radiometer with a 180° field of view. If appropriately
shaded from the Sun with a shading element (ideally a shading ball mounted on a
Sun tracker), it then senses diffuse radiation (D). Pyranometers use the same
thermopile technology as pyrheliometers, and their time constant is thus compa-
rable. The detector is here protected by a double glass dome whose transmittance is
somewhat decreased compared with that of pyrheliometers, i.e., typically from 0.3
to 2.8 µm. The slight loss of energy beyond 2.8 µm is compensated for by the
calibration process, but this introduces some uncertainty. Overall, pyranometers
have more sources of uncertainty than pyrheliometers (see Sect. 5.5). To decrease
uncertainty in the measurement of G, the state-of-the-art technique—contrarily to
conventional wisdom—consists in obtaining it indirectly by the component-sum
technique, in which DNI is observed with a pyrheliometer, its horizontal component
calculated using the Sun zenith angle, and D sensed with a shaded pyranometer.
This approach mitigates a number of errors that are typically present in pyrano-
metric observations of global irradiance [61]. In parallel, this indirect determination
of G can be compared with its direct measurement from the unshaded pyranometer,
thus providing a powerful way to detect experimental issues (Sect. 5.4). The
installation of specially designed ventilation units for all of these radiometers is

Fig. 10 Equipment for the measurement of solar radiation. To the left, a dedicated Sun tracker on
which a pyrheliometer and two pyranometers (shaded and unshaded) are mounted. To the right, a
rotating shadowband irradiometer. Photo (c) C. A. Gueymard
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desirable as a way to minimize soiling (from, e.g., dew or dust) and experimental
errors. The recommended specifications of thermopile radiometers for optimal
irradiance measurement are listed in Table 1.

5.2 Specific Considerations for Solar Resource Assessment

The previous section is of general validity and thus applies to any type of “per-
manent” radiometric station. For solar resource assessment studies, which take
place before a CPV project is built or even financed and may be of a temporary
nature, the optimal setup can be different. Based on considerable practical experi-
ence, this section offers basic considerations as well as important recommendations
on the practice of solar-resource assessment for solar power applications, in the
context of future CPV projects, particularly those to be built in arid areas.

The role of radiometric stations aimed at solar projects is to gather high-quality
irradiance data with established methods toward the confirmation of
satellite-derived modeled solar resource data (long-term time series) obtained

Table 1 Recommended instrument specifications for solar resource assessment and long-term
monitoring

Pyrheliometer specifications

Operating temperature −40 to +80 °C

Response time <5 s

Full opening view angle 5° ± 0.2°

Spectral range 200–4000 nm

Calibration accuracy <±1.1 %

Sensitivity temperature correction <±0.5 % (−20 to +50 °C)

Measurement accuracy (linearity, drift) <±0.7 %

Maximum expanded uncertainty* (U95) <2 %

Prevention of soiling Desirable (optional collimator ventilator)

Pyranometer specifications

Operating temperature −40 to +80 °C

Response time 5 s

Spectral range 285–2800 nm

Thermal zero offset <±10 W m−2

Sensitivity temperature correction: <±1 % (−20 to +50 °C)

Directional error <±10 W m−2

Calibration accuracy <±1.1 %

Measurement accuracy (linearity and drift) <±0.8 %

Maximum expanded uncertainty* (U95) <6 %

Prevention of soiling Desirable (optional ventilation unit)
*The expanded uncertainty (U95) is 1.96 times the standard uncertainty. The latter is the most
usually reported by manufacturers, which might be confusing
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independently. Due to the failure of some projects that overestimated the DNI
resource by the use of incorrectly modeled data, lenders now most generally require
on-site measurements to confirm modeled estimates, the uncertainty of which is
significant with regard to arid areas [13, 96]. On-site measurements must deliver
appropriate high-quality data in support of the project before it reaches the final
design and financing stages, which implies swift diligence, expertise, and close
supervision to avoid data losses or inacceptable overall uncertainties.

In case of disagreement between the on-site measurements and the modeled data,
which frequently occurs in the case of DNI, the former can be efficiently used to
correct the latter. This process is referred to as site adaptation or record extension
[5, 40, 54, 96]. The resulting corrected data can in turn be used to refine the energy
simulations of the projected plant output [based on, e.g., revised typical meteoro-
logical years (TMY)] and ultimately improve bankability.

The best practice in solar-resource assessment should include the following tasks
and activities:

• Selection of a suitable ground measurement station exactly at the project site or
close to it (within 3-km distance, assuming a smooth terrain)

• Acquisition of on-site ground observations under controlled conditions for a
period of at least 12 months

• Acquisition of long-term (>15 years) solar irradiation data from satellites
• Correction and gap filling of measured data
• Assessment of measured data quality and uncertainty
• Comparison of satellite and ground observations, and long-term bias correction

of the former
• Derivation of corrected long-term averages, solar resource variability, TMY,

and overall uncertainty in the solar resource assessment.

A professional assessment of a project’s solar resource is to a solar power plant
what a geological survey is to a gold mine: Without solid evidence of the presence
of gold, no banker would invest in a mine. It is generally considered that a mini-
mum annual average DNI resource of 2000–2200 kWh/m2 is necessary for CPV
applications. The best-known sites in the world have an annual DNI resource
>2600 kWh/m2 (or 7.1 kWh/m2/days on average). The best possible resource
assessment study uses a combination of onsite measurements and long-term
satellite-derived modeled data to establish the DNI resource with a low (and pro-
ven) uncertainty as well as its seasonal and interannual variability.

The previous section described the use of thermopile radiometers for irradiance
measurement. Such instruments correspond to the standard practice, which is fol-
lowed, e.g., by meteorological networks or research-class stations. However, such
instruments have some drawbacks, such as the following, that may make them less
appropriate in the practice of solar resource assessments:

• Substantial power requirements, particularly for the Sun tracker, which may be
difficult to provide at remote sites or may require a costly autonomous PV system
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• Frequent maintenance and cleaning requirements, particularly in arid/desert
areas, where a daily cleaning cycle might be necessary, thus leading to per-
sonnel and budget constraints

• Substantial first cost of the equipment.

For all of these reasons, many stations being deployed for CPV projects are
instead equipped with a kind of instrument often referred to as rotating shadow-
band irradiometer (RSI), which does not have these limitations. Such a device
basically consists of two main parts (see Fig. 10, right): a single photodiode sensor
placed horizontally and a small motor-activated shadowband rapidly rotating
around the sensor at regular intervals, thus intermittently blocking the direct radi-
ation component from the sensor [24, 100]. The global and diffuse irradiances are
determined from the unshaded and shaded sensor response, respectively, and the
direct irradiance is ultimately calculated at each instant by difference using Eq. (7).
An RSI has its own drawbacks, however, as follows:

• Strong spectral selectivity and temperature dependence of the photodiode,
which must be corrected in the software as completely as possible

• Difficult, lengthy, and uncertain calibration process
• Greater measurement uncertainty than thermopile instruments
• Difficulty to thoroughly quality control the data because only two independent

components (global and diffuse) are actually measured.

The response time of an RSI is only a few milliseconds, i.e., approximately 2–3
orders of magnitude faster than thermopiles. Although this is obviously ideal to
track high-frequency changes in irradiance due to cloud passages, this is not a
decisive advantage when evaluating the solar resource because the focus is on
monthly and annual averages, which themselves are derived from data delivered at
1- to 10-min intervals.

The temperature and spectral sensitivity of the silicon sensor, and its total lack of
response below approximately 0.4 µm and above approximately 1.05 µm, generate
systematic and time-variable deviations in its response compared with a reference
thermopile instrument [71]. These deviations must be appropriately corrected to
obtain usable measurements. To that end, some variables, such as sensor temper-
ature and air mass, must be determined. There are presently different empirical
correction formulas available that differ somewhat in their method and accuracy
[22–24, 99]. More sophisticated correction procedures have now been developed by
RSI manufacturers, but these are proprietary.

Photodiode sensors are usually much less sensitive to soiling than thermopile
instruments, and their power requirement is also much less. Therefore, they can
easily be designed as part of a self-sufficient remote station with a small autono-
mous power supply (PV panel and battery). Their raw solar irradiance signal must
be postprocessed (in the data logger’s software) to include the corrections just
mentioned. Although their nominal accuracy is lower than that of thermopiles, RSIs
have proved to be very reliable at remote sites even in difficult environments.
Moreover, their accuracy is generally considered good enough to finance
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utility-scale solar power projects. The total hardware cost for a complete RSI-based
solar resource station (equipped to measure all components of solar radiation,
temperature, barometric pressure, relative humidity, and wind speed and direction)
is 2–3 times less than that of a conventional thermopile-based station.

Various studies have been published to evaluate the comparative performance of
various types of radiometers [4, 24, 36, 62, 64, 101]. Such studies can help make
sound decisions about the most appropriate type and brand of sensor to buy
depending on the specificities of each project including budget.

Once the solar power plant becomes operational and is therefore manned on a
daily basis, a thermopile-based station might become advantageous for precise
long-term monitoring of the plant’s performance. This monitoring station could be
the same as the initial solar resource station or could be added to it. The latter option
is recommended if the power plant has a large size, in which case two DNI mea-
surements at some distance are better than one. Moreover, this dual-station
arrangement provides the necessary redundancy to avoid data breaks.

Additional requirements and specifications include an appropriate measurement
sampling rate (typically 1 Hz). The time step of data records should be 1–10 min—
the shorter the better. The average, maximum, minimum, and standard deviation
values of each variable should be reported by the data logger at the end of each time
step. The equipment should be properly grounded to prevent lightning damage and
shielded to prevent radio frequency interferences. In addition, the equipment must
be capable of fast data transfer to the main data center where the data are quality
controlled and analysed.

5.3 Siting, Calibration, and Maintenance

Proper site selection for an automatic weather and radiometric station is an
important issue during the planning stage of any large-scale solar power installation
[95, 100]. In general, the site should be representative of the whole area of interest
and should not be affected by obstructions or local sources of aerosols (e.g., dust
from dirt roads). Other general guidelines for optimal site selection are contained in
the WMO Guide to Instruments and Measurements [107].

The proper calibration of any radiometer is a key factor that determines its
accuracy from day 1. Calibration procedures have evolved over time and are now
more sophisticated than ever, thus keeping uncertainties as low as possible [35].
Proper calibration of a broadband radiometer essentially means that it is traceable to
the World Radiometric Reference (WRR) maintained at the World Radiation Center
in Davos, Switzerland. The transfer of calibration from the WRR to the field
instrument is an essential multistep procedure that should be performed by qualified
personnel only. The overall uncertainty of the instrument under laboratory condi-
tions should be mentioned in all data files for further reference and better judgment
of data accuracy. Each radiometer should be calibrated just before or during
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installation of the weather station and then on a regular basis per the manufacturer’s
recommendations or best practice.

The initial calibration of RSI-type sensors requires additional steps and should
be performed either on site or under climatic conditions comparable with those
anticipated at the prospected site. Most particularly, the aerosol and temperature
conditions at the calibration site should be similar to those of the prospected site
because they both have a notable incidence on the RSI’s spectral effects to be
corrected. Due to remaining inaccuracies in the sensor response under variable
weather and aerosol conditions, the calibration period of RSI sensors should last at
least 2-4 weeks during which a pyrheliometer is maintained next to the RSI to
provide the reference DNI.

5.4 Data Quality Control

Even with regular calibration and maintenance of field radiometers, problems still
do occur due to, e.g., power failure, loss of tracking, sudden soiling (e.g., bird
droppings, frost), progressive drift, data logger issues, etc. Quality control (QC) is
an essential near real-time and a posteriori procedure necessary to detect any
departure from normal operation, flag the quality of each data point, attempt to
correct problematic data points, and even fill in data breaks [106].

For three-component measurements using independent thermopile instruments,
various tests exist to exploit the redundancy that allows G to be obtained in two
different ways (e.g., [59, 84, 85]). Visual quality-assessment tools [104] are helpful.
More sophisticated QC procedures (e.g., [47, 58]) also exist, but they may require
substantial manual intervention and expertise. Therefore, an algorithm or procedure
should be available to enable automatic data collection, screen the collected data
regularly for measurement failures, evaluate data quality in near real time, and
perform data analyses. Rapid detection of measurement problems is an asset
because it translates into less risk of data loss and decreased uncertainties in the
final database. A procedure for analysis and correction of soiling effects should be
included in the analysis software. Flagging of each data point is an important safety
measure because it allows a more informed analysis in the future, which is con-
ducive to decreasing uncertainty. Clever flagging procedures exist to summarize a
quantity of information using only 1 or 2 characters [105]. Proper QC leads to an
easier evaluation of the measurement uncertainty (discussed in the next section),
which itself conditions the overall project’s uncertainty [54]. For all QC tasks,
expert assistance may be critical to guarantee the quality of the data.

5.5 Measurement Uncertainty

Under cloudless situations, it is possible to use high-performance CSRT models to
predict the solar irradiance components—and most importantly DNI—with an
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uncertainty close to that of regular measurements [39, 87]. This, however, requires
favorable conditions (rarely fulfilled in practice) such as the local availability of
high-quality and high-frequency atmospheric data that provide the required inputs
to the model. In any case, the uncertainty in modeled irradiance increases consid-
erably under cloudy or partly cloudy conditions. This explains why good mea-
surements are always assumed to have much lower uncertainty than modeled data
and why the evaluation of the measurement uncertainty is a key aspect in any solar
resource assessment.

As mentioned previously, the observation of DNI with pyrheliometers is nor-
mally the most accurate among all broadband irradiance measurements. Long-term
outside observations under clean atmospheric conditions and tightly controlled
laboratory supervision [64] resulted in a daytime expanded uncertainty (U95) of
approximately 1.7 % for the best instruments currently available on the market.
This value is similar to the 1.8 % quoted by Gueymard and Myers [35] for the
estimated calibration uncertainty of pyrheliometers in general. If restricted to
cloudless conditions only, the uncertainty of the same instruments decreases to
approximately 0.6 % [64]. In parallel, that study found that the long-term bias is
negligible with the best commercial instruments. These results are remarkable, but
they cannot be easily extrapolated to any other condition. In particular, suboptimal
equipment, irregular calibration, or insufficient cleaning and maintenance under
atmospheric conditions prone to soiling would lead to additional sources of dis-
crepancy and bias. Whenever DNI is measured with a good pyrheliometer under the
appropriate maintenance schedule, a conservative long-term daily uncertainty of 2–
3 % is reasonable in general. Under difficult field conditions or inappropriate care,
somewhat greater values can be expected [70].

The U95 uncertainty in pyranometric observations of global or diffuse irradi-
ance, reaching at least approximately 5 % under long-term field conditions, is
greater than that of DNI. Some pyranometers are affected by a strong thermal offset
issue, which results in too-low readings [36]. The instrument’s cosine error and
calibration are other main sources of bias and uncertainty. All of these effects are
highly variable from one brand and model to the next or even from one specimen to
the next of the same model. On a long-term basis, using a 6-year data series,
monthly differences between various pyranometers and reference (component-sum)
measurements of ≥8 % for global irradiance and 14 % for diffuse irradiance were
observed under laboratory supervision [36]. The risk of bias is therefore much more
important in practice than what can be assumed from manufacturer specifications or
conventional wisdom.

The uncertainty in RSI measurements is more difficult to establish because it
highly depends on the calibration and spectral correction methods as well as on
cloudiness and the variability of the local solar spectrum due to, e.g., rapidly
changing aerosol conditions. Based on the limited error analyses and field tests
currently available [24, 71], and on still unpublished results from the BSRN Payerne
station in Switzerland (Personal communication with Dr. Laurent Vuilleumier,
MeteoSwiss, 2014), it is only possible to suggest a rather large range of 3–9 % for the
long-term uncertainty in DNI. Using a well-calibrated RSI and a collocated reference
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pyrheliometer at a research-class site in Kuwait under stringent daily maintenance
schedule, it was found that, compared with thermopile radiometers, the monthly RSI
bias can be within 2 % for DNI and 4 % for GHI [1]. This gives confidence in the
long-term solar resource data obtained with RSI instruments if they are properly
characterized and maintained.

6 Spectral Solar Radiation

In Sect. 3, the broadband transfer of solar radiation throughout the atmosphere was
introduced. Here, further spectral details are discussed starting with spectral
transmission for key atmospheric constituents.

6.1 Atmospheric Constituents

Figure 11 shows the transmittance of various gases under a cloud- and aerosol-free
mid-latitude summertime atmosphere for a zenith Sun (m = 1). Rayleigh scattering
is produced by the combined effect of all atmospheric molecules. It varies as
approximately λ−4, so that it is only important in the VIS and UV regions, which is
why the sky is blue on very clear days.

In addition to scattering, some gas molecules also absorb sunlight. In particular,
CH4 and CO2 absorb in the IR beyond 1 μm. Throughout most part of the VIS
band, the atmosphere is quite transparent except for some thin O2-absorption lines
and a weak O3-absorption band. In the UV, however, O3 strongly absorbs, which is
essential for life on Earth because it blocks the most energetic and harmful photons
from the Sun’s rays before they reach the surface.

The spectral absorption pattern of water vapour is very intricate (Fig. 11). For
wavelengths beyond approximately 0.6 μm, it absorbs in successive bands with
increasing intensity and spectral width as wavelength sweeps the IR spectrum.

The radiative properties of atmospheric aerosols depend on particle type and
shape as well as their size distribution. The shortwave spectral AOD (τAλ) normally
varies according to Ångström’s empirical law, sAk ¼ bk�a; where λ is expressed in
μm, β is the Ångström’s turbidity coefficient (see Sect. 3), and α is the Ångström
exponent, which usually varies from approximately 0.5 (for large aerosol particles
such as desert dust or sea salt) to approximately 2.5 (for fine aerosol particles such
as those originating from pollution). In contrast, β typically varies from approxi-
mately 0.02 for very clean and unpolluted areas to >1 under extremely hazy con-
ditions. Figure 12a shows the spectral aerosol transmittance of solar radiation for
three typical aerosol types: rural, urban/polluted, and dust. The urban/polluted
aerosol type has a steeper spectral variability of sunlight extinction for wavelengths
<1 μm because it is made up of relatively small particles (high α). Conversely, the
large size of dust particles makes the spectral variability in dusty environments very
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flat (low α). Figure 12b shows the effect of α on the spectral aerosol transmittance
for a fixed, moderate value of β. In particular, the smaller the α, the flatter the
spectral dependence of sunlight extinction.

Clouds act as a grey filter because their optical depth (COD or τC) changes very
little for wavelengths <2 μm. Below 1 μm, clouds absorb none or very little radi-
ation, so essentially all extinction is caused by scattering. Thus, although they are
rather opaque, clouds appear white or grey to the naked eye. Beyond 1 μm,
however, they feature some strong absorption bands similar to water vapour. Fig-
ure 13 shows the transmittance of GHI and DNI through ice clouds of varying τC
when the Sun is at the zenith (m = 1). Transmittance of ice clouds for direct
radiation is always equal to exp(–m τC) and is thus wavelength independent.

Fig. 11 Zenith (m = 1) transmittance of different attenuation processes under a typical cloud- and
aerosol-free mid-latitude summertime atmosphere. The bottom panel shows the combined spectral
transmittance of the upper panels

Fig. 12 Zenith (m = 1)
transmittance of a
hypothetical atmosphere with
only aerosols a for typical
aerosol values in three broad
environments and b for fixed
β and three values of α
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Therefore, the relative spectral distribution of direct irradiance under ice clouds is
the same as under cloudless conditions.

6.2 Effect of Air Mass

The variation of air mass during the course of a day results in noticeable changes in
the spectral distribution of direct irradiance at the Earth’s surface. This effect is
illustrated in Fig. 14a for six different zenith angles between 0° and 70°. As θz
increases, the extinction of sunlight becomes stronger at shorter wavelengths
resulting in a progressive red shift in the direct spectrum. This explains the Sun’s
reddish color at sunrise and sunset. The increased spectral extinction at lower
wavelengths is dominated by scattering from molecules and aerosols.

6.3 Spectral Modelling

Modelling of the solar spectrum at the Earth’s surface is made possible by fun-
damental knowledge in electromagnetic theory (for scattering) and spectroscopy
(for absorption). Like with broadband radiation modelling, only the surface direct
irradiance is of interest to CPV applications, which allows the use of simpler and
faster models than those typically developed, e.g., for atmospheric sciences.

If only moderate spectral resolution (122 wavelengths between 0.3 and 4 µm) and
accuracy is required, the SPCTRAL2 model [6] is suggested. For more demanding
applications, SMARTS [26, 27, 68] is the model of choice. It evaluates the spectrum
at 2002 wavelengths between 0.28 and 4 µm and includes optional calculations such
as the CSI or the simulation of spectroradiometers. The model has been extensively

Fig. 13 Zenith (m = 1) transmittance of GHI and DNI throughout a hypothetical atmosphere with
only ice clouds with different COD values at 550 nm. Values obtained with the libRadtran v1.7
radiative transfer code
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validated [26, 27, 34, 63, 69, 87] and has generated reference spectra for the PV
industry [28], which eventually became standardized (see next section).

More generally, the flexibility and performance of SMARTS are key to evaluate
the power output and energy yield of CPV systems under widely different climatic
conditions [14, 19, 20, 94]. Another promising avenue is the development of
“tunable” multijunction cells that can be adapted to a local climate based on
SMARTS simulations [16, 108].

6.4 Standard Reference Spectrum: Irradiance and Photon
Flux

Per the discussions in Sects. 6.1 and 6.2, the spectrum of incoming direct solar
radiation at the Earth’s surface is highly variable in both time and space. A con-
sensus spectrum is thus needed to rate the performance of many different CPV cells
relatively to a commonly accepted basis. In the early 2000s, it became obvious that
the atmospheric clarity of the southwest United States would be ideal for the
development of CPV projects. This prompted the study of the atmospheric con-
ditions and DNI resource of the region [28]. Using a “typical” mean AOD of 0.084
at 500 nm, a reference direct spectrum was obtained with then-current SMARTS
version 2.9.2. The integrated broadband irradiance was 900 W m−2, i.e., 10 % less
than with the global spectrum used for the rating of regular PV cells.

In 2003, and based on that base study, the American Society for Testing and
Materials (ASTM) promulgated the standard G173 containing two reference solar
spectra at air mass 1.5. This standard is still current [2]. Figure 14b shows the main

Fig. 14 Spectral direct solar radiation simulated with SMARTS a for six different solar zenith
angles from 0° to 70° and the atmospheric parameters defined for the American Society for Testing
and Materials (ASTM) G173 AM1.5 standard [2]. b Direct ASTM G173 AM1.5 standard
reference spectrum (left axis) and the corresponding photon flux (right axis)
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part of the direct G173 spectrum, usually referred to as AM1.5D. For future ref-
erence and to maintain accessibility to the underlying model, the ASTM also
increased SMARTS to the status of adjunct standard, thus allowing its use in all
applications that require consistency with the standard spectrum.

In addition to irradiance, a concept that is of major importance in PV applica-
tions is that of photon flux, which is the number of photons incident on a normal
unit surface per unit of time. It is directly related to the quantum effect of photons
and is therefore the appropriate quantity to convolve with the external quantum
efficiency of CPV cells. The photon flux (Fλ) can be derived from the spectral
irradiance (Eλ) through Fλ = k Eλλ/(hc) where c is the speed of light in vacuum
(2.99792458 × 108 m s−1), h is the Planck constant (6.62606896 × 10−34 J s), and
k is a numerical constant to reconcile units. For instance, it equals 1 × 10−13 for λ in
nm, Eλ in W m−2 nm−1, and Fλ in cm−2 s−1 nm−1. The photon flux corresponding to
the G173 AM1.5D spectrum is shown in Fig. 14b.

6.5 Spectral Measurement

Spectral irradiance can be measured with a spectroradiometer. Modern instruments
of this type are usually built around a solid-state detector, which has no moving part
and is much faster than older instruments based on a scanning mechanism. A silicon
detector is most generally used for spectral measurements between approximately
0.35 and 1.05 µm. Over this range, spectral irradiance is sensed most typically at
512 or 1024 wavelengths depending on detector performance and cost. To obtain
the direct spectrum, the spectroradiometer must be mounted on a solar tracker and
equipped with a collimator much like a pyrheliometer.

Separate instruments, or a single instrument with multiple detectors, must be used
to extend the spectrum into the UV or NIR, which increases the difficulty (and cost)
of such an experimental undertaking. A possible alternative is to use only a VIS
instrument (spectroradiometer or sunphotometer), derive the most important atmo-
spheric parameters at a few key wavelengths with the help of an appropriate model,
and extend the spectrum by calculation [72]. This, however, requires expertise and
might be difficult to perform under rapidly changing atmospheric conditions. This
technique is also highly dependent on the accuracy of the instrument’s calibration.

The calibration of spectroradiometers is more tedious than that of broadband
radiometers because it usually must be performed against a standard calibrated lamp
inside a specialized laboratory. This explains why only a few laboratories in the
world have the resources to monitor the solar spectrum on a quasi-continuous basis.
One of these laboratories is the National Renewable Energy Laboratory (NREL) in
Golden, Colorado, where a few spectroradiometers are deployed to measure the
spectral distribution of global horizontal, global tilted, and direct normal irradiance
automatically and at high frequency (typically 1- to 5-min intervals).

Figure 15 shows an experimental AM1.5 direct spectrum recently measured
with two collocated instruments: An Eko WISER covering the spectral range
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350–1650 nm at 1-nm intervals, and a Prede PGS-100 covering 334–1075 nm at
approximately 0.73-nm intervals. In addition, two modelled spectra are also shown:
the G173 AM1.5D spectrum and a simulation obtained with SMARTS version
2.9.6 based on observed atmospheric information for that specific time. This par-
ticular calculation makes use of the instrument’s bandpass characteristics and the
SMARTS postprocessor to smooth the modelled spectrum and properly simulate
the instrument’s response. The comparison in Fig. 15 illustrates the fact that spectral
measurements typically remove a significant part of the fine structure in the spec-
trum. Although the two instruments are collocated and calibrated the same way,
they disagree by as much as 8 % around 1 µm. Finally, the measured and simulated
spectra on that day were only slightly different from the G173 standard, which is
reassuring but unexpected considering the greater AOD at measurement time [0.115
compared with 0.084 for the standard spectrum (at 500 nm)]. The resulting stronger
aerosol extinction, however, is compensated for by decreased molecular scattering
because the experimental site is at high elevation (1830 m compared with sea level
for the standard spectrum). This discussion illustrates the benefit of comparing
modelled and measured spectra to better understand and precisely characterize local
spectral effects on CPV systems.

7 Circumsolar Radiation

As discussed in Sect. 5, modern pyrheliometers have an opening angle, εp, of
approximately 2.5°, which is an order of magnitude greater than the apparent Sun’s
radius (0.266° at the average Sun Earth distance). This means that in addition to the
pure direct irradiance emanating from the Sun’s disc itself, these instruments also
sense diffuse radiation emanating from the Sun’s aureole, commonly referred to as
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CSI. This sky area is usually very bright due to the forward-peaking characteristic
of the aerosol and ice cloud scattering processes. Although CSI is diffuse in nature,
it behaves like direct radiation and therefore can be concentrated. However, HCPV
systems have an acceptance angle that is much lower than εp. This means that
pyrheliometer measurements tend to systematically overestimate the direct irradi-
ance that can be really used by HCPV systems. Conversely, pyrheliometer mea-
surements would normally underestimate the irradiance incident on LCPV systems.

Contrarily to pyrheliometers, solar radiation models normally do not include any
circumsolar radiation in their DNI predictions; thus, they tend to slightly under-
estimate the actual irradiance incident on any type of CPV system. A notable
exception is the SMARTS model [27, 32, 38].

Research has shown that the ratio CSI/DNI is nearly proportional to the receiver’s
opening angle [38]. Under clear skies, this contribution is typically small, <1%. It is
a function of both m and AOD and also depends on the type of dominant aerosol.
Scattering by dust aerosols, most noticeably, has a stronger forward-peaking char-
acteristic than other aerosol types, which results in a greater CSI for a fixed AOD.
It can therefore be expected that CPV systems built in or around deserts can expe-
rience significant contributions during hazy periods.

Results from theoretical calculations [80, 98] have shown that the CSI generated
by ice clouds is much greater than that generated under cloudless conditions.
Observations have indeed confirmed this: Circumsolar contributions to the reading
of a pyrheliometer can reach up to approximately 50 % when DNI is still
>400 W m−2, which is remarkable [8].

Various methods exist to evaluate the broadband CSI experimentally [38, 102,
103]. For CPV applications, however, the spectral distribution of CSI also must be
taken into consideration, which complicates the issue. Under clear skies, CSI can be
evaluated spectrally with SMARTS [27] if the aerosol conditions are known. Under
cloudy conditions, a more sophisticated type of model and more data are needed
[80, 98], which means that the real-time simulation of CSI at high frequency is still
not a realistic possibility in practice. For further reading, a recent publication offers
a comprehensive discussion on the issues related to the relative determinations of
CSI and DNI and on how CSI affects concentrating solar technologies [8].

8 Summary

Current methods to model and measure the solar resource for CPV applications
were introduced in this chapter. At any instant, the magnitude and spectral distri-
bution of incoming DNI on the concentrator determine the instantaneous power
produced by the generator. In the long-term, an accurate evaluation of the solar
resource is required to secure the financing of large solar projects. In the short-term,
detailed knowledge of the rapid variations in DNI is required to track the frequency
and magnitude of irradiance ramp rates. Such studies may be important in the
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context of inverter safety, grid stability, spatial variability of power generation, and
complementarity with other variable energy sources.

Throughout the atmosphere, sunlight is attenuated by various atmospheric
constituents, three of which are both strong and highly variable over time and
space: water vapour, aerosols, and clouds (in increasing order of potential attenu-
ation). Accurate modelling of DNI requires a proper characterization of the atmo-
spheric state regarding both aerosols and clouds. This is highly challenging because
their respective optical depths (AOD and COD) are difficult to obtain precisely at
any instant and location.

The common approaches currently used in DNI modelling have been discussed.
In particular, clear-sky radiation models constitute an essential tool to determine the
solar potential over regions with high solar resource, which are typically charac-
terized by low cloudiness. When only GHI measurements are accessible (which is a
frequent situation), the numerous all-sky separation models in the literature offer a
means to easily estimate DNI. However, they are not “universal” and introduce
significant estimation errors. Satellite-based solar radiation models provide the most
accurate and reliable synthetic solar radiation time series, particularly for GHI.
For DNI, however, remaining modelling challenges significantly increase its
uncertainty particularly over arid areas. NWP models represent the current
state-of-the-art in atmospheric modelling, although their skill at evaluating solar
radiation (and DNI in particular) is still limited compared with methods based
purely on satellite imagery. Still, they will certainly become the standard approach
for solar radiation assessment and forecasting in the future.

An important part of this chapter has been devoted to the current instruments and
techniques—including discussions on station siting and maintenance, data quality
control, and experimental uncertainty—for solar radiation measurement. The pros
and cons of thermopile radiometers and photodiode-based sensors have also been
discussed in the context of solar resource assessments and short measurement
campaigns at remote sites.

Finally, although this has not been directly discussed in this chapter, the study of
the variability in DNI over the short-term future (from 1 s to a few days) constitutes
a research topic known as solar forecasting, which deserves to be mentioned here.
The forthcoming DNI’s magnitude and probability of occurrence are key inputs that
condition important decisions to be taken every day, even every 15 min, by plant
operators and electric grid regulators. Considering the technological, financial, and
economical implications of a rapidly increasing penetration of variable electric
generation (such as from CPV and solar systems in general), the role of solar
forecasting appears essential. Although this kind of forecasting is still in its infancy,
the existing tools already improve the dispatchability of all kinds of solar power
plants and the management and stability of the electric grid, decrease the need for
costly spinning reserves, and ultimately decrease the overall cost of electricity
production at the country scale. Considerable improvements are expected in the
coming few years that will benefit the development of solar energy in general.
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Standards for Testing High-Concentrator
Photovoltaic Modules

I. Petrina, A.B. Cueli, J. Díaz, J. Moracho and A.R. Lagunas

Abstract A key concept when deciding the investment in a determined photo-
voltaic (PV) product is to know if it passed enough tests to ensure its good per-
formance and its safety and durability characteristics. Testing under internationally
recognized standards has some advantages. From the point of view of the designers
and manufacturers, the certification obtained according to international standards
allows them to test their designs against common parameters and, based on the
results, to define the extent of their warranties. From the point of view of end users,
the employment of certified products involves that they are reliable enough to
ensure reasonable sustained performance over the years and to minimize the
appearance of risks during installation and operation.

1 Introduction

The first standard for concentrator photovoltaic (CPV) modules and assemblies
was released in 2001 by the Institute of Electrical and Electronics Engineers (IEEE).
The publication “IEEE1513-2001—Recommended Practice for Qualification of
Concentrator Photovoltaic (PV) Receiver Sections and Modules” [1] established the
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minimum tests and inspections required to evaluate photovoltaic concentrating
modules as well as a common approach (e.g., between producer and purchaser) in
conducting qualification tests.

If no weaknesses were identified during the qualification process, both manu-
facturer and customer could expect a more reliable product.

Later, in 2002, the Technical Committee (TC) 82 of IEC began the development
of a new standard for the qualification of CPV modules and assemblies.

The International Electrotechnical Commission (IEC) is the world’s leading
organization that prepares and publishes international standards for all electrical,
electronic, and related technologies. It is divided in 174 TCs, each of them with
various working groups. The technical committee for PV systems—TC82, Working
Group 7 (WG7), which is inside TC82—develops international standards for PV
concentrators and receivers. The first standard developed by this working group
was the IEC62108, the initial draft of which was based on IEEE1513-2001. That
was withdrawn on December 2006, before the publication of the IEC62108:2007,
“Concentration Photovoltaic Modules and Assemblies—Design Qualification and
Type Approval” [2] in December 2007.

IEC62108:2007 is actually the most important standard for CPV modules and
assemblies to enter the market. The experience of testing laboratories applying this
standard has already produced the need for a revision of the first edition. The
application of the IEC62108 standard is more difficult due to the fact of the great
variety of CPV systems ranging from small modules of a few watts to larger
systems of various kilowatts [3]. In the case of large components, the laboratory
must discuss with the manufacturer the definition and fabrication of representative
samples that might be used for some tests. In cases where a requirement for the real
size product exists, such in outdoor exposure, testing might be performed in situ
(e.g., in CPV plants) instead of in the laboratory facilities. In addition, different
severities defined for the same tests allow the manufacturer to choose the option
that better matches the particulars of their product. All of these facts require more
active communication between the manufacturer and the laboratory than in the case
of flat PV module technologies.

Apart from this standard, the IEC TC82 Working Group 7 released
IEC62670-1:2013 “Photovoltaic Concentrators (CPV)—Performance Testing—
Part 1: Standard Conditions” [4] and, recently, IEC62817:2014 “Photovoltaic
Systems—Design Qualification of Solar Trackers” [5].

IEC WG7 is also working on other standards as:

• IEC62688 CPV Module and Assembly Safety Qualification,” which will
probably be released by 2016;

• IEC62670-2 CPV Performance Testing Part 2: Energy Measurement;
• IEC62670-3 CPV Performance Testing Part 3: Performance Measurements and

Power Rating;
• IEC62108 (ed. 2) CPV Modules and Assemblies—Design Qualification and

Type Approval;
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• IEC62787 CPV Solar Cells and Cell-on-Carrier (CoC) Assemblies—Reliability
Qualification;

• TS/IEC62789 Technical Specification of Concentrator Cell Description;
• IEC62925 (ed. 1) Thermal Cycling Test for CPV Modules to Differentiate

Increased Thermal Fatigue Durability;
• New Proposal for CPV Solar Simulators; and
• New Proposal for CPV optics specification.

Apart from the IEC, Underwriters Laboratories (UL) released, in 2011, UL8703
Issue No. 3 [6], which, in terms of safety, it is mandatory for the United States
market. All of these standards will be discussed in this chapter.

2 IEC62108:2007 CPV Modules and Assemblies—Design
Qualification and Type Approval

2.1 Introduction

Released in December 2007, IEC62108 is accepted worldwide as citing the mini-
mum requirements that a CPV module or assembly must fulfill to enter the inter-
national market.

IEC62108 specifies the minimum requirements for the design qualification and
type approval of CPV modules and assemblies suitable for long-term operation in
open air climates as defined in IEC60721-2-1. The standard is partially based in
IEEE513-2001 and IEC61215 “Crystalline Silicon Terrestrial PV Modules—
Design Qualification and Type Approval” [7], and it consists of a sequence of tests
specific for the CPV product.

The object of the standard is to determine the electrical, mechanical, and thermal
characteristics of the CPV modules and assemblies and to show, as far as possible,
that they are capable of withstanding prolonged outdoor exposure. The life of CPV
units depends on their design, production, environment, and—as a less controlled
aspect—the conditions under which they are operated.

If the CPV unit under test has not been qualified, the entire sequence of tests
must be performed. However, if the sample under test is already qualified and has
undergone any changes (in materials, components, design, or manufacturing pro-
cess) from the previously approved model, the manufacturer and also the certifying
body and testing laboratory should discuss the retesting sequence for the newer
model. To have consistent criterion, a retesting guideline was released in 2010 as a
decision sheet by IECEE, and it will be included in the second edition of this
standard as an annex.
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2.2 Sampling

There is a wide variety of CPV modules and assemblies. For every “type” of CPV
system, the concentration standard defines two items to be tested: the receivers and
the modules/assemblies. The receiver is the group of one or more concentrator cells
and secondary optics (if present) that accepts concentrated sunlight and incorporates
the means for thermal and electric energy transfer. The module/assembly is the
group of receivers, optics, and other related components such as interconnection
and mounting that accepts unconcentrated light. Usually the modules are prefab-
ricated as one unit, and the focus point is not field-adjustable. In contrast, the
assemblies usually are shipped separately; they require some field installation; and
the focus point is field-adjustable.

For CPV module qualification purposes, seven modules and two receivers—
plus one receiver for the bypass/blocking diode thermal test—are required to be run
through all of the specified tests. In the case of assemblies, nine receivers (including
secondary optics sections if applicable) and seven primary optics—plus one
receiver for the bypass/blocking diode thermal test—are required to be run through
all of the specified tests. If a full-size module or assembly is too large to fit into
available testing equipment, or a if a full-sized module or assembly is too expen-
sive, a smaller representative sample may be used.

Representative samples must include all components except for some repeated
parts. They must achieve maximum similarity to the full-size component in all
electrical, mechanical, and thermal characteristics related to quality and reliability.
The cell string in a representative sample should be long enough to include at least
2 bypass diodes and no fewer than 10 cells. The encapsulations, interconnects,
terminations, and clearance distances around all edges should be the same as on the
actual full-sized products.

The testing laboratory must be involved in the design of the representative
samples and discuss it with the manufacturer to take into account all of the possible
weaknesses that the module might have.

However, even if representative samples are used for other tests, a full-sized
module or assembly should be installed and tested for outdoor exposure.

2.3 Test Sequence

As in IEC61215, the test sequence of IEC62108 includes some preliminary diag-
nosis tests. After this initial diagnosis, the samples are divided into five sequences
where they are submitted to different aging/environmental tests. At the end, a final
diagnosis is made to compute the total degradation that occurred during the qual-
ification process. Figures 1 and 2 define the test sequence for modules and
assemblies, respectively.
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2.3.1 Diagnostic Tests

As it can be seen in both figures, the first tests before the beginning of the sequences
are considered diagnostic tests. These tests can be classified as visual diagnostic,

SEQ F
5m+2r 1r

2m+1r

CONTROL
SEQ E 1m+1r SEQ A SEQ B SEQ C SEQ D
1m 2r 2m 2m 1m

1r

1r

5m+2r
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Ground continuity

10.02
Elec. Perf. Dark

10.04

10.00
Pre-aconditioning

10.01
Visual inspection

10.02
Elec. Perf. SBS

10.02
Elec. Perf. Dark

10.03
Ground continuity

10.04
Dry insulation

10.04

10.07
Damp heat 

10.13
Mechanical load

10.05

10.12
Terminations

10.04 10.04

10.05

Fig. 1 Test sequence for CPV modules
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electrical diagnostic/safety (dry and wet insulation tests and ground-continuity test),
and performance diagnostic (electrical performance side-by-side and dark IV).

The visual inspection allows the examiner to identify defects such as broken
parts or cells, sealant failures, faulty terminations, exposed live parts, corrosion and

SEQ F
7r+5mir 1r

2r+2mir

CONTROL
SEQ E 1r+1mir SEQ A SEQ B SEQ C SEQ D
1r+1mir 2r 2r+2mir 2r+2mir 1r+1mir

1r

1r

7r+5mir

8r+6mir

9r+7mir

On site-testing In-lab testing10.01
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10.03
Ground continuity
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10.11
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10.01 10.04 10.05 10.01 10.0410.01 10.04 10.02 10.01 10.04 10.05

10.04
Dry insulation

10.04
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10.06
Thermal cycle
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10.07
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Ground continuity
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Fig. 2 Test sequence for CPV assemblies
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other conditions that may affect reliability or performance. According to the stan-
dard, the samples must be free of major visual defects, which are defined as follows:

• Broken, cracked, bent, misaligned, or torn external surfaces including lens,
mirror, receiver body, frame, and junction box;

• Broken or cracked cells;
• Bubbles or delamination forming a continuous path between any part of the

electrical circuit and the edge of the receiver;
• Visible corrosion of any of the active circuitry of the sample;
• Adhesive or sealant failures; and
• Loss of mechanical integrity to the extent that the installation and/or operation

of the modules or assemblies would be impaired.

The electrical insulation test determines if the CPV sample is well-insulated
between all active parts of the module and the frame or the outside world. The test
is performed in two steps. First, a voltage of 1000 V plus twice the maximum
system voltage (as rated by the manufacturer) is applied between the shorted
positive and negative terminals and the frame. This voltage is maintained for 2 min,
and no dielectric breakdown must appear. Then the voltage is reduced to 500 V and
maintained for another 2 min. After this time, the insulation resistance is measured.

The purpose of the wet insulation test is to evaluate the insulation of the CPV
system under wet conditions and also to verify if moisture from the weather con-
ditions might cause corrosion, a ground fault, or a safety hazard. In this test, the
sample is immersed, or sprayed, for at least 5 min with an special solution made of
water and a surfactant product. The resistivity of the solution must be <3500 Ω cm.
After this time, a voltage of 500 V is applied between the short-circuit terminals and
the solution that is in contact with the system. Two minutes later the insulation
resistance is measured.

In both tests, the pass criteria are that no dielectric breakdown, surface tracking,
or bubbles appear in the samples; and the insulation resistance must be >50 MΩ for
samples with an overall receiver aperture of ≤0.1 m2, and >5 MΩ m2 for samples
with an overall receiver aperture >0.1 m2.

The ground continuity test is performed to verify that all of the exposed con-
ductive parts and the grounding point of the system have good electrical continuity
under high-current conditions. A current equal to two times the short-circuit current
of the system is applied between the grounding point and any accessible part. The
resistance measured during the current injection must be <0.1 Ω, and no damage
should appear in the joints of the exposed conductive parts. This test is carried only
at the beginning and at the end of each test sequence.

For the electrical performance measurement, two tests are defined in the stan-
dard. The outdoor side-by-side current voltage (I–V) measurement identifies the
power degradation of a test sample comparing its relative power before and after
each test sequence. This relative power is defined as the maximum power of the
sample under test divided by the maximum power of the control sample, which are
both measured under similar test conditions. This method assumes that the changes
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in the control sample electrical performance are insignificant. For conducting this
method, the following meteorological conditions are required:

• DNI must be >700 W/m2, under a clear sky, and with a variation <2 % in every
5-min interval.

• Wind speed must be <6 m/s, and there must be no gust >10 m/s in 10 min before
any measurement.

• The sample temperature cannot vary >2 °C in <1 min.

The test sample and the control sample must be mounted on a two-axis tracker. It
is also possible to mount both samples on adjacent trackers, but in both cases the
samples should be aligned according to the manufacturer’s specifications. If there
are no specifications, the ISC of the module can be used as an indicator of the
alignment. The misalignment should not cause a decrease of >2 % of the ISC
according to its maximum value.

Once the samples are aligned, I–V curves of both samples must be taken as
quickly as possible so the change in the power output caused by the meteorological
conditions is <2 %. Once the measurements are taken, the relative power of the test
sample is calculated as:

Pr ¼ Pm

Pmc
� 100% ð1Þ

where Pr is the sample’s relative power (in %), Pm is the test sample’s maximum
power (in W), and Pmc is the control sample’s maximum power (in W).

Once the sequence is completed, another side-by-side measurement must be
made. The relative power degradation of the test sample is calculated as:

Prd ¼ Pri � Prf

Pri
� 100% ð2Þ

where Prf is the relative power after a given test, and Pri is the relative power before
a given test.

This test is used as a pass/fail criteria after the test sequence steps have been
performed. For the sample under test, the relative power degradation of the module
should be <13 % for outdoor measurements and <8 % for indoor measurements.
This 5 % difference is for taking into account the uncertainty in outdoor
measurements.

The last electrical performance test is the dark I–V measurement, in which the
series resistance of the sample is measured before and after one test. It is mandatory
to perform this test if the sample has been tested at different locations to evaluate
possible changes due to shipping. If the series resistance shows a 10 % increase, the
side-by-side test should be performed. In this test, a power supply is connected to the
test sample; if the sample has a blocking diode, this must be shorted by placing a
jumping lead across its terminals. After this, a current from 0.9 to 1.6 ISC must flow
across the sample registering the values of voltage and current. This must be
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performed as quickly as possible to avoid heating of the sample cells. At least 10
values must be recorded. Finally, a chart of the voltage in the vertical axis and the
current in the horizontal axis must be plotted, and a linear regression in the region of
the linear part of the curve must be made. Then the following equation is obtained:

V ¼ R� I þ V0 ð3Þ

where R is the module’s series resistance, and V0 is the linear-regression constant.
This test is not used as a pass/fail criteria, but it is an easy procedure to identify

possible degradations of the sample after each test.

2.3.2 Sequence A

In this sequence, which is applied only to the receivers, the main test is the thermal
cycling test, in which the ability of the receivers to withstand the thermal mismatch,
fatigue, and other stresses caused by the rapid, nonuniform, or repeated changes in
temperature is determined. If the receivers are too large to fit in the environmental
chamber, or they are very expensive to use, a representative sample can be used.

The thermal cycle test must be performed without adding humidity, and there are
three options to fit the different materials. A dwell time of 10 min minimum at Tmax

and Tmin, within ±3 °C in both temperatures, is required. The thermal frequency
must be between 10 and 18 cycles/day. In addition, the current cycling speed should
be on and off for 10 cycles in 1 thermal cycle, but for temperatures <25 °C, the
current injection should be switched off. The three options and the cycle profile are
shown in Table 1 and Fig. 3, respectively.

This test is being reviewed by IEC TC82–WG7 due to the impossibility of
reaching a steady temperature in the Tmax dwell time when the current is being
injected on the receiver. Another important point to take into account is the time
needed for accomplishing the test, which could vary from 1 month (if 110 °C is
selected and the environmental chamber can achieve 18 cycles/day) to >6 months
(if 65 °C is selected, and the thermal speed is 10 cycles/day). At the end of the test,
the samples should be subjected to the visual inspection and dry insulation tests
with the same requirements as in the initial diagnosis.

After this test, one of the receivers should be subjected to the bypass/blocking
diode thermal test. With this test the capability of the diodes used in the samples to
limit the detrimental effects of the hotspots in the system is assessed. A thermal

Table 1 Thermal cycle test options for sequence A

Option Maximum cell temperature
(°C)

Total cycles Applied current

TCA-1 85 1000 Apply 1.25 × ISC when T > 25 °C
Cycle speed is 10 electrical/thermalTCA-2 110 500

TCA-3 65 2000
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sensor must be attached to the diode. If a special sample must be prepared to
perform this test, the test is called an “intrusive bypass/blocking diode thermal test”;
otherwise, it is called a “nonintrusive test.” In any case, the receiver should be
manufactured with a low-mass thermal sensor attached to the case of the diode with
minimum disturbance to the diode and its thermal environment.

The sample under test must be heated to 75 ± 5 °C. Once this temperature is
reached, a current equal to the short-circuit current must be applied to the diode for
1 h while its temperature is recorded. In that situation, the junction temperature of
the diode must be calculated using the information provided by the manufacturer.
This calculated temperature should not exceed the diode manufacturer’s maximum
junction-temperature rating. If the result is acceptable, a current injection of
1.25 × ISC, must be applied to the diode during another hour. After this second
hour, the diode should still function as a diode. Finally, the sample under test must
be subjected to a visual inspection and a dry insulation test.

2.3.3 Sequence B

This sequence is applied only to modules or assemblies. The first step is a pre-
thermal cycling test according to the temperature profile of Fig. 3, but this is
without current injection. The options for the maximum temperature and number of
cycles are described in Table 2.

After this test, the sample is subjected to the humidity freeze test. The objective
of the test is to see the ability of the modules or assemblies to withstand the effects
of high humidity and temperature followed by a period of freezing temperature. It is
important to note that this is not a thermal shock test. As in all of the tests, except

I=Itest

I=0

No electrical current when Tsample < 25ºC

Tmax

25 ºC

-40 ºC

T1 minimum dwell time 10 min. Cycle duration from 80 min to 144 min

T
em
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T1

T1

Fig. 3 Temperature and current profile of thermal cycle test
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the ones of the sequence E, the use of representative samples is allowed if the
sample under test is too big to fit on to the climatic chamber or if it is too expensive
to use.

The thermal and humidity profile is shown in Fig. 4. As for the thermal-cycling
test, there are two different options for the maximum temperature, which will be set
by the manufacturer depending on the materials used on the samples. These options
are detailed in Table 3.

After the humidity–freeze cycles, and between 2 and 4 h of removal from the
environmental chamber, the sample under test should be subjected to dry and
wet insulation tests. Finally, the sample should be also subjected to the visual

Table 2 Thermal cycle test options for sequence B

Option Maximum cell temperature (°C) Total cycles Applied current

TCB-1 85 200 None

TCB-2 110 100

TCB-3 65 400

Fig. 4 Temperature and humidity profile of the humidity freeze test

Table 3 Options for the humidity–freeze test in sequence B

Option Maximum cell temperature
(°C)

Humidity
(%)

Total
cycles

Applied
current

HFC-1 85 85 20 None

HFC-2 65 85 40
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inspection test. The requirements for the diagnosis tests are the same as in the initial
diagnosis step.

2.3.4 Sequence C

In this sequence there is only the damp-heat test. This test is applied to modules or
assemblies. Its main purpose is to check if the module or assembly can withstand
the effects of long-term penetration of humidity. As in the previous sequence, if the
design under test is too big to fit in the environmental chamber, or if it is too
expensive to use, representative samples may be used. The samples under test are
placed in an environmental chamber in which the relative humidity is maintained at
85 ± 5 % with a temperature of 85 ± 2 °C. The length of time needed for
accomplishing the test is 1000 h. If the materials of the sample are not suitable for
working at that temperature, it is also possible to perform the test at 65 °C and with
the same relative humidity. If this option is selected, the time needed for accom-
plishing the test is 2000 h.

At the end of this exposure, and between 2 and 4 h of the removal of the samples
from the chamber, dry and wet insulation tests must be performed. The samples are
also subjected to the visual inspection test, and the requirements for the results of
the diagnosis tests remain the same as in the initial diagnosis.

2.3.5 Sequence D

This sequence is applied only to one module or assembly. The first test in the
sequence is the mechanical load test, which determines the ability of the module or
assemblies to withstand wind, snow, or ice load.

In this test, the sample is mounted on to a structure according to the mounting
method provided by the manufacturer, and during the whole test the internal circuit
continuity should be monitored. A pressure of 2400 Pa is applied gradually on the
entire front surface. This pressure is maintained for 1 h. The same procedure is
applied to the back surface and then repeated twice until three entire cycles are
achieved. After the test, visual inspection and dry insulation tests should be
performed.

If the module or assembly is not suitable for installation in areas of extreme
climate conditions, the manufacturer should specify the load limits that apply to the
product so that the test pressure level will match these specifications. If the product
is suitable to withstand heavy accumulation of snow and ice, the load applied
during the last cycle onto the front surface of the module is increased until 5400 Pa.

After the mechanical load test, the sample is subjected to the
robustness-of-terminations test. This test is analogous to the test applied to flat-plate
modules. The test attempts to assure that the terminations of the sample and their
attachments can withstand the stresses caused by its installation and operation. The
test procedure is dependent on the kind of termination used (wire or flying leads,
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threated nuts or screws, and, finally, connectors). All of them are described in the
IEC60068-2-21 standard, and in all cases it consists of a tensile test and a bending
test. At the end of the test, the sample shall be subjected to visual inspection and dry
insulation and wet insulation tests, for which the sample shall accomplish the same
requirements as in the initial diagnosis.

The hail test determines if all of the exposed parts of the sample, mainly the lens
and mirrors, can survive a hailstorm. The sample is shot with ice balls (diameter
25.4 mm) at a speed of 22.4 m/s at a minimum of 10 different locations on the
sample. The selected points should meet the following guidelines:

• Any point that may be hit by a hailstorm falling from 45° around the vertical
when the module is under normal operation or stow positions;

• Corners that are no more than 25 mm from the edge;
• Edges and points that are no more than 12 mm from the side or the fixing

structure;
• Farthest points from the fixing points to supporting structures; and
• Any other point vulnerable to hail impact.

There is no specific pass/fail criteria for this test, but the result of every impact
should be recorded and reported in detail. As in the mechanical test, if the sample is
intended to be used in areas where a hailstorm is unlikely, this test can be omitted,
but this should be detailed in the test report and product certificate.

The last test of the sequence is the hotspot test, which determines if the module
or assembly is able to withstand long-term of periodic hot-spot heating. The test
procedure is similar to the one described in IEC61215 for crystalline silicon
flat-plate modules but with adding an extra 3 % of relative power degradation if the
measurement is made by a solar simulator or 5 % if this measurement is made under
natural sunlight for the entire sequence. The procedure depends on the configura-
tion of the bypass diodes in the sample and actually is under revision by IEC TC82.
Finally, the sample shall be subjected to visual inspection and dry insulation tests,
and the sample shall accomplish the same requirements as in the initial diagnosis. If
the module or assembly has a bypass diode per cell, this test can be omitted.

2.3.6 Sequence E

This sequence comprises the tests related with the sample exposure in the field. The
main characteristic of this test sequence is that the use of a representative sample is
not allowed.

Outdoor exposure and the ultraviolet (UV) conditioning are both performed at
the same time. The purpose of the outdoor test is to realize a preliminary analysis of
the ability of the sample to withstand exposure to outdoor conditions, whereas the
UV conditioning test attempts to show possible failures due to limited UV
exposure.
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The sample under test is mounted onto the solar tracker and connected to the
grid, and the DNI, UV irradiation and ambient and module temperatures are
recorded all along the duration of the test. The total dose that the sample must
receive is 1000 kWh/m2 of DNI and 50 kWh/m2 for UV light. This latter dose is
only counted when the DNI is >600 W/m2.

When the exposure is complete, the sample is subjected to visual inspection and
dry insulation tests. In addition, the side-by-side test is performed with an accepted
relative power degradation of 5 % if the measure is performed under a solar sim-
ulator or 7 % if performed under natural sunlight measurement. The allowed rel-
ative power degradation on these tests is lower than in the rest of sequence because
the outdoor exposure is not an aging test.

After the outdoor test, the sample is subjected to the water-spray test, which
evaluates if rain can enter the module or assembly under operating conditions and if
the entered water can produce a ground fault or a safety hazard. In this test, the
module is mounted in four different orientations (with the front face at 45° from the
horizontal, in the stow position, at the normal limit of its allowed tracking, and
upside down, when applicable). In every one of these positions, a rain-test fixture
(according to the requirements of ANSI/UL1703:2002) is placed over the most
vulnerable location of the sample for every orientation. The sample is then exposed
to a water spay for 1 h at each orientation. After each exposure, the sample must be
examined for evidence of water penetration. Finally, between 1 and 2 h after the
final exposure, the module is subjected to the dry insulation test. In addition, visual
inspection shall be performed.

The last test of the sequence is the off-axis test, which determines if a fault in the
tracking system can produce a fault in the sample due to the concentrated solar
radiation. If the system has a fully redundant and failsafe protection for the mis-
alignment issues, the system can be exempt from undergoing this test. The sample
shall be inspected to detect possible materials that could be damaged by high
temperature or intense solar radiation. All of the selected points are tested by
focusing the concentrated light under every point for at least 15 min at an irradiation
>800 W/m2. If no specific locations are observed, then the module is aligned toward
the Sun, and then the tracking system is stopped allowing the Sun to “walk off” at
an angle of 45°. During this test the DNI should be >800 W/m2. The sample is
finally subjected to visual inspection and a dry insulation test.

2.4 Pass Criteria

A CPV module or assembly will be IEC62108 type approved if each sample meets
all of the following criteria:

• The relative power degradation in sequences A to D is <13 % for outdoor
measurement or <8 % for solar simulator measurements.

• The relative power degradation in sequence E is <7 % for outdoor measurement
or <5 % for solar-simulator measurements.
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• No sample shows an open circuit during the tests.
• There is no major visual defect as defined in the visual inspection test.
• The dry and wet insulation requirements are met at the beginning and end of

every test sequence.
• The specific requirements for the individual tests are met.

If one sample does not meet these “pass” criteria on a sequence, two more
samples should be subjected to the entire test sequence. If these two new samples
meet the “pass” criteria, the model will be approved. If any of the two samples do
not meet the “pass” criteria, the model shall be deemed not to have met the qual-
ification criteria, and the entire test program should be repeated.

3 Safety Standards for CPV Modules

3.1 Introduction

There are two safety standards for CPV modules: UL8703:2011 and IEC62688 [8].
The UL is a minimum requirement for entry in the United States markets, and its
third edition was released in May 2011. In contrast, IEC62688 is currently in draft
form, but most of the requirements and test procedures are described; therefore,
most of the manufacturers test their modules against both standards.

Both standards describe the minimum requirements for a CPV module or
assembly to be used in general and restricted areas depending on the module‘s
application class. They are divided in two main parts, which are analogous to the
safety standard for flat-plate modules (UL1703 [9] and IEC61730 [10], respec-
tively). The first part includes the requirements for construction, and the second part
includes the requirements for testing.

The test sequences for both IEC and UL standards are designed to coordinate
with that of IEC62108 so that a single set of samples may be used to perform both
the safety and performance evaluation of a CPV module or assembly.

3.2 Sampling

For UL8703 qualification, at least 10 modules or assemblies and 4 receivers are
needed for the completion of the test sequence. The IEC62688 requires only 8
modules and 3 receivers for the completion of its test sequence. The main different
on the sequences is that for UL qualification, there are 3 samples/test stream instead
of the 2 samples required in the IEC62688.
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To save time and money, and also to have faster access to the market, it is highly
recommended to perform IEC62108 testing and the safety standards at the same
time. Table 4 shows the minimum number of samples and the time required for
testing depending on the case of the standards being applied separately (and
sequentially) or as a combined sequence. For the calculation, it has been considered
that the outdoor-exposure test is performed in approximately 5 months (for very
sunny locations).

3.3 Requirements for Construction

The first part of the safety standards consists on the study of all of the materials used
for the construction of the module or assembly as well as also the requirements for
documentation supplied by the manufacturer, mainly the installation instructions
describing the methods for the electrical and mechanical installation of the CPV
unit.

The requirements for construction are classified by the type of material used to
manufacture the module, the material’s function inside the sample and the physical
design of the sample (in terms of clearance and creepage distance between active
and insulated parts). Depending on these aspects, different requirements must be
fulfilled by the materials. There are also requirements for other components such as
the connectors, external cables, junction box, grounding, etc.

Table 4 Minimum sample requirements and nominal test time [11]

Standard No. of samples
for separate
testing

Nominal
testing time
if performed
sequentially
(months)

No. of
samples for
combined
testing

Nominal
testing
time for
combined
testing
(months)

IEC62108 7 modules + 3
receivers

6

IEC62688 8 modules + 3
receivers

6

UL8703 10 modules + 4
receivers

6

IEC62108 + IEC62688 15 modules + 6
receivers

12 8
modules + 3
receivers

6

IEC62108 + UL8703 17 modules + 7
receivers

12 10
modules + 4
receivers

6

IEC62108 + IEC62688 + UL8703 25 modules + 10
receivers

18 10
modules + 4
receivers

6
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The application of the different requirements depends on the applicable class of
the sample. The different classes of application are as follows:

• class A: General access, hazardous voltage; and hazardous energy application;
• class B: Restricted access, hazardous voltage; and hazardous energy application;
• class X(UL)/B-X(IEC): Restricted access, hazardous voltage; and hazardous

energy application with additional flame or concentrated light hazards; and
• class C: General access, with limited voltage, current; and power; the voltage

limit is 30 V for the UL and 75 V for the IEC.

3.4 Requirements for Testing and Performance

Figures 5, 6 and 7 describe the test sequences for IEC62108, IEC62688, and
UL8703 standards. As in IEC62108, the use of representative samples is allowed,
but a full module is needed to perform the outdoor-exposure test.

Both UL and IEC standards allow running some tests separately from the
sequences shown in the previous figures to have a combined sequence to conduct
IEC62108, IEC62688, and UL8703 at the same time.

The IEC classifies the tests in different categories detailed in Table 5 (the tests
marked in bold type are related only to the safety standard):

In some cases, the only difference among standards for a test is related to the
levels of severity applied; e.g., the dry-insulation test and ground/bonding
path-continuity test have as differences between UL and IEC only proposals of
the level of voltage or current to be applied. Taking this into account, it is always
possible to perform the tests in the most severe condition to fulfill both standards.

Specific tests that belong only to the safety standards and that are not included in
the IEC62108 are described in Table 6.

3.5 Pass Criteria

In the section of construction aspects, the materials, design, and documents of the
module or assembly must comply with all specific requirements. In addition, all of
the supplied documents for the mechanical and electrical installation must comply
with their specific requirements.

Regarding the requirement for testing, the “pass” criterion is that all of the
samples must meet the criteria of each individual test applied. If any module does
not meet these test criteria, the product under evaluation shall be deemed not to
have met the safety test requirements. In this last case, the nature of the failure will
determine the extent of retesting requirements.
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Fig. 5 Combined IEC62108 and IEC62688 for CPV modules
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Electrical Insulation
UL8703 Sec32/IEC62108 10.4

Wet Insulation
UL8703 Sec33/IEC62108 10.5

Visual inspection
UL8703 Sec. 29/IEC62108 10.1

Wet Insulation
UL8703 Sec33/IEC62108 10.5

Electrical Insulation
UL8703 Sec32/IEC62108 10.4

Label Transferability

Electrical Insulation
UL8703 Sec32/IEC62108 10.4

Visual inspection
UL8703 Sec. 29/IEC62108 10.1

Humidity freeze
UL8703 Sec 46/IEC62108 10.8

Visual inspection
UL8703 Sec. 29/IEC62108 10.1

Thermal cycle
UL8703 Sec. 44/IEC62108 10.6

Pre-Thermal cycle
UL8703 Sec 46/IEC62108 10.8

Damp Heat
UL8703 Sec 45/IEC62108 10.7

Wet Insulation
UL8703 Sec33/IEC62108 10.5

Wet Insulation
UL8703 Sec33/IEC62108 10.5

Wet Insulation
UL8703 Sec33/IEC62108 10.5

Electrical Insulation
UL8703 Sec32/IEC62108 10.4

Electrical Insulation
UL8703 Sec32/IEC62108 10.4

Electrical Insulation
UL8703 Sec32/IEC62108 10.4

Bonding Path
UL8703 Sec37/IEC62108 10.3

Bonding Path
UL8703 Sec37/IEC62108 10.3

Bonding Path
UL8703 Sec37/IEC62108 10.3

Visual inspection
UL8703 Sec. 29/IEC62108 10.1

Visual inspection
UL8703 Sec. 29/IEC62108 10.1

Visual inspection
UL8703 Sec. 29/IEC62108 10.1

Sequece A
3 Receivers

Sequence B
3 Modules

Sequence C
3 Modules

Fig. 6 UL8703 test sequence (part 1)
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Visual inspection
UL8703 Sec. 29/IEC62108 10.1

Bonding Path
UL8703 Sec37/IEC62108 10.3

Electrical Insulation
UL8703 Sec32/IEC62108 10.4

Electrical Insulation
UL8703 Sec32/IEC62108 10.4

Visual inspection
UL8703 Sec. 29/IEC62108 10.1

Electrical Insulation
UL8703 Sec32/IEC62108 10.4

Off-axis beam
UL8703 Sec 53/IEC62108 

Water spray
UL8703 Sec 42/IEC62108 

Wet Insulation
UL8703 Sec33/IEC62108 10.5

Push Test
UL8703 Sec. 35

Mechanical load
UL8703 Sec 50/IEC62108 

Electrical Insulation
UL8703 Sec32/IEC62108 10.4

Strain Relief
UL8703 Sec 34

Outdoor / UV
UL8703 Sec 54-55/IEC62108 

Sequence H
1 Module

Sequence F
1 receiver

Bypass diode
 UL8703 Sec. 52/IEC62108 10.11

Electrical Insulation
UL8703 Sec32/IEC62108 10.4

Wet Insulation
UL8703 Sec33/IEC62108 10.5

Electrical Insulation
UL8703 Sec32/IEC62108 10.4

Bonding Path
UL8703 Sec37/IEC62108 10.3

Visual inspection
UL8703 Sec. 29/IEC62108 10.1

Visual inspection
UL8703 Sec. 29/IEC62108 10.1

CPV Temperature
UL8703 Sec. 31/IEC62688 

Parameter Stabilization

Sequence D
1 Module

Sequence E
1 Module

Sequence G
1 Module

Fig. 7 UL8703 test sequence (part 2)

322 I. Petrina et al.



Table 5 Tests categories according to IEC62688

Tests categories Tests

Preconditioning tests Thermal cycling, damp heat, humidity freeze, ultraviolet conditioning,
outdoor exposure

General Inspection
tests

Visual inspection, CPV electrical parameters, sharp edges

Electrical shock
hazard tests

Electrical insulation, dielectric voltage withstand, wet insulation,
accessibility, ground path continuity, impulse voltage, robustness of
terminations, water spray

Fire hazard tests CPV temperature, hot spot endurance, reverse current overload,
bypass diode thermal, off-axis beam damage

Mechanical stress
tests

Mechanical load, hail impact

Table 6 Specific safety tests

Test IEC UL Purpose

CPV electrical
parameters test

X X Maximum voltage and current are calculated from
various worst-case environmental and irradiance
conditions, and they must be used for selection and
design of other components, such as conductors,
connectors, disconnects and overcurrent protection

Sharp-edges test X X Determine the potential personal injury related to the
sharpness of edges that are part of or associated with the
module. In the IEC it is included as an appendix, and in
the UL this test is included as a requirement for
construction

Accessibility test X X Determine if the uninsulated electrical live parts of the
module or assembly represent a shock hazard to
personnel. In the UL this test is included as a requirement
for construction

Impulse-voltage
test

X Verify the capability of the solid insulation of the module
to withstand over-voltages of atmospheric origin (e.g.,
lightning). It also covers over-voltages due to switching
of low-voltage equipment

CPV temperature
test

X X Determine the maximum reference temperatures for
various components and materials used to construct the
module to establish the suitability of their use

Reverse current
overload test

X X Determine the acceptability of the risk of ignition or fire
under reverse current fault conditions

Spread-of-flame
test

X X This test apply to units intended for roof mounting, and
designated for installation above, upon, or integral with a
building roof structure. The test procedure is detailed in
the UL790. In the IEC standard, this procedure is under
construction

(continued)
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4 Other Standards Released and Under Development
by the IEC WC7

4.1 Standards Released

At the moment, there are two more standards published by the IEC. The first one,
after the publication of IEC62108:2007, is IEC62670-1:2013, which describes the
two standard conditions for CPV modules and assemblies. Defining agreed-upon
test conditions will allow the manufacturers to be rated against the same reference
values.

IEC62817:2014 is the standard for the design qualification of solar trackers.
Because every CPV module or assembly needs a tracker to work, this standard
ensures the user of the said tracker that parameters reported in the specifications are
measured by consistent and accepted industry procedures, also the standard will
allow consistency in comparing the products from different vendors, thus verifying
the quality of the products under the same conditions.

Table 6 (continued)

Test IEC UL Purpose

Burning-brand
test

X X This test apply to units intended for roof mounting, and
designated for installation above, upon, or integral with a
building roof structure. The test procedure is detailed in
the UL790 for both standards

Blocked
heat-sink test

X Ensures there is no fire or shock hazard present in the
event of an accidental clogging condition on any heat
sink employed in a module’s construction

Locked rotor test X Ensures there is no fire or shock hazard present in the
event of an accidental locked rotor condition on any
motor employed in a module system

Strain-relief test X This test is analogous to the robustness of termination test
of the IEC62108

Push test X The purpose of this test is the same as the accessibility
test of the IEC62688

Terminal-torque
test

X Determine if a screw or nut used on a wiring terminal will
withstand stresses as are likely to be applied during
normal installation or handling operations

Cut test X Determine if the sample is able to withstand the
application of a sharp object drawn across any exposed
thin insulating surfaces without creating an increased risk
of electric shock. The glass surfaces are not required to be
submitted to this test

Impact test X Determine if the impact of a steel sphere of a certain
weight and falling from a certain height can produce an
electric shock hazard
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4.1.1 IEC62670-1:2013 Concentrator Photovoltaic (CPV) Performance
Testing—Part 1: Standard Conditions

This standard was released in September 2013. The object of this standard is to
define a consistent set of conditions to be used for rating the power noted on data
sheets and nameplates. Two sets of conditions are included in the standard; one of
them is similar to the ones for flat-plate PV modules [i.e., Concentrator Standard
Test Conditions (CSTC)], the other takes into consideration more operative aspects
of CPV technology [i.e., Concentrator Standard Operating Conditions (CSOC)]:

• CSOC is defined as follows: irradiance = 900 W m−2 direct normal irradiance
(DNI); temperature = 20 °C ambient temperature; wind speed = 2 m s−1; and
spectrum = direct normal AM1.5 spectral irradiance distribution consistent with
conditions described in IEC60904-3;

• CSTC is defined as follows: irradiance: 1000 W m−2 DNI; cell tempera-
ture = 25 °C; and spectrum = direct normal AM1.5 spectral irradiance distri-
bution consistent with conditions described in IEC60904-3.

4.1.2 IEC62817:2014 Photovoltaic Systems—Design Qualification
of Solar Trackers

Released in August 2014, the standard defines test procedures for both key com-
ponents and the complete tracker system. Some of the tests, e.g., the
tracking-accuracy procedure, define parameters to be reported on the
tracker-specification sheet (TS62727:2012 “Specification for Solar Trackers”). In
other cases, e.g., mechanical testing, environmental testing, and the accelerated
mechanical cycling procedures, the test procedure results in a pass/fail criterion.
This standard ensures the user of the said tracker that parameters reported in the
specification sheet were measured by consistent and accepted industry procedures.
The tests with pass/fail criterion are engineered with the purpose to identify whether
the design is suitable as specified by the manufacturer.

This standard is not applicable to CPV modules or assemblies; however, because all
of the CPVmodules need a tracker to operate, it has been amain objective forWG7. The
qualification standard gives confidence to the manufacturers and customers.

4.2 Standards Under Development

Because the CPV industry is a relative young industry, and to take in account all of the
particularities of the technology, there are several standards under development. Because
there is a wide variety of concentration systems, the hardest part of the development of
these new standards is to make them applicable for all kind of CPV systems.
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4.2.1 IEC62670-2 Concentrator Photovoltaic (CPV) Performance
Testing—Part 2: Energy Measurement

Actually at the committee-draft-for-vote (CDV) stage, this standard describes the
requirements for measuring the energy output and performance ratio for all kind of
CPV modules, assemblies, arrays, and power plants. The standard defines the
testing method to stablish a standard energy measurement and to specify the
minimum reporting data. It is important to remark that the results are only valid for
a specific location indicated in the report.

The test procedure is as follows:

• Selection and description of the device under test (DUT);
• Description of the site where the test is performed, location of the DUT in the

power plant, and location of the sensors (if more than one location is used);
• Calibration and installation of the data acquisition system (DAS);
• Measurement of:

– Time and DNI
– Global plane of array irradiance (GPOAI) for systems with a concentration

ratio of <10×;
– At least two of these three parameters: gross power/energy, parasitic

power/energy, and net power/energy;
– Ambient temperature;
– Wind speed;
– Coolant temperature (only for active cooling systems);
– Voltage, current, and module/receiver temperature (optional); and

• Documentation of the operation-and-maintenance program, as well as
unscheduled maintenance events, rainfall events, etc., and registration of the
data in the log book.

At the end of the measurements, the DAS should be rechecked for possible
deviations. The data collected should be inspected to identify incorrect data. After
inspection and filtering of the data, the following parameters are calculated and
included in the report:

• DNI energy;
• Gross active energy (AC and DC);
• Net active energy (AC and DC);
• Parasitic active energy (AC and DC);
• Reference yield (Yr);
• Final AC yield (Yf,AC) and/or final DC yield (Yf,DC);
• Performance ratio (AC and DC); and
• Uncertainty values.

DC = direct current; AC = alternating current.
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4.2.2 IEC62670-3 Concentrator Photovoltaic (CPV) Performance
Testing—Part 3: Performance Measurements and Power Rating

This standard is under development, and the CDV has been not submitted yet. The
purpose of the standard is to stablish a unique procedure for the calculation of the
power rating of a CPV module or assembly under the conditions detailed in
IEC62670-1:2013. It will cover the indoor and outdoor procedures for obtaining the
power rating of the sample under test at the two standard conditions detailed in
IEC62670-1. There will be also a procedure to translate the power rating of the
sample from one condition to the other. The requirements for all of the instruments
used to perform the measurement (indoor or outdoor) will also be included in the
standard.

4.2.3 IEC62108 Concentrator Photovoltaic (CPV) Modules
and Assemblies—Design Qualification and Type Approval (Ed. 2)

After application of the standard for a few years, the second edition was issued to
improve some tests and modify procedures or severities. The main changes in this
second edition at the moment are described later in the text:

• A new procedure for the thermal cycling test for receivers using active cooling
systems. The current injection profile for this test is also changed.

• The UV conditioning test is omitted, but UV radiation is recorded during the
outdoor exposure test.

• The procedure for the bypass diode thermal test is changed with the inclusion of
an alternative procedure for measuring the diode junction temperature. In
addition, the number of bypass diodes under test should be at least three.

• The prethermal cycling test for the modules (sequence B) is not performed.
• A dust ingression test is now included in the standard.
• Finally, the retesting guidelines will be included in the standard as an annex.

4.2.4 IEC62787 Concentrator Photovoltaic (CPV) Solar Cells
and Cell-on-Carrier (CoC) Assemblies—Reliability Qualification

This standard is under development, and no CDV has been published yet. It
specifies the minimum requirements for the qualification of CPV cells and
cell-on-carrier (CoC) designs for their incorporation into CPV receivers, modules,
and systems.

The test is designed to show that cell or CoC components are suitable for typical
assembly processes, and that when they are properly assembled, are capable of
passing IEC62108. The standard tries to determine the electrical, thermal, and
processing characteristics of the CPV Cells and CPV CoC packages to show that
they are capable of withstanding assembly processes and CPV application
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environments. The test sequence (under development) specifies the tests performed
for cell and CoC packages. Some of these tests are performed on both kinds of
samples.

4.2.5 TS/IEC62789 Technical Specification of Concentrator Cell
Description

This technical specification provides guidelines for the parameters to be specified
for concentrator solar cells (of any technology) and provides recommendations and
references for measurement techniques. No attempt is made to determine pass/fail
criteria for concentrator solar cells.

4.2.6 IEC62925 Thermal Cycling Test for CPV Modules
to Differentiate Increased Thermal Fatigue Durability (Ed. 1)

This standard, actually give a comparative analysis associated with thermal fatigue
failure of the HCPV die-attach of the receivers. It is mainly based on the thermal
cycling test, applied in sequence A, of the IEC62108:2007. This test provides more
thermal stress than the IEC62108 one by increasing the number of cycles of the test.
The final result will be a rating number depending on the total number of cycles
completed.

4.2.7 New Proposal for CPV Solar Simulators

For indoor testing of CPV samples, the standard defines the requirements for solar
simulator specific for CPVs and therefore collimated solar simulators. In addition,
there are more requirements than those listed on the IEC60904-9 Photovoltaic
Devices—Part 9: Solar Simulator Performance Requirements [12], but the most
important modifications are focused on the following:

• Use of AM1.5D as the reference spectrum;
• Definitions and measurement method for collimation angle; and
• Special procedures to deal with multijunction cells

Collimated beam solar simulators will be classified based on the existing criteria
of spectral distribution match, irradiance nonuniformity on the test plane, and
temporal instability from IEC60904-9. The value of the collimation angle will be
used as an additional criterion for classification.

The purpose of this standard is to provide standardized definitions, specifica-
tions, measurement methods, and classifications for collimated beam solar simu-
lators. This standard will help the design and development of CPV solar simulators
and also can be used by CPV industry on the procurement specification, acceptance
test, calibration, and operation of such simulators.
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4.2.8 New Proposal Technical Specification for Primary Optics
for Concentrator Photovoltaic Systems

This technical specification will cover key characteristics of primary optical ele-
ments (lenses and mirrors) for CPV units. It will include optical performance,
mechanical geometry, mechanical strength, materials, and surface morphology. The
specification will identify the essential characteristics and the corresponding
parameters of interest, thus providing a method for the measurement of each
parameter.

This will allow to all interested parties (optics and CPV manufacturers, labo-
ratories, etc.) to define lens/mirror qualities and inspect lenses and mirrors. As in the
technical specification for solar trackers and cells, there will not be pass/fail criteria.

5 Summary

In this chapter, the most important standards issued for CPV technology as well as
the ones under development have been reviewed. As a relatively new PV tech-
nology, only four standards have been released—IEC62108:2007, UL8703:2011,
IEC62670-1:2014, and IEC62817:2014—while the others are still under develop-
ment. The great variety of CPV concepts makes it difficult to deploy procedures and
standards to cover all of the possible models and designs. In a general way, the CPV
product is formed by receivers, modules, and assemblies. The receiver is the ele-
ment (typically cell plus secondary optics if it exists) that receives concentrated
light. The module is the group of cells or receivers, optics, and other components
that receive unconcentrated Sunlight, and its focus point is not field adjustable. The
assembly is the combination of cells, receivers, and components, which are usually
shipped separately and require to be field adjusted.

Most of the differential points with respect to flat-plate standards come from the
fact that some CPV systems are moving from small modules (maximum power in
the range of 30 W) to larger ones (with a maximum power in the range of 25 kW).
These circumstances imply that the equipment for testing must be versatile to cover
all of the possible values (both physical and electrical) and that the tests and
severities proposed must consider a larger variety of materials and components.

In most cases, in the first steps of the testing proposal, the manufacturer and
laboratory staff meet to identify a representative sample that should be used for
some of the tests instead of the full CPV component. This is accepted due to the
sizes and physical characteristics of some of the CPV products. Outdoor tests
always require a full CPV module.

Regarding the aging tests included in IEC62108 (the first one to be issued and
the most exercised one), the humidity–freeze test and the damp-heat test (sequences
B and C) are the most critical of the whole sequence due to the condensation
problems that might arise as a result of variations of the module temperature. The
maximum temperatures of testing on both tests, among the various severities

Standards for Testing High-Concentrator Photovoltaic Modules 329



defined in the standard, must be agreed upon between the laboratory and the
designer. It is the same for the thermal-cycling test for CPV modules and receivers.
In addition, in the case of receivers, a new procedure for the thermal cycling is
under development due to the difficulty of fulfilling all of the requirements of the
test as it is currently written. This usually happens when working with new tech-
nologies and laboratories feedback their experiences to standard development
committees and work to improve all tests included in the standards.

Regarding the standards still under development, an important one is
IEC62670-3, which is about performance measurements and power rating. This
procedure will be used for the rating of modules and for checking the electrical
parameters of the modules during the installation or for checking the warranties.
Again, due to the great variety of the CPV systems, the standardization of these
kind of measurements is complicated because it is necessary to define two set of
testing conditions as: (1) STC at 1000 W/m2 AM1.5D and 25 °C cell temperature as
in the case of flat-plate technology; and (2) SOC at 900 W/m2 AM1.5D, 20 °C
ambient temperature, and wind speed of 2 m/s in the case of CPV technology.

Based on its previous experience on testing flat-plate modules (IEC-61215 and
IEC-61730), National Renewable Energy Centre (CENER) has been testing CPV
modules since 2007 and has been formally accredited since 2009 for testing under
IEC62108 (first issue was in December 2007). CENER also tests CPV modules
with respect to draft safety proposals for CPV products (IEC-62688 with a fore-
casted publication date of 2016). CENER also participates on the WG7 of IEC
TC82 of IEC. This Working Group, which is dedicated to development of standards
for CPV technology, is where laboratories and manufacturers come together to
establish the optimum testing conditions and severities to apply.
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Applications of ANNs in the Field
of the HCPV Technology

Florencia Almonacid, Adel Mellit and Soteris A. Kalogirou

Abstract High-concentrator photovoltaic (HCPV) devices are based on the use of
multijunctions solar cells and optical devices. Therefore, the electrical modelling of
an HCPV device presents a great level of complexity. Several artificial neural
network (ANN)—based models have been developed to try to address this issue. In
this chapter, a review of the developed ANN—based models developed to try to
address some issues related with the field of high concentrator PV technology is
reported. In addition, the results obtained from the application of some of these
models to estimate the electrical parameters of an HCPV module—such as maxi-
mum power, short-circuit current, and open-circuit voltage—are presented. The
results show that the ANNs are a useful tool for modelling HCPV applications.

1 Introduction

High-concentrator photovoltaic (HCPV) technology is based on the use of optical
devices that focus the light received from the Sun on the solar cell surface. The aim
of these systems is to decrease the cost of the electricity by decreasing the semi-
conductor material by mounting less expensive optical devices [1]. HCPV tech-
nology is widely based on the use of high efficiency multijunction (MJ) solar cells;
a primary optical element (usually a Fresnel lens), which concentrates the light; and
a secondary optical element, which receives the light from the primary one to
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homogenize light and improve the angular acceptance angle [2]. An HCPV module
is made up of MJ solar cells, an optical system for each cell, and the rest of the
components required to generate electricity and dissipate the heat produced on the
solar cell surface. MJ solar cells and HCPV modules have already reached high
efficiencies, which are expected to continue growing in the next few years [3–5].
Thus, HCPV could play an important role in the energy generation market in the
coming years [6]. However, due to the use of MJ solar cells and optical elements,
the electrical modelling of HCPV devices shows a significant level of complexity
than for conventional photovoltaic (PV) technology.

Artificial neural networks (ANNs) have proven to be helpful in solving complex
problems and studying nonlinear systems. In the field of PVs, ANNs have been
successfully applied to solve different issues [7–9]. For instance, ANNs have been
used to:

• estimate and predict solar radiation data [10–14],
• estimate the maximum power (Pm) and normal operating power of a flat PV

module [15, 16],
• size, model, and simulate both stand-alone PV systems [17, 18] and PV systems

with a maximum power-point tracking controller [19, 20],
• predict the equivalent circuits parameters of a flat PV module [21],
• select a suitable model for characterising PV devices [22],
• obtain the current–voltage (I–V) curves of different flat-plane panels [23, 24],
• or to estimate the energy production of grid-connected PV systems [25, 26].

Due to the advantages of the ANNs to solve complex and nonlinear problems
related with the field of PVs and the great level of complexity of electrical mod-
elling of HCPV devices, in the recent years several authors have applied different
ANNs to solve various problems related with this new technology. In this chapter, a
review of the ANNs developed to address various issues related with the HCPV is
presented, and examples of the application of ANNs in this field are given. In
particular, the results obtained in the application of some of these ANNs to estimate
the main electrical parameters of an HCPV module—including Pm, short-circuit
current (Isc), and open-circuit voltage (Voc)—are presented.

2 Application of ANNs to Estimate of Direct Solar
Irradiation

Due to the use of lenses that concentrate light on the solar cell, the HCPV devices
operate only with direct normal irradiance (DNI). So the DNI is especially
important for the characterization, management, and operation of HCPV modules,
systems, and power plants. DNI is affected by phenomena that are difficult to
forecast such as cirrus clouds, wildfires, dust storms, and episodic air pollution
events, which can decrease DNI by ≤30 % on otherwise cloud-free days [27].
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Because of this, the modelling and prediction of the DNI is a difficult task, and
several authors have used ANN-based models to address this issue. A complete
review about the solar data forecast by using artificial intelligence methods
including DNI and neural network can be found in [28].

A Bayesian neural network was developed to model direct solar irradiance by
Lopez et al. [29]. A relevance-determination method was also employed to obtain the
relative relevance of a large set of meteorological and radiometric variables. Results
show that themore relevant parameters are the clearness index (Kt) and airmass (AM).

In [30], the authors developed an ANN model to estimate beam solar radiation.
A new parameter known as the “reference clearness index” was introduced, which is
defined as the ratio of the measured beam solar radiation at normal incidence to the
beam solar radiation as computed by Hottel’s clear-day model. Results show that root
mean square error (RMSE) in the ANNmodel varies 1.65–2.79 % for Indian regions.

Mishra et al. [31] developed a self-consistent model for the estimation of direct
solar radiation in the Indian zone. An ANN-based model was used for the esti-
mation of the Kt. The model predictions for the Indian region were found to be in
good agreement with the measurements.

An adaptive model for predicting hourly global, diffuse, and direct solar irra-
diance was developed in [32]. A comparison between a Feed-Forward Neural
Network (FFNN) and the proposed adaptive model was also presented. It was
shown that the FFNN was able to predict the DNI with acceptable accuracy at
Jeddah, King of Saudi Arabia (KSA). They observed that ANN performed better
than the designed adaptive alpha-model with a correlation coefficient of 98 %.

In [33], the author developed an ANN model for estimating of monthly average
daily direct solar radiation. According to the author, a correlation coefficient of
0.998 was obtained with mean bias error (MBE) of 0.005 MJ/m2 and an RSME of
0.197 MJ/m2.

In [34], the authors developed forecastingmodels for hourly solar irradiation using
ANNs for lead times of ≤6 days. Model inputs included current and forecasted
meteorological data obtained from the United States National Weather Service’s
forecasting database and solar geotemporal variables. The gamma test was combined
with a genetic algorithm to select the more relevant inputs. According to the authors,
the estimation of DNI is much more difficult to predict reliably; the RMSE values
obtained on same-day forecasts are in the range of 28–35 %.

Several ANNs were developed by Rodrigo et al. [35] for the generation of DNI
hourly time series for some Spanish locations. In particular, different architectures of
multiple linear perceptron (MLP) neural networks were used with three different
configurations. The designed model could be used for the estimation of the energy
that will be produced by concentrating PV systems, to perform economic analysis,
and to supervise plant operation. The developed models were tested in different
locations. The RMSE among real data and synthetic data for the three configurations
and for the different locations considered are in the range 0.01–0.27. Results show
that the ANNs yield better results for locations in the south of Spain.

Rehman and Mohandes [36] used a radial basis function (RBF) network for
modelling the diffuse and direct normal solar radiation for sites in KSA based on
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input data such as day number, global solar radiation, ambient temperature, and
relative humidity. The results indicate that the RBF (with 50 hidden neurons and
0.1 spread constant) predicts direct normal solar radiation with mean absolute
percentage error of 0.016 and 0.41 for diffuse solar radiation.

A regionally based ANN model to retrieve the DNI at the surface of the United
Arab Emirates (UAE) was developed by Marpu et al. [37]. The results are promising
when estimating the solar irradiance at a 15-minute temporal resolution and a 3-km
spatial resolution. The inputs of the designed model were six SEVIRI (on-board
Meteosat Second Generation satellite) thermal channels along with several time- and
season-dependent parameters, namely the solar zenith angle, solar time, day number,
and eccentricity correction.

Recently, Chu et al. [38] designed a novel smart forecasting model for intra-hour
DNI. The authors combined sky image processing with ANN optimization
schemes. The hybrid forecast models achieved statistically robust forecasting skills
in excess of 20 % over persistence both for forecasts 5 and 10 min ahead,
respectively. Table 1 lists the applications of ANNs for modelling and prediction of
DNI and lists the type of ANN employed in each case.

3 Application of ANNs for the Electrical Modelling
of HCPV Devices

As in any kind of energy system, modelling the electrical output of a PV device is
crucial for the system design and energy prediction. However, the electrical mod-
elling of HCPV modules and systems shows a significantly greater level of

Table 1 Summary of the applications of ANNs for predicting the DNI

# Authors Ref. Year ANN

1 Mellit [28] 2008 Feed-forward neural network, radial basis function
neural network, and neural networks

2 Lopez et al. [29] 2005 Bayesian neural network with Automatic Relevance
Determination (ARD)

3 Alam et al. [30] 2006 Feed-forward back-propagation neural network

4 Mishra et al. [31] 2008 Feed-forward back-propagation neural network

5 Mellit et al. [32] 2010 Feed-forward back-propagation neural network

6 Mubiru [33] 2011 Feed-forward back-propagation neural network

7 Marquez and
Coimbra

[34] 2011 Feed-forward back-propagation neural network

8 Rodrigo et al. [35] 2012 Feed-forward back-propagation neural network

9 Rehman and
Mohandes

[36] 2012 Radial basis function neural networks

10 Marpu et al. [37] 2013 Feed-forward back-propagation neural network

11 Chu et al. [38] 2013 Feed-forward neural network with genetic algorithm
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complexity than conventional PV technology. Due to the use of MJ solar cells and
optical devices, HCPV modules and systems show a strong spectral dependence. To
quantify the spectral changes and to evaluate how these affect the behaviour of an
HCPV device is not a trivial issue [39, 40]. In addition, as in conventional PV
technology, the cell temperature (Tc) is an important input in models used for the
electrical characterization of HCPV devices because the temperature at which cells
are working in an HCPV module affects its performance. However, one of the
problems in HCPV technology is that the direct measurement of this temperature is a
complex task because it requires access inside the module [41].

Because of this difficulty, in recent years the scientific community has devoted
efforts in developing ANN-based models which try to solve some of these issues.

3.1 Application of ANNs to Modelling Multi-junction Solar
Cells

The PV solar cells used in HCPV technology are made of several p-n junctions
(usually three junctions) of III–V semiconductor materials of the periodic table.
Each p-n junction has a different band gap and is interconnected in series with the
others to optimize the absorption of the solar spectrum and increase the efficiency of
the solar cell electricity conversion [42]. Thus, although single-junction (SJ) solar
cells are mainly influenced by changes in irradiance and temperature, MJ solar cells
show complex behaviour because their performance is also strongly influenced by
changes in solar spectrum. Due to this, Patra et al. [43–46] proposed approaches
based on ANN to characterize these devices.

In [43] and [44], an ANN based-model was proposed to characterize dual-junction
(DJ) GaInP/GaAs solar cells. The authors used four multilayer perceptrons: one for
estimating the tunnelling effects of a solar cell and the other three for estimating the
external quantum efficiency (EQE) and the I–V characteristic, both under 1 sun and in
dark, for the DJ solar cell. The inputs for ANNs are the voltage for estimating the
tunnelling effects and the I–V characteristic as well as the irradiation wavelength (λ)
for estimating the EQE. The results were compared with experimental and simulated
data through Silvaco ATLAS software [47]. The results showed that compared with
the results obtained through ATLAS, the MLP-based model was able to predict DJ
solar cell parameters more closely to that of experimental ones.

In [45], a novel Chebyshev neural network-based model for a DJ GaInP/GaAs
solar cell was developed to predict the EQE and the I–V characteristics, both at one
sun and dark levels. The inputs of the model are the same as those in the previous
case.

In [46], an ANN-based model was used to estimate the EQE and the perfor-
mance of triple-junction InGaP/GaAs/Ge solar cells under the influence of a wide
range of charged particles. The inputs of the models are the wavelength (λ), the
proton energy (η), and the fluence (f). The results show that the ANN-based models
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perform quite well in the estimation of EQE of the solar cell under the influence of
proton energy ranging from 30 keV to 10 MeV with fluence levels ranging from
1010 to 1014 ion/cm2.

3.2 Application of ANNs to Modelling HCPV Modules

3.2.1 Application of ANNs to Estimate the Maximum Power
of a HCPV Module

Due to the use of MJ solar cells and lenses, HCPV modules are mainly influenced
by changes in irradiance, spectrum, temperature, and wind speed (Ws). Taking this
into account, the output of HCPV modules could be expressed as a function of these
parameters:

Pm ¼ f B; S; T ;Wsð Þ ð1Þ

The relation between these parameters and the output of an HCPV module is
complex and nonlinear, so the use of ANN-based models has been proposed by
several authors to try to find this relation.

Almonacid et al. [48] developed an ANN-based model, in particular an MLP, to
find the relation between the output of an HCPV and the main parameters that
affected its performance. The input parameters used by the model are as follows:

• the DNI to evaluate how the changes in the irradiance affect the performance of
an HCPV module

• AM and precipitable water (PW) to evaluate the spectrum because these are,
together with clouds and aerosol optical depth (AOD), the parameters with the
largest impact on spectral changes [49, 50] and are also easy to obtain from the
data provided by a meteorological station [51–54]

• air temperature (Tair) to evaluate the temperature of the HCPV module; and
• the wind speed (Ws).

Coefficients of neural networks are obtained from outdoormonitored data. The results
show that the ANN based-model could be used to estimate successfully the output of an
HCPV module with a MBE of 0.07 %, an RMSE of 2.91 %, and an R2 of 0.99.

This approach has also been followed by Rivera et al. [55]. In this case, a
cooperative competitive hybrid algorithm for RBF networks was implemented. This
model uses as input the average photon energy [56, 57] to quantify the spectral
influences on the Pm of an HCPV module. This is a single value in eV that char-
acterizes the shape of the spectrum. A spectroradiometer is required for obtaining
this input. The rest of the inputs of the model are DNI to evaluate how the changes
in the irradiance affect the performance of an HCPV module, Tair to evaluate the
temperature, and Ws. The coefficients of the neural network are obtained from
outdoor monitored data. The model obtained gives an error of approximately 3.3 %.
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3.3 Application of ANNs to Estimate the Electrical
Characteristics of an HCPV Module

As already indicated, the output of an HCPV module is significantly affected by
changes in irradiance, spectrum, and temperature. A different approach for electrical
modelling of these devices is based on the premise that the electrical parameters of
an HCPV module can be estimated by applying models and equations used for
conventional PV technology from the DNI, corrected spectrally, and the Tc [58, 59].
According to this approach, two ANNs for estimating these parameters have been
proposed in [41, 60].

Application of ANNs to estimate the spectrally corrected direct normal
irradiance
The spectrally corrected DNI (DNIc) is defined as the portion of the incident
spectrum that an HCPV module is able to convert into electricity expressed here as:

DNIc ¼
min

R
Eb kð Þg kð ÞSRi kð Þdk� �

min
R
Eb;ref kð Þg kð ÞSRi kð Þdk� �

Z
Eb;ref kð Þdk ð2Þ

where the index i represents the junction considered, λ is the wavelength, SRi(λ) is
the spectral response of the i-junction, Eb(λ) is the spectral distribution of the DNI,
and η(λ) is the optical efficiency of the HCPV module.

The advantage of this approach is that the spectral effects of an HCPV device are
quantified by adjusting only the incident DNI [58].

Taking this into account, an ANN-based model for DNIc was presented in [60].
The inputs of the model are the main meteorological parameters that influence the
spectral distribution of the DNI and the performance of an HCPV module: AM,
AOD, and PW. Results show that the method is able to predict spectrally corrected
normal irradiance with an RMSE of 2.92 %, an MBE of −0.12 %, and a R2 of 0.98.

Application of ANNs to estimate the cell temperature of a HCPV module
The operating temperature of the solar cell is a crucial issue to characterize the
electrical behaviour of a PV device. However, the measurement of this temperature
in an HCPV module is a complex task due to its special features that do not allow
one to access the cell. To solve this problem, several authors have attempted
different approaches [41, 61]. One of these is based on the premise that the Tc can
be obtained from the main meteorological parameters that have an influence in this
temperature: DNI, Tair, and Ws. Using a linear expression [62]:

Tc ¼ Tair þ aDNIþ bWs ð3Þ

where a and b are empirical parameters obtained from outdoor monitored data.
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According to this approach, an ANN-based model was presented in [41]. This
model attempts to characterise the relationship between the Tc and the main mete-
orological parameters that affect it. The input parameters are DNI, Tair, and Ws.
Results show that the ANN-based model significantly improves the results of the
method based on a linear expression with an R2 of 0.95, a relative RMSE of 4.80 %,
and an absolute RMSE of 3.24 °C. Table 2 lists the applications of ANNs for
modelling HCPV devices and also indicates the type of ANN employed in each case.

4 Examples of Applications

In this section, some examples of the applications of the ANNs for the character-
ization of HCPV modules are presented. The first example concerns the Pm of an
HCPV estimated using the ANN developed by Almonacid et al. in [48]. In the
second part, the Voc and the Isc of an HCPV module will be calculated from the
DNIc and the Tc according to the approach presented in [58, 59]. The ANNs
developed in [41, 60] have been used to estimate the spectrally corrected normal
irradiance and the Tc for an HCPV module.

4.1 Experimental Campaign

To conduct this study, an HCPV module was measured for 6 months in the Centro
de Estudios Avanzados en Energía y Medio Ambiente at the University of Jaén.
The module is made up of 20 lattice-matched MJ solar cells connected in series (Ns)

Table 2 Summary of applications of artificial neural networks for modelling HCPV devices

No. Authors Ref. Year ANNs

ANN for modelling MJ solar cells

1 Patra and
Maskell, Patra

[43,
44]

2010
2011

Feed-forward back-propagation neural network

2 Patra [45] 2011 Chebyshev neural network

3 Patra and
Maskell

[46] 2012 Feed-forward back-propagation neural network

ANNs for modelling HCPV modules

4 Almonacid
et al.

[48] 2014 Feed-forward back-propagation neural network

5 Rivera et al. [55] 2013 Radial basis function network with a
cooperative-competitive hybrid algorithm

6 Fernández et al. [41] 2014 Feed-forward back-propagation neural network

7 Fernández and
Almonacid

[60] 2014 Feed-forward back-propagation neural network
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with a silicon-on-glass Fresnel lens on each cell (Fig. 1, top left). Figure 1 shows
the EQE of the MJ solar cells and the transmittance of the lens of the HCPV module
used in this study. Table 3 shows the main electrical parameter of the HCPV
module.

The experimental set-up (Fig. 1, top right) used to measure the electrical char-
acteristic of the HCPV module and the main parameters necessary to train the
ANNs for estimating Pm, DNIc and the Tc, is made up of the following:

Fig. 1 Top left Photograph of the HCPV module considered in the study. Top right Scheme of the
experimental set-up to measure the electrical parameters of the HCPV module and the main
parameters necessary to train the ANN. Bottom left EQE of the MJ solar cells of the HCPV
module. Bottom right Transmittance of the Fresnel lenses used in the HCPV module considered

Table 3 Electrical characteristics of the module under study measured at outdoor reference
conditions: DNI = 900 W/m2, Tair = 20 °C, and AM = 1.5, for wind speed lower than 1 m/s

Electrical parameters of the HCPV module

Maximum power (Pm) 232 W

Open circuit voltage (Voc) 57.6 V

Short circuit current (Isc) 5.3 A
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• a high-accuracy two-axis solar tracker to keep the HCPV module always
pointing toward the solar rays so lenses are able to focus the radiation on the
small solar cell area;

• a four-wire electronic load to measure the electrical parameters of the module;
• a four-wire PT100 placed close to the solar cell to measure the Tc; and
• a meteorological station placed at the roof of the centre to record the main

atmospheric parameters such as DNI, Tair, Ws, or humidity.
• the values of AOD and PW, which were not provided by the meteorological

station, were obtained from MODIS Daily Level-3 data source [63].

Table 4 shows the maximum, minimum, and average values of the parameters
used as inputs of the different ANNs used in the study.

4.2 Estimation of the Maximum Power of a HCPV Module

The ANN developed in [48] has been applied to estimate the Pm of the HCPV
module. The inputs of the ANN-based model are DNI, AM, PW, Tair, and Ws. The
structure of the ANN consists of tree layers: the input layer, which has five nodes;
the hidden layer, which has seven nodes; and the output layer, which has one node
that corresponds to the Pm of the HCPV module. This architecture was trained with
the Levenberg–Marquardt back-propagation algorithm to determine the coefficients
of the ANN. To train and test the ANN, a set of outdoor measurements, including
the output of the HCPV module and the meteorological parameters, were used for a
wide range of operating conditions (Table 4). Table 5 shows the coefficient of
multiple determination (R2), the RMSE, the mean absolute error (MAE), and the
MBE between actual data and data predicted by the ANN-based model.

Figure 2 shows an example in the estimation of the Pm of the HCPV module
using the ANN based-model for two different days (summer and winter days).

Table 4 Maximum,
minimum, and average values
of the parameters used as
inputs of the ANNs for
estimating Pm, DNIc, and Tc

Parameter Maximum Minimum Average

DNI (W/m2) 978.42 235.27 763.00

Tair (°C) 40.36 3.74 26.12

Ws (m/s) 9.76 0.00 1.34

AM 9.05 1.02 1.92

AOD 0.55 0.04 0.19

PW (cm) 3.29 0.39 1.71

Table 5 Values of the parameters R2, RMSE, MAE, and MBE between actual data and predicted
data by the ANN-based model for estimating the maximum power of the HCPV module
considered

R2 RMSE (%) MAE (W) MBE (%)

0.98 2.78 4.09 −0.01
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Table 6 shows the maximum, minimum, and average values of the parameters used
as input of the ANN for the two example days.

4.3 Estimation of the Electrical Parameters of a HCPV
Module

According to the approach that the electrical performance of an HCPV device can
be quantified from the DNIc and Tc [58, 59], the Voc, and the Isc of the HCPV
module considered can be estimated from equations used in conventional PVs:

Fig. 2 Left Actual maximum power of the HCPV module considered versus predicted maximum
power by the ANN-based model for a summer day (07 July 2013). Right Actual maximum power
of the HCPV module considered versus predicted maximum power by the ANN-based model for a
winter day (01 December 2013)

Table 6 Maximum, minimum, and average values of the parameters used as inputs for the two
examples days (summer and winter day)

Summer day (07/07/2013) Winter day (01/12/2013)

Parameter Maximum Minimum Average Maximum Minimum Average

DNI (W/m2) 924.87 378.46 797.77 931.97 674.10 863.94

Tair (°C) 36.8 27.8 33.24 13.12 4.72 9.44

Ws (m/s) 6.70 0.25 3.93 3.91 0 1.25

AM 6.42 1.00 1.82 4.30 1.87 2.42

AOD 0.15 0.15 0.15 0.09 0.09 0.09

PW (cm) 1.82 1.82 1.82 0.78 0.78 0.78
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Isc ¼ I�sc
G� G 1þ c T�

c � Tc
� �� � ð4Þ

Voc ¼ V�
oc 1þ b T�

c � Tc
� �� �þ Ns

mkTc
q

ln
G
G�

� �
ð5Þ

where Isc
* , G*, Tc

*, and Voc
* are the Isc, solar global irradiance, Tc, and Voc at reference

conditions; γ and β are the Tc coefficient of the Isc and the Voc, respectively; m is the
effective ideality factor of the cell; k is the Boltzmann constant; and q is the electron
charge.

Equations (4) and (5) must be adapted to HCPV as follows:

Isc ¼ I�sc
DNI�

DNIc 1þ c T�
c � Tc

� �� � ð6Þ

Voc ¼ V�
oc 1þ b T�

c � Tc
� �� �þ Ns

mkTc
q

ln
DNIc
DNI�

� �
ð7Þ

where DNI* is the DNI at reference conditions and DNIc is the spectrally corrected
DNI. The various parameters for the module considered are m = 3, γ = 0.002 °C−1

and β = 0.0015 °C−1 for the HCPV.

4.4 Estimation of the Spectrally Corrected Direct Normal
Irradiance

To estimate the DNIc of the HCPV module considered, the ANN developed in [60]
was applied. The inputs of the ANN are AM, AOD, and PW, and the ANN has five
nodes in the hidden layer and one node in the output layer corresponding to the
spectral correction function. This architecture was trained with the Levenberg–
Marquardt back-propagation algorithm to determine the coefficients of the ANN.
To train and test the ANN, a set of outdoor measurements were used for a wide
range of operating conditions listed in Table 4. Table 7 lists the R2, the RMSE, the
MAE, and the MBE—all of which are considered very adequate—between actual
and predicted data using the ANN-based model.

Figure 3 shows an example of the DNI measured during 2 days (summer and
winter) versus the DNIc predicted by the ANN based-model for the HCPV module.

Table 7 Values of the parameters R2, RMSE, MAE, and MBE between actual data and predicted
data by the ANN-based model for estimating the spectrally corrected direct normal irradiance

R2 RMSE (%) MAE (W/m2) MBE (%)

0.98 3.19 17.50 −0.16
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Table 6 shows the maximum, minimum, and average values of the parameters used
as input to the ANN for the 2 example days.

As can be seen from Fig. 3, although the maximum level of DNI reached on
winter and summer is similar (approximately 900 W/m2), the DNIc is lower in
winter. This could be mainly explained because the AM values are significantly
greater in the winter than in summer, so the portion of the incident spectrum that an
HCPV module is able to convert into electricity is lower due to spectral losses. This
also can be observed at the sunrise and sunset (both in winter and summer) when
the AM values are greater and the DNIc is lower than DNI.

4.5 Estimation of the Cell Temperature

To estimate the Tc of the HCPV module considered, the ANN developed in [41] has
been used. The inputs of the ANN are: Tair, DNI and Ws, and the ANN has five
nodes in the hidden layer and one node in the output layer corresponding to the Tc
of the HCPV module. This architecture was trained with the Levenberg–Marquardt
back-propagation algorithm, to determine the coefficients of the ANN. To train and
test the ANN, a set of outdoor measurements including the Tc of the HCPV module
and the meteorological parameters were used for a wide range of operating con-
ditions, listed in Table 4. Table 8 shows the R2, RMSE, MAE and the MBE
between actual data and predicted data using the ANN-based model.

Fig. 3 Left Actual direct normal irradiance versus spectrally corrected direct normal irradiance
predicted by the ANN-based model for a summer day (07 July 2013). Right Actual direct normal
irradiance versus spectrally corrected direct normal irradiance predicted by the ANN-based model
for a winter day (01 December 2013)
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Figure 4 shows an example of the Tc of the HCPV module measured during
2 days (summer and winter day) versus the Tc predicted by the ANN based-model.
Table 6 shows the maximum, minimum, and averages values of the parameters used
as input of ANN for the two example days.

4.5.1 Estimation of the Short-Circuit Current and the Open-Circuit
Voltage

Once the values of the DNIc and Tc are available, it is possible to estimate the Isc
and the Voc using Eqs. (6) and (7). Table 9 shows the R2, RMSE, MAE, and MBE
between actual and predicted data using Eqs. (6) and (7).

Table 8 Values of the parameters R2, RMSE, MAE, and MBE between actual data and predicted
data by the ANN-based model for estimating the cell temperature of the HCPV module considered

R2 RMSE (%) MAE (oC) MBE (%)

0.90 5.16 2.51 0.00

Fig. 4 Left Actual cell temperature versus predicted cell temperature by the ANN-based model for
a summer day (07 July 2013). Right Actual cell temperature versus predicted cell temperature by
ANN-based model for a winter day (01 December 2013)

Table 9 Values of the parameters R2, RMSE, MAE, and MBE between actual and predicted data
using Eqs. (6) and (7) for estimating the short-circuit current and the open-circuit voltage of the
HCPV module considered

R2 RMSE (%) MAE MBE (%)

Isc 0.97 3.53 0.12 A −0.23

Voc 0.90 0.66 0.29 V 0.01
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Figures 5 and 6 bottom-left show the actual versus the predicted Isc for the
HCPV module considered for 2 example day. Figures 5 and 6 bottom-right show
the actual versus the predicted Voc for the HCPV module considered for 2 example
days.

5 Conclusions

In this chapter, a review of ANN-based models developed for solving some prob-
lems related with HCPV technology is presented. In addition, several examples of
the application of some of these models for estimating the main electrical parameters
of an HCPV module—such as the Pm, the Isc, and the Voc—are presented.

The ANN based-model developed in [48] was applied to estimate the Pm of an
HCPV. This model takes into account the main meteorological parameters that
affect the output of an HCPV module. The approach presented in [58, 59] was

Fig. 5 Top left Direct normal irradiance measured during a summer day versus the spectrally
corrected direct normal predicted by the ANN presented in [60]. Top right cell temperature
measured during a summer day versus cell temperature predicted by the ANN presented in [41].
Bottom left Actual short-circuit current versus estimated short-circuit current using Eq. (6) for the
HCPV module considered during a summer day. Bottom right Actual open-circuit voltage versus
open-circuit voltage using Eq. (7) for the HCPV module considered during a summer day
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followed to estimate the Isc and the Voc. In this case, these electrical parameters
were estimated from the DNIc, the Tc, and use of the equations of conventional
PVs. The values of the DNIc and the Tc were obtained by applying the ANNs
developed in [25, 60].

From the analysis of results, it can be concluded that ANNs are a useful tool for
the electrical characterization of HPCV devices.
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Building-Integration
of High-Concentration Photovoltaic
Systems

Daniel Chemisana and Aggelos Zacharopoulos

Abstract The chapter addresses building-integration (BI) issues from the basic
concepts to the most specific concerns related to high-concentration photovoltaic
(HCPV) systems. The reader is introduced to the topic by learning the main aspects
of the true BI of PV systems. Although CPVs were developed to generate electricity
at a decreased price compared with nonconcentrating systems, their BI can provide
additional advantages related to a range of building energy needs and functions.
Characteristic case studies of building-integrated concentrating systems are pre-
sented and discussed to show how different types of optical arrangements are
designed to be architecturally integrated. BI HCPV systems require two-axis
tracking arrangements, which poses a range of challenges in addition to those
general for low-concentration or nonconcentrating BI solar systems. Two examples
of truly BI HCPV, from the very few that can be found at present, are presented.

1 Introduction to Building-Integration of Solar Energy
Systems

Energy use in buildings represents 40 % of the total primary energy used in the
European Union. The Energy Performance of Buildings Directive (EPBD) requires
member states to set minimum energy performance requirements for buildings
taking into account the positive contribution of renewable energy sources [1].
Therefore, developing building-integrated renewable energy technologies that offer
effective energy alternatives is vital.
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Solar energy systems (SES) can be integrated onto roofs, facades, and other
building elements offering several advantages such as the following:

• They do not require additional land use and can be used in highly built-up areas.
• They can produce electrical/thermal energy to cover part or all of the building’s

needs.
• They can decrease the building’s energy needs by providing thermal insulation,

natural daylight, and shading.
• They supply energy at the point of use, thus decreasing infrastructure costs.
• They replace conventional building materials and components, thus enhancing

investment payback periods.
• They can improve aesthetic appearance.

In particular, building-integrated PVs (BIPV) offer the extra advantage of pro-
ducing power at peak demand times, thus decreasing the utilitiy’s peak grid loads.

• They do not requiring any additional infrastructural installations.
• They can produce power at peak demand times, thus decreasing the utilitiy’s

peak grid loads.

By superimposing a SES on a building structure, it is possible to achieve
architectural integration and provide good aesthetic appearance. However, a SES is
considered to be truly BI when it becomes a component that provides integrity and
functionality to the building. Being part of the building structure it means that when
dismounted, it will affect or will require the replacement of the adjacent building
component(s). A dismounted BI SES must be replaced partly or totally by a
conventional/appropriate building component to preserve the integrity of the
building. Therefore, in addition to generating energy (heat, electricity, etc.), a
BI SES must provide a combination of the following:

• mechanical rigidity and structural integrity;
• weather impact protection from rain, snow, wind and hail;
• life expectancy from the various materials involved (at least equal to the life of

the building);
• fire protection;
• noise protection; and
• environmental benefit/influence (LCA, embodied energy, emissions).

It is essential for the wider acceptance of BI SES that apart from good energy
performance and cost-effectiveness, they provide flexibility on a wide range of
characteristics that affect the building aesthetics and the wider public acceptance.
These include employed material and surface textures, colour of the solar absorber,
shape and size of the units, and methods for interconnection and thermal/electrical
storage options. Toward this end, solar concentrating systems have several
advantages compared with non-concentrating ones. Nevertheless, at present, the use
of concentrating technologies is limited, and most of the existing installations are
stand-alone devices of considerable size (e.g., solar power towers, parabolic-trough
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concentrators, parabolic-dish concentrators, and large Fresnel concentrators with
two-axis tracking).

The use of concentrating systems for BI requires development of reliable sys-
tems from the manufacturers. An important issue is the tracker mechanism, which
must be simple to decrease the complexity and the cost of the system. When
comparing such a system with a flat-panel PV device built for the same application,
the additional cost of the tracker and its maintenance must be compensated for by
the advantages provided by the use of the concentrating technology. In contrast,
flat-panel systems can be used to replace structural elements of a building, which in
most cases is not possible with concentrating technologies [2].

The way of integration of SES and the perception from people of how
well-integrated is the system is a complex issue to define because there are many
factors (cultural, economical, political, etc.) to consider. For instance, in a certain
location where a solar concentrating collector is superimposed onto a façade, it
could be considered an aesthetically pleasing system because the tracking move-
ments provide a more dynamic image to the building. However in another location
of the same façade, integration could be considered totally anaesthetic and incor-
rect. Reijenga [3] established a classification of the BIPV systems that has an
inherent subjectivity. Five categories were defined based on the increasing extent of
architectural integration:

1. applied invisibly,
2. adds to the design,
3. adds to the architectural image,
4. determines the architectural image, and
5. leads to new architectural concepts.

Now that the concept of BI of solar systems has been introduced, the next
sections deals with the particular restrictions and requirements that an HC BIPV
system should fulfill.

2 Characteristics of a Well-Integrated Solar System

The characteristics that a solar system should cover to be successfully
building-integrated should be in balance between architectural and engineering
issues. In other words, a good balance between aesthetics and engineering should
be created.

Regarding the above-mentioned balance, Munari Probst and Roecker [4] per-
formed a survey on how architects and engineers perceive integration quality. The
study focused on building-integrated solar thermal systems, but the results can be
effectively be applied to any solar device. This research was part of the Task 41:
Solar Energy and Architecture from the Solar Heating and Cooling program
(SHC) of the International Energy Agency (IEA). From the collected survey data,
the authors defined the following criteria:
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1. The multifunctionality of the solar energy system allows the architect to define a
more effective project because fewer elements must be considered, e.g., when the
solar device is also a construction element (facade cladding, roof covering, etc.).

2. The position as well as the dimensions of the collector field should be evaluated
by considering the building as a whole. This implies taking into consideration
energy production goals and formal integration needs (colour, size, shape, etc.).
In some of the cases, the use of dummy elements (non-active) may help to
achieve more coherence between the solar system and the rest of the building.

3. The choice of colours and materials for the system should match with colours
and materials characterising building and context. The initial choice of tech-
nology is fundamental because it imposes the material of the external-visible-
system layer (glass, metal, plastic, etc). In the frame of the chosen technology,
material treatments (surface colour, texture) offered by the various available
products can be considered.

4. Module size and shape should be chosen by taking into consideration building
and facade/roof composition dimensions and characteristics (or vice versa). The
proposed module jointing types should also be considered while choosing the
product (different jointing types differently underline the modular grid of the
system in relation to the building).

The criteria stated from the collected survey data were used by Munari Probst and
Roecker [4] to define a design methodology. Figure 1 depicts the sequence of steps
involved in the collector design. As indicated previously, the guidelines consider
solar thermal collectors and, within them, concentrating hydraulic systems; however
the designmethodology for obtaining a well-integrated collector can be applied either
for thermal or PV systems. Sometimes, the integration requirements are difficult to
achieve as the currently available collectors on the market have been developed with
insufficient awareness of BI aspects [5]. In the case of BI high-concentration pho-
tovoltaic (HCPV) systems, most of the collectors do not consider BI issues, and very
few examples can be found. In Sect. 6, two representative cases will be described.

Almost in parallel to the work performed by IEA SHS Task 41 regarding PV
systems, Task 7 of the IEA on the Photovoltaic Power Systems program evaluated
the aesthetic quality of building-integrated PV systems. As a result, a set of
requirements of a well-integrated PV system were defined [6]:

• natural integration;
• architecturally pleasing design;
• good composition of colours and materials;
• dimensions that fit the gridula, harmony, and composition;
• conformity to the context of the building; and
• well-engineered and innovative design.

As indicated for the case of BI solar thermal systems, these requirements can be
used for any solar-collector type. In addition to the requirements listed, BI HCPV
should overcome successfully a series of constraints caused by tracking require-
ment, extra weight, etc. These aspects are further discussed in Sect. 4.
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3 Representative Case Studies of Building-Integrated
Concentrating Photovoltaic Systems

3.1 The Concentrating Photovoltaic Evacuated Glazing
(CoPEG)

The incorporation of PV cells onto conventional gazing restricts daylight trans-
mission, thus increasing the requirement for artificial lighting in the building.
Recent concepts have attempted to improve transparency by removing sections of
the PV material; however, this decreases the electrical-generating capacity of the

Fig. 1 Design methodology for a BI solar collector [4]

Building-Integration of High-Concentration Photovoltaic Systems 357



system and offers no lighting control for the building’s interior. Dielectric con-
centrating covers for PV façade BI enable increased electricity generation per unit
area of PV material compared with conventional PV panels [7, 8]. In addition
lighting control can be achieved by tailoring the dielectric concentrating lens design
to allow daylight to enter the building for prespecified range of incidence angles of
solar radiation. Evacuated glazing systems have significant potential in decreasing
heat loss from buildings [9]. Laboratory evacuated glazing prototypes have shown
that U-values as low as 0.6 Wm-2K-1 can be achieved [10].

The innovative CPV evacuated glazing (CoPEG) concept developed by the
Centre of Sustainable Technologies at the University of Ulster [11] integrates
evacuated glazing technology with transparent concentrating PV lens into a single
multifunctional facade element. Integrated onto a building façade, CoPEG provides
significant thermal insulation with enhanced optical daylight control whilst incor-
porating a concentrating PV lens to generate electricity.

The CoPEG concept can form part of the building envelope providing the
following:

• high thermal insulation for the building decreasing heating and cooling
requirements;

• low-cost and carbon-free electricity generation from the Sun; and
• control of daylight penetration into the building.

The concept technology consists of an evacuated glazing panel where one pane
of glass is shaped into a series of linear concentrating lenses. A patented
low-temperature sealing technique that uses indium [12] has been utilised to create
an effective and consistent seal around the edges of the evacuated space formed by
the flat and the concentrating glass panes. PV cells are placed at the focus of the
concentrating lens. The vacuum between the outside glass pane and the PV con-
centrating lens pane minimises convective and conductive heat transfer, thus pro-
viding high thermal insulation to the building. The solar radiation is transmitted
through the outer glass pane and concentrated onto the PV cells to generate elec-
tricity. The concentrating PV lenses are designed to allow a certain fraction of the
beam incident solar radiation to reach the building interior at times when natural
lighting is needed (Fig. 2). The lenses can also be designed to produce a seasonal
effect with more direct sunlight allowed into the building in the winter months and
less in the summer. In cooling-dominated climates, CoPEG can significantly
decrease solar heat gain to the building by concentrating all incident sunlight onto
the PV cells. At the same time, the generated electricity can be utilised to sup-
plement air-conditioning cooling power requirements.

The technology is currently undergoing proof-of-concept to advance it to
Technology Readiness Level (TRL) 4. The linear concentrating lenses are of pris-
matic shape and offer a geometrical concentration ratio of 2.7×. They are cut onto a
500 mm × 500 mm × 15 mm (length × width × thickness) opti-white glass pane
using especially designed computer numerical control cutting tools. Multicrystal-
line PV cells, 14 mm-wide, are bonded onto the focal (absorber) area of the prismatic
lens. To produce a building-integrated component with superior aesthetics, green

358 D. Chemisana and A. Zacharopoulos



Fig. 2 Series of ray traces demonstrating the interaction between the linear concentrating lens of
the CoPEG concept and direct sunlight incident at different angles (measured from the
perpendicular to the outer glass pane): (a) 20°, (b) 40°, (c) 50°, and (d) 70°
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coloured cells are used. The effect that the incidence angle of solar radiation has on
the amount of sunlight reaching the PV cells can be observed in Fig. 2. At low
incidence angles, the PV cells receive the fraction of beam solar radiation that is
directly incident on them (Fig. 3a). The remaining beam radiation penetrates behind
the glass. At high incidence angles, most of the beam radiation reaches the PV cells
either directly or after been totally internally reflected at the prismatic surfaces. This
is indicated by the overall green colour of the prototype in Fig. 3b.

3.2 Hybrid Solar Wall Element

A hybrid solar wall element—which combines active and passive heating, PV
electricity, and control of daylight penetration into the building—was developed by
Fieber et al. [13]. The solar wall element uses a PV/Thermal (PV/T) hybrid absorber
with tracking insulated reflectors integrated into a window (Fig. 4). The tracking
reflectors offer an effective concentration ratio of 2.45, and they also act as sun-
shades and added internal insulation for the window.

The hybrid absorber is fixed in an angle of 20° from the horizontal and made of
2 mm-thick aluminium sheet. PV cells are laminated on its upper side, and pipes are
attached to the bottom for circulation of water. To maximise the fraction of solar
radiation that reaches the PV/T absorber, highly transparent glass with an
antireflective coating is used for the window.

Fig. 3 The effect of the angle of incidence on the amount of beam solar radiation that reaches the
PV cells concentrating PV glass pane: (a) at low incidence angles the PV cells receive only the
solar radiation which is directly incident onto their surface. The remaining radiation penetrates
behind the glass mane, (b) at high incidence angles the larger part of beam solar radiation is
reaching the PV cells either directly or after total internal reflection at the prismatic surface
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The tracking reflectors can be set to achieve a range of combinations of solar
radiation concentrated onto the PV/T absorbers and light penetrating the building
interior. With the reflectors fully closed, all of the incident solar radiation is con-
centrated onto the absorbers, thus maximising electricity or heat generation and
minimising solar gains for the building. In passive solar house designs that use large
south-facing windows, this feature of the solar wall element-combined with the
insulated reflectors—can minimise risks of overheating during daytime or thermal
losses during night time. With the reflectors fully opened, all incident solar radia-
tion penetrates the building to provide maximum natural lighting and solar gains.

The system is a visible element in the exterior of the building, particularly in the
interior, and its performance is directly connected to the user’s behaviour due to the
wide range of different operating modes of the reflectors.

A 1 m2 prototype of the system was fabricated and experimentally evaluated
regarding its Sun shading and U-value properties and its photovoltaic and active
thermal output [14]. For a double-glazed antireflectively coated window, the
U-value was found to range between 1.2 (with reflectors fully closed) and 2.8 W/m2

K (with reflectors fully open). The estimated annual energy gain was estimated to
be 609 kWh/m2, of which approximately 10 % was expected to be delivered as

Fig. 4 The hybrid solar wall element [13]
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electricity-generated PV absorber elements (assuming that the reflectors are fully
closed at all times). However, because providing natural daylight to the building
interior is a more efficient strategy than using PV-generated electricity to power
artificial lighting, it was suggested that the reflectors should not be closed at inci-
dent solar radiation levels <300 W/m2.

A simulation program calibrated using actual data from installed prototypes in
Lund, Southern Sweden, and a family house at Solgarden, Central Sweden, pre-
dicted that the hybrid solar wall element annually can produce approximately 35 %
more electric energy per unit of employed PV area compared with a vertically
installed flat PV module [15]. In comparison, a wall-integrated low-concentration
PV system optimised purely for electricity production at similar latitudes
(approximately 60°) was predicted to generate 120 kWh/m2 of PV area, 72 %
greater than that generated by a flat PV module [16].

Hybrid solar wall technology is not fully integrated onto the building façade
because it is simply installed (superimposed) behind a window in the building’s
interior. It does offer the advantage of decreasing the total price of the construction
compared with a conventional solar PV/T collector because it utilizes the frame and
the window’s double glazing for cover. It also offers improved thermal insulation to
the building by using insulated reflectors. However, because it is an active system
that requires tracking of the reflectors to operate effectively, it incurs operating and
maintenance costs. The reflector and PV/T absorber assembly, even when the
reflectors are fully opened, will impair the view of the building occupants toward
the outside and prevent penetration of the sunlight into the building.

3.3 The Fresnel Lens PV/T Collector

The ability of linear Fresnel lenses to separate the beam from the diffuse solar radi-
ationmakes them useful for illumination control in the building interior space. Fresnel
lenses are advantageous because they can combine within them both the concen-
trating element and the optically transparent window. In addition, nonimaging Fresnel
lenses are much less demanding in tracking requirements than the image-forming
ones. This feature is very interesting for BI as it simplifies the control needs, the
weight, and the complexity. Based on these characteristics, the Applied Solar Energy
group, at the University of Lleida, designed a solar concentrator that consists of a
stationary wide-angle optical concentrator, which, for Sun position in the sky,
transmits the incident solar radiation into a small moving focal area, which in turn is
tracked by the absorber. The absorber is a hybrid PV/T collector that controls the cells
from overheating to maximize electrical yield and simultaneously generates
low-temperature thermal energy for domestic hot-water use [17].

The system combines a linear Fresnel lens (5×) with a secondary CPC reflector
(2×). This option was selected to maximize the concentration ratio and to obtain
optimum illumination for the PV cells (mainly homogeneity in the focal area). The
secondary concentrator increases the acceptance angle of the lens and at the same
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time mitigates the non-uniformity caused by the Fresnel unit, thus obtaining a more
uniform profile on the cell. The optical performance of the system was found to be
consistent throughout the year. Figure 5 shows the concentration ratio as a function
of the relative angles in the direction perpendicular to the focal plane (θ) and in the
direction of the focal plane (ψ). The lens was placed at the latitude plane, and the
angle variation was θ (−25°, 25°) and ψ (−70°, 70°) [18].

The system allows a range of different BI options because the lens is static, and
the acrylic material of it [with the adequate ultraviolet (UV) treatment] is water-
proof, light, easy to fix, etc. Therefore, it can be installed as an external element,
e.g., in windows, and can be used for either the façade or roof closing element.
Figure 6a illustrates the view of the concentrating system from the indoors and the
effect of the sunlight that reaches the building interior. Clear shading is observed,
which is caused by the large percentage of the incident irradiance that is

Fig. 5 Dependence of concentration ratio on angles of incidence

Fig. 6 a Architectural design of the Fresnel PVT collector. b Prototype system built using a
structure of metallic profiles that supports the Fresnel lenses and the PV/T absorber
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concentrated onto the PV/T absorber where the diffuse fraction enters the interior
space. The lens was placed with its longitudinal axis horizontal and the PV/T
absorber just outside the window. Figure 6b shows the prototype that was built
using a structure of metallic profiles. The structure was designed to support the
module and the lens in the same position as they would be in a real
building-integrated installation.

3.4 Photovoltaic Facades of Decreased Costs Incorporating
Devices with Optically Concentrating Elements (PRIDE)

Dielectric nonimaging concentrating covers for PV-integrated building facades
make use of total internal reflection of sunlight to redirect the incident solar radi-
ation onto PV cells placed at the absorber of dielectric nonimaging concentrators.
They were designed as a replacement for the glass panes covering conventional PV
modules while offering higher electrical outputs per unit of PV material employed.
An asymmetric CPC was specifically designed for use in for building façade BIPV
(Fig. 7a). The asymmetric design was shown to be more suitable compared with
symmetric concentrators. It offered (after truncation) a geometrical concentration
ratio of 2.46 with a 1.39 aperture width-to-depth ratio [7]. Refraction of the incident
solar radiation at its aperture allowed it to collect beam solar radiation incident at
any angle between 0° and 66.4° from the perpendicular to its aperture. A 5.3 mm
deep concentrator was predicted to achieve optical efficiencies of up to 91 % when
made from opti-white glass. A three-dimensional optical analysis predicted that the
asymmetric CPC maintained optical efficiencies of >40 % (Fig. 7b) even for

Fig. 7 The dielectric asymmetric CPC designed for use in façade-integrated PV covers (a) and its
predicted optical efficiency (%) in the three dimensions (b)
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incidence angles outside of its two-dimensional angular acceptance range. Com-
pared with a nondielectric concentrating system, it offered increased acceptance of
solar radiation for incidence angles both inside and outside its meridian.

The asymmetric CPC design was used in prototype covers of PV facades
incorporating devices with optically concentrating elements that were fabricated
using casting into moulds (Fig. 8). The prototype covers were compared with
similar nonconcentrating systems under controlled simulated conditions and
showed excellent power output. An injection moulding method was used to fab-
ricate covers out of clear acrylic material using 6 mm-wide cells at the absorber of
the dielectric asymmetric CPCs [8]. The method allowed large-scale manufacturing
with improved durability and decreased weight and cost of the covers. The fabri-
cated covers were optically characterised and evaluated outdoors compared with
similar non-concentrating panels. The measured power ratios between the two
systems showed a 2× power concentration (Fig. 9). The decrease in relation to the
geometric concentration ratio of 2.45 was due to optical losses. The maximum solar
to electrical conversion efficiency achieved for concentrating covers was 10.2 %.
The power output from a 950 × 1000-mm cover measured at standard test condi-
tions was 78 W.

The quality of the finish of the acrylic surfaces of the asymmetric CPCs was the
main factor affecting the optical performance of the prototype concentrating covers.
The employed asymmetric CPC design provides the optimum optical performance
for building façade integration (with wide acceptance angle, high optical efficiency,
concentration ratio of 2.46 and 1.4 with aperture width-to-depth ratio). However,
the complexity of its geometry makes it difficult to fabricate accurately and

Fig. 8 Prototype concentrating PV covers made by casting acrylic material into a mould. The
covers use 9 mm-wide PV cells at the absorber of asymmetric CPCs specifically designed for
building-integration
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inexpensively. Although small concentrator depths mean shorter paths for the
sunlight inside the concentrator body before reaching the PV cell and in turn greater
optical efficiencies, achieving good fabrication quality becomes more challenging at
small scales (such as when using 3 mm-wide PV cells). Baig et al. [19] modelled
and experimentally evaluated a building-integrated CPV system based on sym-
metric elliptical hyperboloid dielectric elements. The geometric concentration ratio
of the system was 6×. A power ratio of 3.7 was determined at normal incidence and
an average ratio of 2.1 was determined over the entire incidence angle range.
Fabrication defects, spectral transmission, and temperature losses were identified as
the main loss mechanisms for decreased performance. However, the effect of the
high nonuniformity of the solar flux incident on the cell surface was found to be
negligible.

The concentrating PV covers were developed as a method of decreasing the unit
price of electricity by using less PV material to achieve the same electricity output
compared with conventional PV. Decreases in the price of PV cells over the last
10 years meant that the costs of fabricating the dielectric concentrators became
greater compared with the costs saving from using less PV material. Any
façade-integrated BIPV technology is exposed to lower levels of solar radiation
compared with roof-mounted systems. This results in decreased electricity outputs
and longer investment payback periods. To achieve cost-effectiveness,
façade-integrated BIPV should provide other functions or advantages than just
generating solar electricity. Ease of integration, good thermal insulation, natural
daylighting, solar gain control and aesthetics must be part of the competitive
offering package of the technology.

Fig. 9 Comparison of power outputs at different solar intensities for the prototype concentrating
PV and a similar non-concentrating panel using the same area of PV material [8]
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4 High-Concentration Systems: Critical Aspects

Compared with BI PV and BI CPV, BI HCPV offers the opportunity of achieving
greater overall electrical conversion efficiencies by using HC solar cells, which
achieve conversion efficiencies >40 %. In this way, significant amounts of power
can be generated by the limited space available on building facades, roofs, and other
elements. Furthermore, the cost-effectiveness of the system can be improved when
the high-temperature waste heat generated by the large concentration fluxes (400×)
incident on the PV absorber is used for other applications such as cooling and
power generation [20].

By the two-axis tracking of the Sun, BI HCPV systems ensure that incident solar
radiation is received within a very narrow angular range, which maximises
acceptance and in turn power generation. Moreover, the tracking system can allow a
more versatile use of a BI HCPV system. Connected to the appropriate control
systems, the tracking mechanism can be used to control or allow daylight pene-
tration into the building in response to changing ambient conditions and building
occupant needs. During night time, the tracking mechanism can arrange the position
of the concentrating system elements in such a way that improves the insulation
properties of the building skin and decreases heat loss.

HCPV systems require a highly collimated light on their aperture, which is then
focused on a very narrow area where the PV cell is located (point focus). It is
possible to use this method in reverse and employ it for lighting purposes [21].

In HC systems, a distinguishing aspect compared with other PV technologies
(e.g., flat-plate PV modules without concentration or PV of low concentration) is
the requirement for two-axis tracking that can achieve the desired power densities.
Due to this characteristic and the magnitude of the concentrated radiative flux itself,
a number of critical factors, related with BI, arise:

1. The requirement for additional structural and mechanical elements to fix or
attach the tracking system itself. Thus, the structural load of HC systems inte-
grated into a building is always greater than that of a conventional solar system.

2. The space occupied (as part of the building) increases due to the moving parts of
the tracking system and the PV generator. Therefore, in these devices it is
necessary to consider the swept volume required to track the solar height and
azimuth. The density of the elements on the surface where the system is installed
is decreased by having gaps between them for tracking movements. In turn, the
volume of the layer, understood as a constructive system, is also increased
because of solar-tracking trajectories. The best method, which allows for low
swept volume, is to install modules with the smallest possible size (one optical
element–one PV cell). This means that more mechanical pieces will be used to
fix each of the individual concentrating units, but the volume occupied is lower
and the possibilities for BI improved (Fig. 10).

3. As a result of the previous requirement, moving parts mean that the intercon-
nections of all of the installations involved (electrical circuits, hydraulic circuits,
control circuits) should be prepared for these movements. This is a bigger
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challenge in the case of PV concentrators equipped with active cooling, whereby
an additional flexibility for pipe connections is required. It is worth mentioning
that the majority of HC systems are equipped with passive heat sinks that work
successfully due to the small size of the PV cell and its isolated placement in the
module. These two factors allow using evacuation devices with high-dissipation
active area with respect to the cell surface to be cooled.

4. In addition to generating electrical power, the system has an electrical con-
sumption for the tracking system; thus, the net output is decreased. Moreover,
this consumption implies the use of an additional electrical circuit to feed the
tracking system and its corresponding control.

5. The solar tracking for HC systems is demanding with angular tolerances of
approximately ≤0.2°. Because small deviations could cause several problems in
addition to the consequent loss of production, the control must be precise and
proper maintenance is required.

6. A large amount of the incident concentrated energy, between 60 and 70 %, is
not converted into electricity and is lost as waste heat. Thus, hot spots with
temperatures ranging from 50 to 100 °C should be managed by appropriate heat
sinks and should be the air flow to which the waste heat is transferred.

Considering what has been presented in the previous sections, the majority of
HCPV systems are not designed to be architecturally integrated. The most feasible
option is to incorporate them on flat roofs where they are not visible from the street
level. However, these configurations fall outside the “building integrated system”
concept because they are instead superimposed on the building structure.

In addition to the requirements inherent to HC, these systems must comply with
the general principles of a solar system well-integrated into the building. In this
direction, the HCPV that are more suitable for integration in buildings are made by
refractive optical systems, and their main components are Fresnel lenses. Refractive
systems have a highly desirable property, which is their transparency; this enables

Fig. 10 Swept volume as a function of the elements forming the concentrating module
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them to be part of façades or roofs while allowing natural lighting to interior spaces.
The direct fraction of the solar irradiance is concentrated onto a high-efficiency
solar cell, and the diffuse fraction provides natural lighting inside the building.
Depending on the arrangement of the concentrator elements, a portion of the solar
irradiance passes directly through the interspaces of the modules needed to perform
the two-axis tracking. The light-guiding devices, which combine refraction and total
internal reflection, also have the property of transparency. The Light-Guide Solar
Optics Sun Simba, commercialised by Morgan Solar, is a leading exponent of this
typology [22]. This system operates with a geometric concentration of 500× and
III-V cells of 5 mm2. It is highly compact (similar to a conventional PV module)
because the PV cell and the concentrator form a single element. In addition, the
waste heat-removal system is minimized as the concentrator removes the infrared
(IR) from the incident spectrum [23].

Parabolic-dish concentrators have the same constraints derived from two-axis
tracking and volume occupied as the refractive systems using Fresnel lenses.
However, being reflective systems, natural lighting of interior spaces is achieved
only through the gaps between the array elements. Improving the compactness of
the system, cassegrain-type concentrators combine several optical systems
achieving a similar thickness as a conventional module but with a concentration of
approximately 500× [24–26]. It is possible to allow lighting into the building by
using spectral-selective reflectors that permit part of the incident irradiance to enter
and other bandwidths to be concentrated onto the cell [27–29]. This is more suitable
for PV technologies, such as the silicon or GaAs PV cells, that utilise narrow
spectral bandwidths and a spectral response at a distinct maximum zone. A possible
configuration is to use a reflector that only concentrates irradiance from a zone
around the spectral response peak (i.e., approximately 900 nm in the case of silicon
cells) while it is transparent in the rest of the visible region. However, in the case of
multijunction cells where spectral response ranges from the UV to the near-IR
region with very high external quantum efficiency, the benefits depend on other
factors rather than the efficiency. Nevertheless, a band-pass filter configuration
could be designed to satisfy the specific application.

5 Examples of BI HCPV Systems

5.1 Integrated Concentrating Solar Facade (ICSF) System

A BI HCPV system that fulfils the criteria for a well-integrated system in buildings
is the integrated concentrating solar facade by researchers at the Rensselaer Poly-
technic Institute [Center for Architecture Science and Ecology (CASE)] and the
Harvard University [30]. The technical challenges addressed by the researches, in
addition to developing a low-cost system, are as follows:
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• to maximise the direct beam irradiance gain for producing electricity;
• to use the maximum amount of incident diffuse irradiance to provide natural

daylight;
• to minimise maintenance issues;
• to capture and utilise the waste heat produced by the PV; and
• to be aesthetically pleasant and prevent glare effects for the building’s

occupants.

The solution adopted to meet all of the desired characteristics is a Fresnel lens
optical system that concentrates the direct irradiance (approximately 600×) towards
a III-V high-efficiency cell. The structure supporting the lens and the PV cell is
completely transparent (made from either borosilicate glass or acrylic), and it
constitutes the concentration module. The modules are suspended between parallel
hanging fins that rotate to track the solar azimuth. On the front of the modules, thin
vertical cables, which are practically invisible, are attached on the aperture area of
the concentrator. The cables hold the module and track the solar altitude (Fig. 11).

To use the incident energy that is not converted into electricity, the system
includes an active cooling system comprising a heat exchanger placed at the back of
the PV cell and a hydraulic circuit located inside the vertical tube that connects the
apexes of the modules. The connector of the hydraulic circuit with the cooler is
flexible to absorb solar tracking movements. Because the hydraulic system is
decoupled from the structural fins that track the solar azimuth, the connector
between the heat exchanger and the distribution circuits must absorb only the
limited movements required for tracking the solar altitude.

Fig. 11 Concentrating Fresnel lens module with detail of the individual concentranting element.
Courtesy of CASE
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The system minimizes the load impact on the building by using lightweight
materials and by providing additional functions to the structural elements such as
tracking element or hydraulic circuit housing. The fasteners are designed to be
vertical, thereby bending deformation because all loads act in the main direction of
the element is avoided. This fact enables the use of smaller section profiles. Thermal
expansion of components is considered carefully to minimize stresses and maintain
tracking within optical tolerances. By contrast, the fins performing the azimuth
tracking are subjected to torques that may be important; therefore, it is necessary to
take into account the distance from where the torque is applied (transmission
system) and the different elements that rotate as well as the materials and the section
of the twisting profiles. The ladder construction of the module axle and fin assembly
is designed to delocalize the stresses from these torques.

In terms of swept volume, the researchers considered including an array of
individual elements so that the occupied volume is minimized. These elements are
housed between two glass panes in a curtain wall.

The system functions are illustrated in Fig. 12. Depending on the temperature of
the heat-removal fluid and the available technology for utilising it, a wide range of
combinations are possible that also produce, apart from the PV electricity, heat for
different uses: space cooling, dehumidification, service hot water, desalination and
wastewater treatment, power generation, heating, etc.

Fig. 12 Schematic of the applications of high-quality thermal energy collected through an
envelope-integrated solar-harvesting system. Courtesy of CASE

Building-Integration of High-Concentration Photovoltaic Systems 371



The proposed device has been tested in the SyracuseCoE Centre of Excellence
and the SOM-NY Headquarters and is commercialised by HeliOptix.

The hybrid device ensures that the cell does not overheat; it works in optimum
conditions and increases the overall efficiency of the system by producing thermal
energy. However, even with a dissipater, a warm zone is produced behind the cells.
Heat flux is transferred mainly by convention to the air located in the cavity
between the two glass panes. This effect has been numerically investigated by Sabry
et al. [31] in a very similar BI HCPV system. This system has the major support
axis positioned horizontally so that the rotation achieves the solar altitude tracking.
In this case, the loads of the structure are more demanding due to the bending
deformation in addition to the torque (Fig. 13).

5.2 Spherical Solar Concentrator

The second example of a BI HCPV system, designed by the company Rawlemon, is
based on acrylic spheres. The diameter of the spheres ranges between 50 and
1800 mm. Systems with smaller spheres are made from solid acrylic material and
called MicroTrack 324. Larger spheres are made from a spherical acrylic shell with
the internal cavity filled with water. The larger diameter systems are a hybrid
receiver, using the water for cooling, and can reach a combined efficiency of
approximately 57 %.

All of the systems are designed with a geometric concentration ratio of 100×.
The smallest device (50-mm diameter) incorporates a single 5 × 5 mm2

Fig. 13 Schematic of the
concentrating system [31]
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concentration cell. The rest of the systems present an array of concentration cells
with variable surface, depending on the sphere diameter, to achieve 100× con-
centration. Figure 14 shows a photograph of the matrix of PV cells for one of the
large-size spheres.

The design is fully adapted for architectural integration with the concentrating
element (array of spheres) manufactured as a single panel. Two-axis tracking is
used on the PV element to track the focal point of the sunlight after being con-
centrated by the spheres as shown in Fig. 15. The PV cell is the element that moves
to track the focus. The system is fully modular and does not need additional
elements to support its operation. As defined in the technical specifications, it is the
first concentrating solar module that allows complete integration. The designer

Fig. 14 Photograph of the receptor formed by a matrix of cells. Courtesy of Rawlemon

Fig. 15 Solar spherical concentrator. Courtesy of Rawlemon
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claims that it can utilise 15 % of the diffuse irradiance with a transparency of 99 %
[32]. However, due to the increased lengths of paths the sunlight travels inside the
sphere before reaching the PV absorber, it suffers large optical losses. In addition to
generating electricity, or electricity and heat, the system also provides an alternative
function for night lighting by placing a series of light-emmitting diodes in the focal
points of the spheres.

The system has been experimentally analyzed by the Centre for Solar Energy
and Hydrogen Research Baden-Württemberg showing that it can deliver up to 70 %
surplus yield compared with a conventional PV panel also placed vertically
(Fig. 16).

6 Conclusions

Building-integrated solar energy technologies such as PV systems can play an
important role in covering part of the building energy needs and helping achieve the
challenging targets such as EPBD. BIPV generates energy in situ where the con-
sumption of it takes place. This does not require a distribution grid from the
centralised power-generation unit; therefore, losses from supply side to the demand
side are minimised.

Truly building-integrating systems are multifunctional offering extra benefits
than just producing energy. They can work as structural elements of the building,
such as windows or facades; they can provide and/or control the natural lighting to
the interior spaces; they can improve the aesthetics of the building; and they
enhance the insulation properties of the building’s skin. In contrast, some BI
configurations, where the system is superimposed onto the building structure,

Fig. 16 Comparative performance between a Rawlemon system and a conventional PV panel.
Courtesy of Rawlemon
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achieve less electrical yield compared with a PV system placed at the optimum tilt
angle for a specific location.

Concentration of the direct sunlight decreases the amount of solar cell material
required and makes the system more cost-effective. Solar concentrators may also
help in increasing the amount of incident energy by means of increasing the
acceptance of direct incident solar radiation for the full collection period and
because they use more efficient cells, which can double the system’s performance
compare with using conventional cells such as silicon-based technologies.

Most documented building-integrated concentrating systems are of low con-
centration ratios. When the concentration ratio is low, the system can be static,
which facilitates the integration into the building. Few high-concentrating PV
collectors are designed to be architecturally integrated. HC systems need two-axis
tracking to operate, which means that parts of or the whole system moves. This
imposes extra requirements to consider when designing such collectors. Never-
theless, if the BI issues are considered from the beginning of the design and given
the same priority as those issues related with the efficiency, suitable devices and
good performance can be obtained.

Two HC building-integrated PV systems have been described. Both systems
operate with cell efficiencies >30 % and increase the energy performance consid-
erably compared with a similarly integrated standard PV system. From an aesthetic
and architectural point of view, the concentrating devices are integrated in a way
that improves the image of the building and enhances its public acceptance.

Further research should be performed into developing solutions for truly
building-integrated HCPV systems that can offer high cost-effectiveness while
enhancing building aesthetics and comfort for its occupants.
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Analysis of Present and Future Financial
Viability of High-Concentrating
Photovoltaic Projects

Steve Tomosk, David Wright, Karin Hinzer and Joan E. Haysom

Abstract Three metrics for the financial analysis of high-concentrating photovoltaic
(HCPV) systems are assessed: capital costs for fully installed systems (in $/W), the
levelized cost of electricity [in $/kilowatt-hours (kWh)], and the net present value
[NPV (in $)]. First, capital costs for HCPV systems are shown to have fallen at a
steady rate and are characterised by a learning rate of 18 % with a 90 % confidence
interval of 14–22 %. The analysis further combines this learning rate with future
scenarios for volume growth rates to provide “lower,” “middle,” and “upper” pro-
jections for future capital costs of HCPV systems. These capital cost projections are
used as inputs to the LCOE and NPV calculations, from which present and future
project viability is assessed for a number of different project conditions. A case study
for an HCPV deployment in Las Vegas exhibited an LCOE of $0.125/kWh in 2014
under the “middle” capital cost scenario, which decreases to $0.072/kWh by 2020.
For project locations and situations where electricity rates vary according to different
hours of the day, the NPV calculation provides a better assessment of financial
viability. A detailed methodology with month-hour computation of revenues was
developed and applied to two offsetting case studies: Las Vegas, Nevada (with
time-of-use electricity prices for small businesses) and Ottawa, Ontario (with a large
business rate structure that depends on peak demand). HCPV provides a good match
for peak demand times, and the correspondingly high tariffs improve profitability
compared with flat electricity rates. Both case studies exhibited profitability by 2015
(2018) under the “low” (“middle”) capital cost scenarios. The research as a whole
indicates that HCPV systems are already competitive with other solar energy tech-
nologies and in certain locations may already be able to deliver market-competitive
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electricity costs. As prices continue to fall between now and 2020, many more
projects will be profitable in both high- and low-DNI locations depending on the
electricity rates and their structure.

1 Introduction

In this chapter, we describe some of the financial analysis necessary to show the
economic viability of high-concentrating photovoltaic (HCPV) systems. We take
the perspective of the HCPV system manufacturer as well as that of the
owner/manager of an installed system, both of whom need to show a profit on their
part of the supply chain for solar-generated electric power. We cover the current
situation at the time of writing, i.e., the fourth quarter of 2014, as well as projections
over the remainder of this decade.

HCPV system manufacturers play into a quickly growing but highly competitive
market for solar energy technologies, thus competing against established options
such as silicon PV and concentrating solar power. An important metric on which
they compete is the capital cost of a complete installed system, which is measured
in dollars per watt ($/W). Dollars is the price at which the complete system—
including modules, racking, trackers, inverters, cabling, and installation—is sold to
the solar farm (herein assumed to be 2014 US dollars). Watts is the peak direct
current (DC) power generated by the system in Concentrator Standard Test Con-
ditions of 1 kW of solar irradiance per square meter at a module temperature of
25 °C [1]. Although this is a simple measure, it contains some subtleties.

• First, it subsumes energy conversion efficiency in the multijunction cell and in
the concentrating optics in the sense that it focuses on the watts of DC power
that result from those efficiencies. It also subsumes cost-effective efficiencies in
manufacturing processes and in deployment methods. Because a system pro-
ducer improves these efficiencies [2], those improvements (and the associated
costs) are automatically reflected in a new figure for $/W and therefore do not
need to be taken into account separately.

• Second, although $/W is a good measure for comparing among different HCPV
systems, it is less useful for comparing HCPV with other electricity-generating
technologies. Our estimate of the average capital cost of HCPV in 2014 is
$2.40/W [3], and the world median capital cost of nuclear power is $4.10/W [4].
However, a nuclear power plant operates at near full capacity 24 h/day, whereas
each peak watt of HCPV can generate far less electrical energy because it only
produces during sunny conditions. Moreover, $/W refers only to the capital cost
and does not include operating costs (e.g., fuel), which are very different among
the various electricity generating technologies.

From the viewpoint of a solar farm operator, it is important to note that the $/W
metric does not provide information about the amount of electrical energy, in
kilowatt-hours, that the system can be expected to produce because that will depend
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on where geographically the system is installed due to factors such as solar
resource, temperature, shading, and soiling. A solar farm operator needs to deploy
the HCPV system at a location that produces enough kWh of electrical energy that
can be sold for a sufficient price in $/kWh to cover the capital cost of the system in
$/W. There are two metrics that can be used for such an assessment:

• The levelized cost of electricity (LCOE) is a measure of the average cost of
producing electricity over the lifetime of the system, and it can be used to
compare among alternative power-generation technologies. It also enables the
comparison between the effective cost of production and current electricity
market rates: If the market rates are constant, this is an easy comparison.

• There are many situations when the value of electricity varies with the hour,
month, and year, typically increasing at times of high demand. In these cases, an
appropriate metric is the net present value (NPV) of the HCPV system, which
takes into account the capital and operating costs together with the
time-dependent value of the power generated.

Section 2 of this chapter covers the $/W metric for HCPV systems including
analysis of future trends; Sect. 3 provides a discussion of LCOE; and Sect. 4 presents
the NPV metric for the operation of HCPV systems under different tariff structures.

2 Capital Costs with Future Projections

2.1 Historic Capital Costs

HCPV systems have been deployed commercially since 2007 at capital costs
varying from $2.09 to $10.00/W [3]. Costs have in general declined since 2007, but
there has also been considerable variability in the price at which deals were
negotiated within a single year (see Fig. 1).

To make a decision to invest in an HCPV system, a solar farm operator needs to
consider not just the economics of investing today but also the economics of
waiting to invest at a future point in time. The decline in HCPV system prices can
be expected to continue into the future, which, coupled with increasing electricity
prices in the future, may imply that it is more profitable to defer the investment
decision until a future date. This option is explored in detail in Sects. 4.2 and 4.3 of
this chapter. Hence, in addition to current system prices, the operator needs to have
estimates of future prices.

A projection of capital costs to 2020 based on a log/linear regression analysis is
given in Fig. 1, which shows 90 % confidence intervals (CIs) on the projections to
illustrate the extent of the price variability. Such a projection is based entirely on
historical trends over time continuing into the future. It does not take into account
other factors, such as why prices have declined in the past or whether price trends
early in the deployment of a new technology, such as HCPV, might be different
from trends after the technology is more established.
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2.2 Learning Analysis

An improved methodology for projecting technology prices is to relate prices not to
time but to deployment volume. This approach has been used in a number of
industries including solar power [5] and is based on the “experience curve” or
“learning curve.” The rationale behind this approach is that as HCPV is deployed,
the industry gains experience and hence is able to operate more efficiently. Larger
deployment volumes bring more revenue, and thus more research and development
money is available to fund efficiency improvements in system technologies. In
addition, increased deployments result in improvements in manufacturing and
installation methods as well as efficiencies in scale, which further decrease costs.
The learning curve equation is:

C ¼ aVb ð1Þ

where C is the cost of HCPV in $/W, and V is the cumulative deployment volume to
date in megawatts (MW).

When deployment volume doubles, cost will change in the ratio 2b, thus
resulting in a price reduction because typically b is negative. The “learning rate” is
defined as the proportional reduction in price and is given by:

LR ¼ 1� 2b ð2Þ

In [3], we give HCPV deployment volumes for the period 2007–2013. They are
likely more robust than the costs because industry players are more willing to
disclose the size of a project in MW than the cost in $/W. A log/log regression of
the data according to Eq. (1) results in an estimate of the learning rate of HCPV to
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be 18 % with a 90 % CI of 14–22 % [3]. This is a rapid learning rate compared with
11 % for concentrated solar power (CSP) systems [6] and 14 % for PV systems [7].
A higher learning rate for HCPV technology puts the technology in a good com-
petitive position relative to other solar technologies for two reasons. First, doubling
in deployment volume can be expected to result in an 18 % reduction in HCPV
system price compared with lower percentages for CSP and PV. Second, because
current cumulative deployment of HCPV (217.5 MW at the end of 2013) is <1 % of
the solar global total, doubling can be achieved with a relatively small number of
new MW-sized solar farms compared with the much higher volume required to
double the cumulative deployment of CSP and PV.

We next show how the learning curve developed for HCPV can be used to
derive more robust price projections than those shown in Fig. 1.

2.3 Projections in Future Capital Costs

The learning curve of Eq. (1) can be used to forecast future costs, C, as long as we
know future deployment volume, V. Commercial market projections of deployment
volume were obtained from Yole [8] and IHS [9] covering the period 2014–2020.

Three price projections were obtained based on three volume projections: Yole
conservative, Yole optimistic, and IHS [3]. Each price projection has a 90 % CI
resulting in 9 graphs. As a simplified summary of the many curves, Fig. 2 shows the
three projections with only their outermost CIs shown.

These three forecasts give 2020 projections of $1.32, $1.13, and $1.17/W,
respectively, based on cumulative deployment volumes of 3.02, 5.12, and 4.65 GW.
Comparing Figs. 1 and 2, it can be seen that the trend extrapolation in Fig. 1 results
in a price of $0.71/W in 2020, which is significantly lower than those in Fig. 2. The
learning curve shows that to achieve a price of $0.71/W in 2020, the cumulative
deployment would need to be 26.5 GW, which is excessive compared with the
projected volumes from Yole and IHS. In subsequent sections of this chapter, we
therefore focus on a price projection derived from the Fig. 2 curves.

3 LCOE with Future Projections

The LCOE is a gauge of the costliness of an energy-generating technology over its
operational lifetime. The LCOE for any electricity-generating system can be
thought of as the break-even price today for selling electricity produced over all
future years of operation [10, 11]. The LCOE is particularly useful for comparing
energy producing technologies that sell electricity to the energy marketplace at a
consistent price over their operational lifetimes.
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We can calculate the LCOE for a solar installation using:

Levelized Cost of Electricity ¼ I þPT
t¼1 Mt � ð1þ rÞt

PT
t¼1 E0 1� dtð Þ � ð1þ rÞt ð3Þ

where I is the initial capital expenditure, which occurs in year zero; Mt is the oper-
ation and maintenance cost at time t; and E0 is the amount of energy produced by the
system in its first year. The HCPV module degradation rate is denoted by d; r rep-
resents the risk-adjusted discount rate; and the total number of operating years is T.

The discount rate is regarded as a rate of required return on invested capital. It
can be interpreted as the rate of return an investor could obtain from an alternate
investment with a similar amount of risk [12]. Alternatively, the discount rate can
be thought of as the cost of financing the debt owed to investors by an organization.
For our analysis, we assume a discount rate of 7 % based on [13, 25–27].

Operation and maintenance costs are incurred annually and depend on the kW size
of the PV system. We assume these expenditures to be $33.25/kW/year for HCPV,
which is 1.75 times the average cost for PV systems [20] due largely to
tracking-equipment maintenance. Two additional one-time operational and mainte-
nance expenses for inverter replacement and module recycling are included as fixed
costs in our analysis in years 13 and 25, respectively. The cost to replace the inverter
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is proportional to the kW size of the HCPV system, whereas the recycling expen-
diture is dependent on the physical size of the HCPV installation measured in square
meters (m2). The price to replace the inverter in year 13 of the analysis is presumed to
be $0.16/W, and this figure rests on an average 2012 commercial PV system inverter
replacement charge of $0.19/W [13]. The expense to dismantle and recycle HCPV
modules at the end of their operational lifetime is taken to be $18.25/m2 based on an
up-to-date PV module dismantling and recycling fee [14] converted to American
dollars at the 2014 average euro/dollar exchange rate at the time of writing.

Degradation is the gradual decrease over time in the energy output capability of
solar modules resulting from their ongoing exposure to the outdoor elements [15].
Although an installation’s degradation rate could vary over its operational lifetime
[16], our HCPV analysis assumes a small, linear rate of 0.5 % based on PV studies
[23, 24]. Given that HCPV degradation rates are currently unknown, and a recent
publication indicated no measureable degradation after seven years [17], our
analysis will assume that the HCPV degradation rate is the same as an accepted rate
for PV technologies.

It is important to disclose the assumed input values for each variable found in
Eq. (3), and these assumptions are given in Table 1. We presume that system prices
are based on projections from Sect. 2.3, and for clarity, the yearly values are
tabulated in Table 2. The amount of energy produced by the system, E0, has been
calculated using direct normal irradiance (DNI) data for Las Vegas, Nevada, from
the National Solar Radiation Data Base [18] and the Measurements and Instru-
mentation Data Center [19]. The former is a “typical meteorological year” DNI data
set crafted from historic measured values in Las Vegas spanning 1979–2001. The
latter data set, in contrast, contains consecutive hourly DNI data for Las Vegas
spanning the period 2006–2013. The average of the two datasets provides a yearly
DNI value of 2406 kWh/m2/year. The first year’s HCPV energy production is
calculated by multiplying the amount of DNI by an assumed HCPV module effi-
ciency and balance-of-system efficiency as follows:

E0 ¼ DNI � A� gCPV � gSYS ð4Þ

where DNI is the annual DNI, gCPV represents HCPV module efficiency, and gSYS
denotes HCPV system efficiency. The area, A, is the module area in m2 derived
from the system size:

A ¼ P
gCPV � CSTC

ð5Þ

where P is the rated DC power of the HCPV modules in watts, and CSTC is the
DNI used for HCPV standard test conditions [1].

Inputting the “middle” 2014 input capital cost of $2.44/W together with the
values of Table 1 into Eq. (3), the LCOE is found to be $0.125/kWh. Thus, our
solar installation would need to sell the electricity it produces at a price of
$0.125/kWh over its 25-year life span of operation to break even.
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Looking toward future trends, we can incorporate the predicted declining capital
costs from Table 2 to determine future LCOE values. Here we use the system prices
from each of the “upper,” “middle,” and “lower” cost scenarios for each year, which
modify I from Eq. (3). At the same time, we maintain all other assumed values from
Table 1. The result is a clearly declining LCOE with time as illustrated by Fig. 3.

Table 2 HCPV capital cost
scenarios (in $/W) used in our
analysis

Year Upper ($/W) Middle ($/W) Lower ($/W)

2014 3.12 2.44 1.89

2015 2.80 2.06 1.50

2016 2.57 1.80 1.24

2017 2.37 1.60 1.07

2018 2.20 1.45 0.94

2019 2.05 1.31 0.85

2020 1.92 1.21 0.75

Table 1 Input values for LCOE calculation using a 100-kW solar installation

Parameter Symbol Value Reference Notes

HCPV-module
power rating

P 100 kW

Input capital
costs

I $312,000,
$244,000,
$189,000

2014 values from Eq. (1)
and Table 2 costs C,
using I = CP

Operation and
maintenance
costs

Mt $33.25/kW [20] 1.75 × PV operation and
maintenance costs

DNI solar
resource

DNI 2406 kWh/m2/
year

[18, 19] For Las Vegas

HCPV module
efficiency

gCPV 30 % [21, 22]

HCPV system
efficiency

gSYS 80 %

Concentrating
standard test
condition

CSTC 1000 W/m2 [1]

HCPV module
area

A 333 m2 By way of Eq. (5)

HCPV energy
production

E0 192,493 kWh/year By way of Eq. (4)

HCPV
degradation
rate

d 0.5 % [23, 24]

Discount rate r 7 % [13, 25–
27]

Project life
span

T 25 year
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Thus, diminishing capital costs have a significant impact on the LCOE. The
“middle” curve, for example, exhibits an LCOE of $0.072/kWh in 2020, a decrease
of 42 % compared with 2014.

From Fig. 2, the “upper” prices correspond to system prices from the “highest
CI,” whereas the “lower” prices correspond to capital costs projections from the
“lowest CI.” The “middle” prices are a yearly average of Yole conservative, Yole
optimistic, and IHS estimates also from Fig. 2.

The amount of DNI received by a solar installation also affects the LCOE. Las
Vegas has a moderately strong solar resource compared with other geographic
locations. Regions such as Northern Chile, Southern Africa, and Central China may
achieve values in the range of 2600–3000 kWh/m2/year, whereas the Northeastern
United States, Southern Canada, and Central Europe have lower DNI resources in
the range of 1300–1600 kWh/m2/year. To study the sensitivity, we maintain all
assumptions from Table 1 with the exception of E0, which is modified to represent
DNI levels spanning 1300–3000 kWh/m2/year. As illustrated by Fig. 4, the LCOE
decreases as the HCPV installation receives more DNI. Even a small increase in
DNI by 100 kWh/m2/year has a noticeable impact on the LCOE.

3.1 LCOE Discussion

The LCOE incorporates many different variables to determine the price at which
electricity must be sold over the operational lifetime of the technology to break
even. Combining its calculation with the projected future capital cost trends

Fig. 3 The LCOE decreases
over time due to decreasing
HCPV system costs
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provides a useful indication of the future financial viability of HCPV projects.
LCOE values will decrease as HCPV system prices decrease and may be less than
the price of grid-produced electricity in some locations presently; this will spread to
more locations as prices continue to decrease. The amount of DNI received by an
HCPV installation has a significant impact on the LCOE; thus, locations with high
DNI will achieve lower LCOE values before locations with low DNI resources. But
this will be a dynamic situation: In future years, all prices will decrease. For
example, again using the “middle” capital cost curve, Fig. 4 shows that a location
with a low DNI of 1400/kWh/m2/year will have an LCOE of $0.214/kWh in 2014.
However, this will decrease 42 % by 2020 (applying the same trends as in Fig. 3)
resulting in a value of $0.124/kWh, which again may be competitive with 2020
electricity market prices.

The LCOE has limitations and is not an accurate indicator of an HCPV project’s
financial viability if the project sells its electricity at variable energy market prices.
In addition, LCOE calculation is incapable of accounting for the value of electricity
produced at different times of the day by intermittent energy-producing technolo-
gies such as HCPV. Both of these shortcomings, along with disagreements over the
values of the inputs used in LCOE calculations, have led some to criticize the
application of the LCOE to solar electricity generation [13, 23, 28]. Given these
drawbacks, we will now explore an alternative method of assessing the economic
viability of a solar installation. This method, often referred to as a “net present
value” (NPV) analysis, enables us to take into account the varying wholesale
electricity market prices and the time-dependent solar electricity production. As a
result, we can obtain a clearer picture of the economic attractiveness of solar
energy.

Fig. 4 The sensitivity of the
LCOE to the solar resource,
shown here for 2014; all
curves will shift downwards
in future years.
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4 NPV with Future Projections

4.1 Methodology

The NPV calculation incorporates several factors into one computation to gauge
financial viability, which is measured by the present value of a series of future
revenues and expenditures. A typical NPV calculation includes such items as the
initial outlay of capital, yearly cash flows, and a discount rate. The yearly cash
flows of a HCPV project incorporate the following items:

• Expenses: This includes operation and maintenance costs, an inverter replace-
ment charge, and a recycling fee to be paid at the end of the project’s life.

• Revenues: This includes value of the electricity produced by an HCPV instal-
lation over each year of operation subject to degradation of equipment over time
and variable electricity rates.

To assess financial attractiveness, the sum of the HCPV installation’s discounted
revenue and expenses is compared with the initial outlay of capital. If the sum of the
discounted revenue is greater than the initial outlay of capital, the project is said to
have a positive NPV and is economically appealing. The NPV is calculated as:

Net Present Value ¼ �I þ
XT

t¼1

Rt �Mt

1þ rð Þt ð6Þ

where I is equal to the capital cost incurred in year zero; T denotes the number of
years the HCPV installation is operational; and r signifies the discount rate. For
each year t of operation, Rt is the revenue attributed to solar electricity production,
and Mt represents operation and maintenance costs. Assumptions and values for I,
T, Mt, and r are taken to be the same as indicated in Sect. 3 for the LCOE
calculations. Rt is new and requires further explanation.

At the beginning of year 1, the HCPV installation is assumed to be fully
operational. The HCPV modules generate electricity and revenues during this first
year of operation as well as in each subsequent year. Revenues, Rt, are equal to the
amount of electricity produced, which is measured in kWh, multiplied by an hourly
electricity price as follows:

Rt ¼
X

mh

Emh tð Þ � pmh tð Þ ð7Þ

where Emh tð Þ is the alternating current (AC) energy yield from the HCPV system,
and pmhðtÞ is the electricity price. Both of these variables depend on the month
(m) and hour (h), which is the main differentiation from LCOE calculations that
derive a fixed value for electricity costs. We assume that the values can be
approximated as constant within a given hour of a given month and hence use the
subscripts m and h for month and hour, respectively. For example, for 15:00–16:00
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in July, an energy yield and electricity price is determined by taking an average of
all of the date from 15:00 to 16:00 in the month of July.

The annual energy yield of the HCPV modules begin with an energy yield of
Emh 0ð Þ and experience yearly linear degradation, d, as per:

Emh tð Þ ¼ Emh 0ð Þ � ð1� d � tÞ ð8Þ

in the same manner as for the LCOE calculation. As well, the ðtÞ dependence of the
variable pmhðtÞ is due to the fact that electricity rates may change year by year as
will be examined in the case studies to follow.

Furthermore, the derivation of the AC energy yield follows similar lines as
Eq. (4) from Sect. 3, but it now also maintains the month hour variability of the raw
hourly DNI data:

Emh 0ð Þ ¼ DNImh � A� gCPV � gSYS ð9Þ

with A, gCPV, and gSYS as defined in Table 1.
Clearly, DNImh and pmhðtÞ will be dependent on the project’s location, so

complete calculations will be undertaken as two case studies in the upcoming
sections. We will again use Las Vegas as an example, but we will also include an
example calculation for Ottawa, Ontario, Canada. Las Vegas, with similar DNI
levels as much of Western and Central Australia, Western South Africa, and
Northwestern Saudi Arabia [29], is a more typical HCPV host site than Ottawa, at
latitude 45°. For reference, Ottawa has similar DNI levels as Northern Italy and
Southern Japan [29]. In our case study, we will show the economic viability of
HCPV in Ottawa under the electricity-cost structure of a large business customer
with peak demand >3 MW.

We will consider the NPV for a project commencing in year 2014 as well as for
investments deferred until future years. Unlike the LCOE analysis, which main-
tained a fixed system size of 100 kW, the NPV analysis will instead maintain a
fixed starting investment value of $1000 in the year 2014. As a result, the deployed
system size will vary with each calculation based on the $/W capital cost and
project start date. As was the case for the LCOE analysis, the calculations are
performed for each of the “lower,” “middle,” and “upper” system price projections,
which are shown in Table 2.

Finally, we note that our NPV analyses will calculate electricity bill cost savings
instead of revenues. In contrast to selling the electricity produced by our HCPV
modules, we will assume that all power is consumed on-site, which consequently
avoids the use of an equal amount of electricity from the power grid. By foregoing
grid-produced electricity and associated fees, cost savings are generated. This
distinction is particularly relevant to the Ottawa case study, where demand charges
are decreased by the HCPV generation.

388 S. Tomosk et al.



4.2 Las Vegas Case Study

We now provide a detailed NPV calculation for an HCPV project in Las Vegas
using the above-mentioned assumptions plus location-specific data for electricity
rates and DNI. The same DNI datasets of [18, 19] are employed again to calculate
an average DNImh.

For electricity prices, we employ time-of-use tariffs currently in effect for small
businesses in Las Vegas as shown in Table 3. One can observe that the peak
electricity price, which is significantly higher than off-peak prices, occurs over the
course of the summer months during the afternoon and early evening. This time
frame happens to coincide with the times at which solar modules typically produce
their greatest amount of electricity, meaning that our HCPV system will, in all
likelihood, generate a disproportionate amount of cost savings when electricity
prices are at their peak. The inherent ability of HCPV to match peak electricity
prices with peak electricity output is a significant benefit of employing the tech-
nology for the purpose of offsetting.

Our analysis assumes that electricity prices will increase at a rate of 0.4 %/year,
which is the average rate at which commercial electricity prices in the United States
are expected to increase between now and 2040 [31]. We also assume that the
hourly structure of the electricity prices remains the same in all years of operation.
Thus, the value generated by offsetting, which we denoted as Rt in Fig. 7, can be
calculated using the more specific formula:

Rt ¼
X

mh

Emh tð Þ � pmh 0ð Þ � ð1:004Þt ð10Þ

where the pmh 0ð Þ is obtained from Table 3.
Table 4 displays an example complete NPV analysis for an HCPV project

commencing in 2014 assuming a capital cost of $1.89/W in year zero and using the
assumptions and calculation methods stated previously in this chapter.

According to Table 4, raw cost savings somewhat increase each year due to the
assumed slight increase in electricity prices. However, once solar module degra-
dation, the discount rate, as well as costs for operation and maintenance, inverter
replacement, and recycling are taken into account, we observe decreasing present
values of our net cost savings during the 25-year operational time frame. The result
is a negative NPV of −$188.87 meaning that the HCPV system does not generate

Table 3 Current time-of-use
electricity prices for small
businesses in Las Vegas,
Nevada [30]

Period Time Electricity price
(per kWh)

June 1st–September 30th 13:00–19:00 $0.30149

June 1st–September 30th 19:01–12:59 $0.06262

October 1st–May 31st 00:00–23:59 $0.05005
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any net cost savings. Additional advantageous financial incentives—such as a tax
rebate on solar equipment capital costs, renewable energy credits that supplement
the price paid for clean energy, or even avoidance of paid sales taxes by the offset—
would improve the final financial result. However, these items are outside of the
scope of our analysis.

Both of the 2014 “middle” and “upper” $/W capital costs from Table 2 also yield
negative NPV results. At installed costs of $2.44/W and $3.12/W, our calculations
produce NPVs of −$371.71 and −$508.64, respectively.

Without additional incentives, an HCPV system installed today in Las Vegas to
offset grid-produced electricity charges for a small business will not generate a
positive NPV over 25 years under any of the 3 pricing scenarios. However, given
the steady decrease in HCPV capital costs between 2014 and 2020 as illustrated in
[3] and shown in Table 2, we would be wise to investigate future NPVs from
investing in an HCPV-offsetting project at a later time. By delaying investment, we
can take advantage of a lower capital cost for the HCPV project as well as greater
electricity rates to offset. Justification for deferral will be determined by comparing
the NPV of projects with start dates between 2015 through to 2020 with each
discounted back to 2014.

The idea of forward-looking financial evaluation is a key component of our NPV
analysis. When we defer investment, we assume that the $1000 of investment
capital is reinvested in risk-free United States treasury notes between 2014 and the
start date of the project as per the rates in Table 5. This adds an additional incentive
to defer investment because the interest collected, albeit small, increases the total
amount of investment capital available.

For projects beginning in 2018 and 2020, we presume that interest on the $1000
of investment capital is accrued for 4 years at 0.88 % and for 6 years at 1.64 %,
respectively.

In Fig. 5, we observe the negative NPVs in 2014 stated previously under each of
the three pricing scenarios. However, looking no further than the following year, we
can see a small, positive NPV for an HCPV system installed at the “lower” 2015
capital cost. Continuing further into the future, we can expect a positive NPV in
2018 according to the “middle” pricing scenario. The “upper” installation costs do
not produce any positive NPVs for a HCPV-offsetting project in Las Vegas,
Nevada, between 2014 and 2020.

Table 5 Average United
States treasury yield rates for
1-, 2-, 3-, and 5-year treasury
notes between January 1st and
October 31st 2014 [32]

Period (year) Average 2014 rate (%) Project start date

1 0.11 2015

2 0.44 2016

3 0.88 2017

5 1.64 2019
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In summary, we examined the prospect of using HCPV to offset electricity costs
at a small business in Las Vegas, Nevada, according to current time-of-use rates.
Per our results, HCPV investment in Las Vegas for offsetting will be profitable as
soon as 2015 if installation prices are low. Otherwise, investment will not be
profitable until 2018 or later depending on the capital cost scenario. We will now
turn our attention to an HCPV-offsetting project in Ottawa, Ontario, for comparison
with these results.

4.3 Ottawa Case Study

One might expect an HCPV project to be unviable in Ottawa, Ontario, given the
much lower DNI solar resource in this location compared with Las Vegas, Nevada.
However, because of a significantly different electricity rate structure for Ontario
customers, with peak energy demands in excess of 3 MW, the actual result is rather
interesting. Our Ottawa analysis will employ the same assumptions about HCPV
performance, capital, and operating costs from the previous sections but with dif-
ferent DNI data and additional electricity charges to offset for cost savings.

We obtained DNI data for Ottawa from the Canadian Weather Energy and
Engineering Datasets [33]. The Ottawa data set contains hourly DNI readings
between January 1, 1953, and December 31, 2005, and has an average yearly DNI
total of 1455 kWh/m2/year. From this data set, we developed average DNImh data,
which were used to derive AC energy yield values Emh 0ð Þ and Emh tð Þ in the exact
same manner as Las Vegas. What is unique to this case study is that the calculation
of cost savings, Rt, will require three subcalculations due to the manner in which

Fig. 5 Net present values calculated using the “upper,” “middle,” and “lower” capital cost scenarios
for Las Vegas, Nevada. Each symbol represents a complete NPV analysis discounted back to 2014
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customers consuming a large quantity of electricity are charged for electricity1 and
how the value from offsetting each of these charges is calculated. The solar project
works toward offsetting electricity bill charges by providing both kWh of energy
and kW of power, which decrease demand charges using the following formula:

Rt ¼
X

mh

EmhðtÞp1;mh tð Þ þ 12p2ðtÞ
X

mh

c2;mh
Emh t � 1ð Þ

1 h
þ p3ðtÞ

X

mh

c3;mh
Emh tð Þ
1 h

ð11Þ

The centre term in (11) is not present for t ¼ 1 because the CPV system is being
built in year zero and thus generates no power in that year. In addition, in Eq. (11)
the ci terms represent probabilities, and the pi terms represent the three different rate
charges, as will be explained in the following paragraphs.

First, customers who consume a large amount of electricity in Ontario are
charged the wholesale price of electricity for the energy they consume, which is
measured in hourly increments. They also pay other fees that are charged per kWh
of energy consumed, which for large customers in Ottawa averaged approximately
50 % of wholesale costs in 2013. Thus, the price p1 represents both of these charges
and is computed herein as 1.5 times the Hourly Ontario Electricity Price data set for
2013. When we multiply p1 by the HCPV energy yield Emh corresponding to the
same hour, we determine that particular hour’s cost savings. An overall summation
of all hours in the year is performed.

Second, there is a monthly charge based on a grid peak demand pricing struc-
ture. For each month, the charge is based on the customer’s proportion of the
Ontario grid’s total electricity demand during the province’s five greatest demand
peaks from the previous calendar year [34] multiplied by the month’s grid demand
charge. Those grid peaks typically occur on hot, sunny afternoons in the summer
due to air conditioning use. To calculate the average expected power generation that
an HCPV project will have in those hours, we multiply the probability of the grid
peak occurring during a particular hour c2;mh [34] by the average expected HCPV
energy yield for the same hourly interval Emh tð Þ. This figure is then divided by 1 h
to convert into power. A graph displaying the hours in which grid peak demands
have occurred, and the associated probability of these occurrences is shown in
Fig. 6. The overall sum of the hours provides the decrease in net grid peak demand
that the customer can expect to have achieved in the previous year and which will
become their factor for all charges in the subsequent year. Thus, the sum is then
multiplied by the monthly grid peak demand charge p2 of $24.35/kW (converted
from 26.70 CAD/kW [34, 35]) and then by 12 to calculate the total peak demand
cost savings for 1 year.

Third, the local distribution company charges a monthly delivery fee based on
the kW consumed during the customer’s consumption peak each month. For our
analysis, we assume a simplified customer whose peak demand occurs between

1Canadian electricity prices and related charges are converted to American dollars.
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09:00 and 10:00 from November to March and between 13:00 and 14:00 from April
to October. These times represent substantial air conditioner use in summer after-
noons and morning peaks in the colder months of the year when the business
commences daily operations. This is equivalent to setting the probability c3;mh to 1
for these 12 h of the year and to zero for all others hours. HCPV energy Emh tð Þ is
again divided by 1 h to convert into power. The sum is multiplied by the monthly
delivery charge p3 of $6.42/kW for large consumers of Hydro Ottawa (converted
from 7.04 CAD/kW [36]) and then multiplied by 12 to calculate the total customer
demand cost savings for 1 year.

A sum of these three terms provides us with the total cost savings for 1 year for
offsetting electricity charges. The next step is to consider how the rates p1;mh tð Þ,
p2 tð Þ, and p3 tð Þ will change over time in years t to estimate the quantity of cost
savings our HCPV installation will generate during each of its 25 years of opera-
tions. We turn to the Government of Ontario’s most recent Long-Term Energy Plan,
which was released in 2013 [37]. It provides estimates for future changes to
wholesale electricity prices and rates of peak demand charges, which we incor-
porate into the NPV calculation for future years [38]. For example, the Long-Term
Energy Plan projects that wholesale electricity prices p1;mh tð Þ are expected to nearly
double between 2013 and 2023, while at the same time grid peak charges p2 tð Þ are
anticipated to slightly decrease. The large energy customer’s monthly peak con-
sumption charges, p3 tð Þ, are assumed to remain relatively stable over time [37].

Clearly, this is a complex calculation, and more detailed explanations can be
found in [38]. The entire NPV calculation is once again analysed for HCPV projects
commencing in 2014–2020 (inclusive) and discounted back to 2014 with results
shown in Fig. 7.

According to Fig. 7, we will realize negative discounted NPVs if we make an
HCPV investment in 2014 under any of the three pricing scenarios from Table 2.
However, similar to the case of Las Vegas, deferring HCPV investment by just

Fig. 6 Historical grid peak demand charge occurrences and associated probabilities. All individual
hours for which the probability is nonzero during the 4 years of the program are provided
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1 year to 2015 yields a positive NPV under the “lower” pricing scenario even when
the NPV is discounted back to 2014 at a discount rate of 7 %. By 2018, there is a
positive NPV for the “middle” price projection, and profitability increases with each
successive year. Regarding the “higher” installed capital costs, Fig. 7 shows an
increase in NPV between 2014 and 2020, but these figures fail to cross into positive
territory during this time frame.

4.4 NPV Discussion

Compared with Las Vegas, Ottawa is not a typical location for an HCPV instal-
lation. However, we illustrated in Sect. 4.3 that an HCPV-offsetting project for a
large business in Ottawa can generate cost savings given the electricity pricing
structure in place in Ontario. We observe multiple commonalities between the NPV
results for Ottawa and Las Vegas. In 2014, HCPV offsetting projects in both
locations did not generate any positive net cost savings. But we do observe positive
cost savings in both Ottawa and Las Vegas beginning in 2015 under the “lower”
pricing scenario and in 2018 according to the “middle” capital costs. Neither
location realizes positive net cost savings under the “upper” pricing scenario.

In 2015, when positive net cost savings are realized under the “lower” pricing
scenario in both locations, Ottawa’s discounted NPV of $40.35 is greater than the
$25.37 discounted NPV in Las Vegas. In 2016, Ottawa also has a higher discounted
NPV of $226.69 compared with Las Vegas’ $219.09. However, we see a
changeover in 2017 when Las Vegas replaces Ottawa as the city with the greater
discounted NPV from offsetting electricity charges. This is due to projections of
diminishing grid peak rates in Ontario [37, 38]. Although DNI levels for Las Vegas
are significantly greater than those for Ottawa, the electricity charge structure in

Fig. 7 Discounted NPVs for each of the “upper,” “middle,” and “lower” HCPV pricing scenarios
for Ottawa, Ontario. The $/W capital costs used to calculate these values are shown in Table 2
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Ontario keeps Ottawa’s NPVs in line with those observed in Las Vegas. Under
average projected prices, our Ottawa and Las Vegas analyses have shown that
HCPV projects built in 2018 or thereafter are expected to be profitable when selling
electricity at market rates without any subsidies or incentives.

5 Conclusions

HCPV technology has exhibited strong efficiency improvements and provides a
compelling promise toward further significant efficiency gains. The marketplace for
HCPV is considered nascent, meaning it has room for manufacturing
cost-efficiencies as it further matures and expands. This chapter shows, conclu-
sively, that HCPV technology also has a strong track record and promises
decreasing system costs and financial viability in the future.

The three metrics for financial analysis assessed in this chapter were capital costs
(in $/W), LCOE (in $/kWh), and NPV (in $). First, capital costs for HCPV systems
were shown to have decreased at a steady, significant rate. The trend is charac-
terised by a learning rate of 18 % with a 90 % CI of 14–22 %. This is greater than
those for other solar system technologies. Our analysis further combines this
learning rate with future scenarios for HCPV-deployed volume growth rates from
three different market scenarios to provide projections for future capital costs of
HCPV systems. By 2020, prices are projected to reach $1.32, $1.13, and $1.17/W
corresponding to cumulative deployment volumes of 3.02, 5.12, and 4.65 GW,
respectively. It should be noted that these cumulative volumes are all extremely
small compared with the size of the entire solar industry and thus allow for strong
growth to quickly enable the further realization of very low cost HCPV. The
research as a whole indicates that HCPV systems are already competitive with other
forms of solar energy and are projected to show the strongest decreases in capital
costs over time. Thus, now is a realistic time to begin considering HCPV tech-
nologies for future projects.

Using these capital cost projections, we evaluated the cost of electricity pro-
duced from HCPV using the LCOE method. This method is useful for generalized
evaluations, in particular when electricity is sold at a flat rate, and for comparisons
with other electricity-generating technologies. We undertook a case study for a
HCPV deployment in Las Vegas, which has an average yearly DNI of
2406 kWh/m2. We calculated an LCOE of $0.125/kWh in 2014 under the “middle”
capital cost scenario, which decreased to $0.072/kWh by 2020. The analysis was
further augmented to include “lower” and “upper” capital cost projections. Fur-
thermore, the sensitivity of LCOE to the DNI resource was explored again for
multiple capital cost projections. Clearly, the LCOE depends on both DNI and
capital costs: For “middle” cost projections, the LCOE may be as low as $0.10/kWh
in high-DNI regions today. These electricity prices are extremely competitive with
market rates for electricity in most parts of the world, and these low prices will
rapidly extend to lower DNI regions in future years.
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For project locations and situations where electricity rates vary according to
different hours of the day, alternate approaches must be employed to assess
financial viability. We have developed an NPV methodology with month hour
computation of revenues. Two case studies were undertaken using this methodol-
ogy: Las Vegas, Nevada (with time-of-use electricity prices) and Ottawa, Ontario
(with a complex rate structure and dependencies on grid and customer peak
demands). HCPV provides a good match for high electricity prices and peak
demand hours, which typically occur around midday during the summer months.
This matching improves HCPV system profitability much more so than if non-
peaking average electricity rates were in place. Both case studies showed negative,
nonattractive NPVs for 2014. However, when considering future capital cost pro-
jection scenarios for the years 2014 and 2020, both studies exhibited profitability
for 2015 (2018) under “lower” (“middle”) capital cost scenarios. Any subsidies or
incentives, if available, for HCPV projects would further aid with profitability at
earlier dates.

Given that project development can often take ≥3 years from initial concept to a
fully realized system, our predictions indicate that interested institutions, installers,
developers, and policymakers should already have HCPV technology on their radar
as a profitable candidate for renewable energy generation.
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Economic Evaluation
of High-Concentrator Photovoltaic
Systems

D.L. Talavera and G. Nofuentes

Abstract Before the installation of an high-concentrator photovoltaic (HCPV)
system, any project developer or prospective owner must assess the economic and
financial feasibility of the investment. This chapter has a tutorial content that is
aimed at providing the reader with the necessary tools to accomplish that task.
Some fundamentals and profitability indices are shown, reviewed, and adapted to
the peculiarities of HCPV (i.e., net present value [NPV], benefit-to-cost ratio
[BCR], internal rate of return [IRR], etc.). Both economic and financial analyses
depend on a wide variety of factors that configure a specific scenario. Two scenarios
are provided to illustrate the proposed tools. (1) The first scenario corresponds to
the end of 2013 with a cumulative installed HCPV power that adds up to 160 MWp
outlined as follows: assumed initial investment cost of 1800 €/kWp with 80 %
financed by means of a loan and 20 % funded through equity, a feed-in-tariff
scheme of 0.10 €/kWh with an annual direct normal irradiation of 2200 kWh/m2,
and a weighted average cost of capital (WACC) assumed equal to 6.5 %. Such an
investment is feasible from an economic viewpoint since IRR = 7.2 % > 6.5 % and
BCR = 1.08 > 1. However, this investment fails to be financially feasible because
negative cumulative net cash balances appear during the first 15 years of the sys-
tem’s operation. (2) The second scenario is assumed to take place in 2020 so that
forecasting both costs and the financial environment has been required. Cumulative
installed HCPV power is predicted to be equal to 1400 MWp by the end of 2020.
Learning curves, in which a progress ratio of 0.80 is assumed, lead to an initial
investment cost of 800 €/kWp, which is also financed by external capital (80 %)
and equity (20 %). HCPV-generated electricity is assumed to be entirely fed to the
grid at a pool price of 0.05 €/kWh. In addition, there is an annual direct irradiation
of 2200 kWh/m2 and a WACC of 4.5 % are assumed. This investment does not
only prove to be feasible from an economic point of view because IRR = 8.5 %,
which is well above 4.5 %, and BCR = 1.5 > 1, it is also viewed favourably from a
financial viewpoint because positive cumulative net cash balances are obtained over
the whole project life cycle. Consequently, the economic and financial viability of
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HCPV is likely to take place at the turn of this decade. Last, a sensitivity analysis of
IRR and BCR to each considered factor has been performed for both two scenarios.
This analysis ranks these factors according to lowest to highest effect on IRR and
BCR as follows: annual degradation rate, income tax rate, annual operation and
maintenance cost, life cycle of the HCPV system, discount rate, annual direct
normal irradiation, and initial investment cost of the HCPV. Annual final yield,
performance ratio, and HCPV electricity unitary price exert the same influence on
IRR and BCR. Stand out that these three factors are function of the annual direct
normal irradiation.

1 Introduction

High-concentrator photovoltaics (HCPV) is an emerging and promising technol-
ogy: Electricity is produced by means of harnessing an inexhaustible energy source
without causing any significant environmental impact. However, project developers
and prospective owners of HCPV systems need information regarding the economic
and financial feasibility of such systems. This chapter is mainly addressed to pro-
vide the tools and enable the reader to carry out this economic and financial
assessment. Multiple factors are involved in this analysis, so an effort has been
made to take as many as possible of them into account. Just to give an example,
income taxation and tax depreciation, which are considered here but often are
overlooked by similar works to that presented here. However, unrealistic results
might be obtained if their impact is ignored. Likewise, aspects related to financing
are frequently missed. In this sense, special care should be taken because financial
feasibility implies economic profitability, yet the reverse is not always true.

First, some basic concepts and fundamentals related are presented. Then some
methods commonly used to assess the economic profitability analysis of investment
projects in renewable energies are reviewed [8, 10, 52, 57, 60, 61]. Namely,
expressions to calculate the IRR, the net present value (NPV), the benefit-to-cost
ratio (BCR), and the discounted payback time (DPBT) are proposed. Some short-
comings identified in these methods lead to the introduction of the modified internal
rate of return (MIRR), the modified net present value (MNPV), and the real net
present value (RNPV). The financial dimension of the investment is also
approached.

Two scenarios have been considered in which the previously mentioned methods
and concepts are applied. One of them assumes technical and economic data cor-
responding to the end of 2013, whereas the other corresponds to the end of this
decade. Learning curves and cumulative installed HCPV power projections, toge-
ther with some factor forecasting, configure the prospective scenario assumed for
2020.

Last, the above-mentioned two scenarios are considered base cases with which
to carry out an analysis of the sensitivity of IRR, NPV, and BCR to the factors on
which they depend. This is especially interesting to quantitatively assess how
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changes in these factors influence the profitability of HCPV systems. Such an
analysis may prove useful to a potential investor if estimates of future values of
some factors were to make postponing his/her investment advisable.

2 Fundamentals and Concepts

In this section, some concepts used in the profitability analysis of investment
projects, mainly cash inflows (CIs) and cash outflows (COs) generated by the
operation and development of the project, are reviewed. In addition, a number of
assumptions will be established so as to be considered in the economic evaluation
of a project. In addition, the financial dimensions of an investment project will be
reviewed.

2.1 Net Cash Flow

Net cash flow (NCF [in €]) over a given time period (t) is the difference between the
CIs (in €) and COs (in €) generated by the operating activities of project during this
time period. It may be written as:

NCFt ¼ CIt � COt ð1Þ

where NCFt (€) = NCF during t, CIt (€) = all revenue, specifically sales revenues,
collected over t, and COt (€) = operating and maintenance cost for period
t. Parameter t is usually assumed equal to 1 year.

The above expression may be broken down, according to the concepts where the
resources are allocated, so that:

NCFt ¼ RIt þ It þ dit þ ITt þ NCBt ð2Þ

where RIt (€) = repayment instalments on funds borrowed (debt and/or equity
capital) to fund the investment project, It (€) = interest charges on debt, dit
(€) = dividends, i.e., return on equity capital, paid, ITt (€) = taxes paid on income,
and NCBt (€) = net cash balance, which represents the liquidity, i.e., the remaining
money after all of these payments. All of these parameters are referred to year t. The
above parameters are shown in Fig. 1.

If after-tax net the effect of taxation is taken into account in NCFs, cash flows is
obtained during year t (NCFt(after-tax) [in €]) by:

NCFtðafter�taxÞ ¼ NCFt � ð1� TÞ þ DEPt � T ð3Þ

where DEPt (€) = tax depreciation during year t, and T = income tax rate.
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As with Eq. (2), the above expression may be broken down, according to the
concepts where the resources are allocated, so that:

NCFtðafter�taxÞ ¼ RIt þ Itð1� TÞ þ dit þ NCBt ð4Þ

The influence of taxation on funds borrowed to finance an investment is exerted
on the paid debt interest (It [in €]) because it is tax deductible. Accordingly, taxation
leads to a decrease in the cost of capital. Hence, interests after paying taxes during
year t (It(after-tax) [in €]) are given by:

Itðafter�taxÞ ¼ It 1� Tð Þ ð5Þ

2.2 Time Value of Money: The Discount Rate

Money has time value. The value of a certain amount of money today is more
valuable than its value tomorrow. Money has time value because of the following
reasons:

• Investment opportunities: An investor can profitably employ a certain amount of
money received today to give him/her a higher value to be received tomorrow or
after a certain period of time.

• Risk and uncertainty: Future is always uncertain and risky. Money you have
now is not at risk. Money predicted to arrive in the future is less certain.

Fig. 1 Breakdown of net
cash flows
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• Inflation: in an inflationary scenario, the money received today, has more pur-
chasing power than the money to be received in future. In other words, a sum
today represents a greater real purchasing power than a sum a year afterwards.

The time-value of money is the relationship between the previous factors and
time. By using the present value approach and assuming an opportunity cost rate
(r) and an inflation rate (i), a sum S (€) received at the present time has a future worth
of S[(1 + r) (1 + i)]n after n years. Consequently, a sum S to be received after n years
has a present worth of S/[(1 + r) (1 + i)]n. Factor r is normally termed “real discount
rate” so that the nominal discount rate, or simply discount rate, is stated as d,
1 + d = (1 + r) (1 + i). Last, parameter r is also noted as dr. Thus, the fundamental
principle behind the concept of time value of money is that a sum of money received
today is worth more than the same sum received after a certain period of time.

Choosing an appropriate value of d is a controversial issue. The appropriate
selection of a value of d for the analysis of a given investment project should be the
rate of return for an investment of comparable risk that would be made instead.
A widespread practice in organizations is to use a discount rate equal to the
organization’s weighted average cost of capital (WACC) [56]. WACC is the cost
that the owner or investor of the project must pay for using capital sources to
finance the investment. It is also common to use a discount rate equal to the
opportunity cost of capital. The latter cost is based on opportunities arising from the
financial market. Therefore, the value of the discount rate would be equivalent to
the price of money determined by the free interplay of supply and demand. It also
may represent the rate of return on the best alternative investment available.

2.3 Financial Dimensions of Projects

This section analyzes investment projects from a financial standpoint. An invest-
ment project with associated funding will be considered. This financing process
implies collecting the funds needed for the investment. Despite the fact that a wide
variety of instruments can be used to finance investment projects, the following two
are the most widespread ones:

1. “Equity capital: Equity capital is high-risk financing that expects high returns.
An equity investment can be made in support of a specific project, or equity
funds can be provided to the company carrying out the project. Equity investors
maintain the right to get involved in the decision-making process of the project
or company to protect their investment.

2. Debt: Debt presents medium risk with modest expected returns. In contrast to
equity investors, lenders who provide debt financing to a project do not own
shares in the project. They provide capital for the purpose of earning interest.
Because lenders must be repaid before distributions can be made to share-
holders, lenders bear less risk than equity holders. For this reason, potential
return to lenders is limited to risk-adjusted market interest rates” [65].
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Both types of investment capital are combined to finance the initial investment.
The process of financing a project is shown in Fig. 2. The involved parameters are
described later in the text.

The initial investment cost (HCPVI [in €]) is the initial capital expenditure that is
set aside to the acquisition of assets of the investment project. It is equal to sum of
the equity capital (EC [in €]), e.g., common stocks and preferred stocks, and debt
(D [in €]), e.g., long-term loans, Bonds, and mortgage loans, that are used to fund
the capital expenditure. The asset of the investment project equals its liability,
which is formed by equity capital and debt:

HCPVI ¼ ECþ D ð6Þ

where RIDt (€) is the repayment instalments on debt, RIECt (€) is the repayment
installments on equity capital, It (€) are the interests paid on debt, and diECt (€) are
the dividends paid on equity capital. All of these parameters are referred to year t.

The result of the financing of a project can be represented as a stream of CIs and
COs over time. Because CIs and COs occur at different points in time, it is easier to
deal with them using a timeline. A timeline shows the timing and the amount of
each CI or CO. This is shown in Fig. 3, which begins with revenue HCPVI,

followed by annual periodic costs, so that payment is made at the end of the year.
Upward arrows indicate revenues, whereas downward arrows indicate payments.

The investment of the project is analyzed below according to the same criteria
used for funding. Once funding is obtained, productive assets purchase market
goods. The implementation of the investment will involve a trade with the market
as shown in Fig. 4.

Fig. 2 Financing process of a project
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Schneider [55] considers that any investment is characterized from a financial
point of view in response to current revenues and payments incurred in the com-
pany. The comparison between these two monetary series is important from a
practical point of view because it allows us to make an assessment of the invest-
ment, thereby obtaining a measure of profitability that it can generate for the
company or investor. Consequently, from a financial point of view, i.e., money, any
investment project is defined by the following variables:

• Initial investment cost or capital expediture representing an initial payment
(HCPVI).

• Net cash flows (NCFt) are the result of the difference between the CIs and COs
generated by the operation of the project during year t.

Fig. 3 Financial dimension of financing. In this figure, it has been considered that the loan
duration equals the time in which the equity capital is refunded. However, in the most general case,
both time periods do not coincide

Fig. 4 Investment process of a project

Economic Evaluation of High-Concentrator Photovoltaic Systems 407



• Analysis period (N [in years]) is the period of time for which an evaluation is
performed. N is usually equal to the lifetime of the investment project. The
estimate of N is often difficult owing to the amount of variables that influence its
quantification.

• Salvage value (SVN [€]) is a salvage value received by the sale (settlement) of
the assets of the investment. This inflow will be obtained by the end of the life
cycle of the investment.

Finally, the investment may be represented in the same way as the study of
financing of a project. This is shown in Fig. 5: It begins with an HCPVI payment,
followed by a series of NCFs, being effective at the end of the year. At the end of
the lifetime of the project, an amount equal to NCFN plus the salvage value is
obtained.

2.4 Evaluation of an Investment Project

The first step in the economic evaluation of a project usually comprises an
investment profitability analysis together with a financial analysis. The investment
profitability analysis is the measurement of the profitability of the resources allo-
cated to a project, or, in other words, this analysis tries to ascertain the return on the
capital investment. Different methods may be used as a basis on which to assess the
investment profitability of a project. These methods will be studied in next section.

The financial analysis must take into consideration the financial features of a
project to ensure that the disposable finances will permit the smooth implementation

Fig. 5 Financial dimension of an investment
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and operation of the project. A simple approach to this financial analysis can be
performed for the sum of the CIs and COs on a year-by-year basis, i.e., the financial
dimension of the financing and the financial dimension of the investment.

3 Methods for Economic Analysis of a HCPV System

The most common criteria aimed at measuring the profitability of the project, such as
the NPV (€), the IRR, the BCR, the DPBT (years), the annualised value (AV [in €]),
the MNPV (€), the MIRR, and the RNPV (€) are presented hereafter. Criteria based
on NPV, benefdit-to-cost ratio (BCR), AV and IRR, are addressed at measuring
profitability, while DPBT is aimed at measuring the liquidity of the investment.

The core idea that lies in the fact that the profitability assessment of investment
projects may be broadly summarized as follows: finding a suitable parameter—or a
set of them—in which all considered financial factors are taken into account so that
a profitability estimation of the investment is provided.

3.1 Net Present Value

The NPV of a project is defined as the difference between the present values of the
CIs and COs generated by the investment over the lifetime of the project. The NPV
method discounts all of the NCFs of a project to a base year, i.e., the start of the
implementation, at a predetermined discount rate. This is given by the expression:

NPV ¼ �HCPVI þ PV½NCFðNÞ� ð7Þ

The present value of the NCFs (PV[NCF(N)] in €) may be written as:

PV½NCFðNÞ� ¼ PV½CIðNÞ� � PV½COðNÞ� þ PV½DEPðNdÞ� � T ð8Þ

where PV[DEP(Nd)] (€) is the present value of tax depreciation. The method used in
the tax depreciation may be different from one country to another. Usually, the
modified accelerated cost recovery system is used as the tax depreciation system in
the USA [31]. In any case, readers must refer to the national taxation laws and abide
by them.

PV [CO(N)] (€) is the present value of the COs over the lifetime of the project,
and it may be written as:

PV½COðNÞ� ¼ PV½HCPVOMðNÞ� ð9Þ

where PV[HCPVOM (N)] (€) is the present value of the operation and maintenance
cost over the system lifetime (N [in years]). It may be written as:
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PV½HCPVOMðNÞ� ¼ HCPVAOM 1� Tð Þ � Qð1� QNÞ
1� Q

� �
ð10Þ

where HCPVAOM (€) is the annual operation and maintenance cost, assumed to be
constant over the system’s lifetime, while Q(1 − QN)/(1 − Q) is the present value
interest factor (PVIF[N]). Factor Q is equal to 1/(1 + d). Assuming an annual
escalation rate of the operation and maintenance cost of the HCPV system (ΔOM),
PV[HCPVOM (N)] may be rewritten as follows:

PV½COðNÞ� ¼ HCPVAOM 1� Tð Þ � QOM � ð1� QN
OMÞ

1� QOM

� �
ð11Þ

where QOM ¼ ð1þ DOMÞ= 1þ dð Þ.
PV [CI(N)] (€) is the present value of the CIs over the lifetime of the project.

Regarding this parameter, CIs are partly obtained by means of the annual HCPV
electricity generated that is used for self-consumption (EHCPVs [in kWh]), and
consequently saved, instead of buying it from the grid at a given price (ps [in €/
kWh]). In addition, CIs are obtained by the annual electricity generation (EHCPVg

[in kWh]), partly fed into the grid, that may be compensated for at a different price
(pg [in €/kWh]):

PV CIðNÞ½ � ¼ ps � EHCPVs 1� Tð ÞQps 1� QpNs
� �
1� Qps

þ pg � EHCPVg 1� Tð Þ
Qpg 1� QpNg

� �
1� Qpg

ð12Þ

where the factors Qps = (1 + Δps)·(1 − rd)/(1 + d) and Qpg = (1 + Δpg) · (1 − rd)/
(1 + d); Δps and Δpg stand for the annual escalation rate of the electricity price that
is consumed and fed from/to the grid, respectively; and factor rd is the annual
degradation rate of the efficiency of the PV modules.

As stated previously, this applies to the most general case. However, if the
annual HCPV-generated electricity is used for self-consumption in its entirety,
Eq. (12) is simplified:

PV CIðNÞ½ � ¼ ps � EHCPVs 1� Tð ÞQps 1� QpNs
� �
1� Qps

ð13Þ

Likewise, if the annual HCPV generated electricity is fed into the grid in its
entirety, Eq. (12) is also simplified:

PV CIðNÞ½ � ¼ pg � EHCPVg 1� Tð ÞQps 1� QpNs
� �
1� Qps

ð14Þ
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Regarding the present value of the tax depreciation, it can be calculated by:

PV½DEPðNdÞ� ¼
XNd

t¼1

DEPt
ð1þ dÞt ð15Þ

where Nd (years) is the period of time over which an investment is amortized for tax
purposes, and DEPt (€) is the tax depreciation corresponding to year t. For example,
if tax depreciation is assumed linear and constant over a given period of time, the
present value of the tax depreciation may be estimated by:

PV½DEPðNdÞ� ¼ DEPy � PVIFðNdÞ ð16Þ

where DEPy (€) is the annual tax depreciation for the HCPV system.
A criticism of the NPV criterion raises the lack of realism on the assumption of

reinvestment of intermediate cash flows of the project. NPV assumes reinvestment
of interim cash flows, in the same project or a different project, with a rate of return
equal to the discount rate until the end of the life cycle of the project. Obviously,
such reinvestment rate need not necessarily be equal to the discount rate assumed
for the project.

The project is profitable or feasible if the calculated NPV is positive after using a
sustainable discount rate. A negative NPV indicates that the project should not be
considered. When selecting among alternative projects, the one with the largest
NPV is chosen for implementation. The only serious limitation with this approach
is that it should not be used to compare projects with unequal lifetimes.

The NPV criterion has the advantage of ease of calculation relative to the cri-
terion of the IRR. Indeed, calculation of the IRR is a cumbersome task up to a
certain extent.

3.2 Internal Rate of Return

IRR is defined as the discount rate that makes the NPV of all cash flow equal to
zero. It is considered to be the most useful measure of project worth and is used by
almost all of the institutions involved in the economic and financial analysis of the
project. It represents the average earning power of the money used in the project
over the project’s lifetime. The IRR is the profitability expected from a project
expressed as a percentage, whereas NPV is expressed in monetary value, as an
absolute magnitude. Equally, IRR can be defined as the discount rate that makes the
NPV equation equal to zero:

0 ¼ �HCPVI þ PV½NCFðNÞ� ð17Þ

This criterion also has some drawbacks. One is the lack of realism on the
assumption of reinvestment of intermediate cash flows of the project as happened
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with the NPV criterion. The IRR criterion presupposes the immediate reinvestment
of net positive cash flows until the end of the life cycle of the project, a reinvest-
ment rate equal to the IRR of the project. In addition, it considers that any net
negative cash flows are refinanced immediately until the end of the lifetime of the
project with average capital of cost equal to the IRR of the project. Obviously such
reinvestment or refinanced rates need not necessarily be equal to the IRR of the
project.

Another drawback is the difficulty in calculating the result and possible incon-
sistency. Algebraically, the IRR is defined as the value of d, which satisfies
Eq. (17). As can be easily noticed, this is a fairly complex equation to be solved for
d. In fact, it is a polynomial of degree N, the lifetime of the project. In general,
Eq. (17) can have as many as N solutions for d. The number of solutions will
correspond with the number of times NCF changes sign. Fortunately, this will not
typically be a problem since, for most projects, NCF will change sign only once,
being negative initially while initial investment costs are being incurred, and then
positive for the rest of the project life. In these circumstances, IRR will not only be
uniquely defined, it will also indicate if the project looks profitable when regarding
at it from different angles, e.g., exceeding a cut-off rate given by the opportunity
cost, the WACC, or the minimum profitability required by the investor. Then the
NPV of the project will be positive.

It should be noted that Eq. (17) leads to the calculation of a “gross” IRR.
However, because most projects use financial mechanisms that required to be
performed, the net internal rate of return (IRRn) provides a more realistic assess-
ment. Thus, IRRn is obtained by subtracting WACC from IRR as calculated by
means of Eq. (17) as follows:

IRRn ¼ IRR�WACC ð18Þ

Under this criterion, a project should be accepted when the IRR is greater than
the company’s cost of capital, at the least, and reject those whose IRR falls short of
such cost of capital. This cost is usually set equal to WACC or the opportunity cost
of capital among others.

3.3 Discounted Pay-back Time

Discounted pay-back time (DPBT, in years) is the number of years required for the
sum of the NCFs generated by project to meet the initial investment cost. It is given
by the expression:

HCPVI ¼ PV½NCFðDPBTÞ� ð19Þ
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HCPVI ¼ PV½CIðDPBTÞ� � PV½COðDPBTÞ� þ PV½DEPðNdÞ� � T ð20Þ

where PV[NCF(DPBT)] (€) = the present value of the NCFs generated over DPBT,
PV[CI(DPBT)] (€) = present value of the CIs generated over DPBT, and PV[CO
(DPBT)] (€) = the present value of the COs generated over DPBT.

If Nd is greater than DPBT, Eq. (20) may be written as:

HCPVI ¼ PV½CIðDPBTÞ� � PV½COðDPBTÞ� þ PV½DEPðDPBTÞ� � T ð21Þ

where PV[DEP(DPBT)] (€) = the present value of the tax depreciation over DPBT.
Obviously, the DPBT should not exceed the serviceable life of the project

(DPBT < N). Although easily understandable and straightforward, this parameter
does not consider the cash flows that are produced after DPBT. Hence, it might hide
sound financial opportunities for those deciding to invest in a PV system. DPBT is
an indicator of liquidity and risk. The acceptability of the investment is determined
by comparison with the investor’s required payback period. Thus, the investment
should be accepted when the DPBT is less than the investor’s required payback
period; otherwise, the investment should be rejected.

3.4 The BCR of an Investment

The BCR of an investment project is defined as the ratio between the present value
of its CIs and the project’s life-cycle cost.

BCR ¼ PV½CIðNÞ�
HCPVI þ PV½COðNÞ� � PV½DEPðNdÞ� � T ð22Þ

Using this criterion implies assuming that the project is feasible when BCR is >1
so that if some projects are to be assessed, the one with the greatest BCR should be
preferred.

The BCR criterion is closely related to the NPV approach. In fact, if the NPV of
a project is positive, the BCR will be >1. In contrast, if the NPV is negative, the
project will have a BCR < 1. Therefore, both NPV and BCR are closely related and
provide similar information to the investor/user.

3.5 Annualized Value

The annualizing process transforms a stream of cash flows into equivalent annual
streams. Cash flows are discounted to their NPV and then annualized by multi-
plying the present value of the cash flows by (1 − Q)/(Q(1 − QN)):
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AV ¼ NPV � 1� Q
Q 1� QNð Þ ð23Þ

where AV (€) is the annualized value. If the uniform capital recovery factor of
k years is stated as UCRF(k) = (1 − Q)/(Q(1 − Qk)), the annualized value of the
HCPV system may rewritten as:

AV ¼ NPV � UCRFðNÞ ð24Þ

3.6 Modified Net Present Value

The reinvestment assumption may thus be avoided by using the MNPV. There is no
reinvestment assumption associated with the MNPV because the reinvestment rate
is specified. Although the simple NPV carries the baggage of the reinvestment
assumption, the MNPV does not. The MPNV value considers that positive NCFs
are explicitly reinvested at the company’s, or an individual’s, opportunity cost of
capital (r) rather than implicitly reinvested at a rate equal to the discount rate (d),
whereas negative NCFs are explicitly refinanced at a rate equal to the discount rate
considered.

MNPV ¼ �HCPVI þ
XN
t¼1

NCFpt � ð1þ rÞN�t

ð1þ dÞN �
XN
t¼1

NCFnt � ð1þ dÞN�t

ð1þ dÞN ð25Þ

where NCFpt is a positive NCF in year t, whereas NCFnt is a negative NCF in year
t. It should be understood that NCFpt is derived from Eq. (3) on condition that its
result is positive; otherwise, NCFpt = 0. Likewise, NCFnt is also derived from
Eq. (3) on condition that its result is negative; otherwise, NCFnt = 0. Given that
negative NCFs are explicitly refinanced at a rate equal to the discount rate con-
sidered, Eq. (25) can be simplified:

MNPV ¼
XN

t¼1

NCFpt � ð1þ rÞN�t

ð1þ dÞN �
XN

t¼0

NCFnt
ð1þ dÞt ð26Þ

The numerator of the first term in the right-hand side of Eq. (26) is the sum of all
positive NCFs capitalized at the reinvestment rate until the last year (N) of the
project. The second term in the right-hand side is the sum of all of the negative
NCFs discounted at the financing rate—this usually equals WACC—until period
zero of the project.

The decision criterion associated to the MNPV method is identical to that of the
NPV: The project is profitable if the calculated MNPV is positive, whereas a neg-
ative value of MNPV means rejection. MNPV equal to zero indicates indifference.

414 D.L. Talavera and G. Nofuentes



3.7 Modified Internal Rate of Return

The reinvestment assumption can thus be avoided by using the MRR. There is no
reinvestment assumption associated with the MIRR because the reinvestment rate is
specified. Although the simple IRR carries the baggage of the reinvestment
assumption, the MIRR does not. The MIRR is therefore probably a better way to
measure the implied return from a project and gives a more reasonable measure-
ment for comparison against other projects.

Modified IRR (MIRR) is similar to IRR, but positive NCFs are explicitly
reinvested at the company’s, or an individual’s, opportunity cost of capital rather
than implicitly reinvested at a rate equal to the system IRR, whereas negative NCFs
are explicitly refinanced a rate equal to the discount rate considered.

0 ¼ �HCPVI þ
XN

t¼1

NCFpt � ð1þ rÞN�t

ð1þMIRRÞN �
XN

t¼1

NCFnt � ð1þ dÞN�t

ð1þ dÞN ð27Þ

or

0 ¼ �HCPVI þ
XN

t¼1

NCFpt � ð1þ rÞN�t

ð1þMIRRÞN �
XN
t¼1

NCFnt
ð1þ dÞt ð28Þ

If HCPVI is considered as a negative NCF corresponding to year 0, Eq. (28) may
be rewritten as:

XN

t¼1

NCFpt � ð1þ rÞN�t

ð1þMIRRÞN ¼
XN

t¼0

NCFnt
ð1þ dÞt ð29Þ

The numerator of the term in the left-hand side of Eq. (29) is the sum of all positive
NCFs capitalized at the reinvestment rate until the last period (N) of the project. The
term in the right-hand side of Eq. (29) is the sumof all of the negativeNCFs discounted
at the financing rate—usually WACC—until period zero of the project.

The decision criterion associated with the MIRR method is identical to that of
the IRR. A project should be accepted when the IRR is greater than the company’s
cost of capital, at the least, and reject those in which the MIRR falls short of such
cost of capital. This cost can be either WACC or the opportunity cost of capital
among others.

3.8 Real Net Present Value

Section 2.1 dealt with how the NCFs of an investment project may be broken down
according to the concepts where the resources are allocated by means of Eq. (4). Of
all components of NCF, only the net cash balance can be actually reinvested

Economic Evaluation of High-Concentrator Photovoltaic Systems 415



because the remainder are obligations incurred by the company that arise from the
financing of the project. If this is taken into account, a much more realistic new
measurement of profitability can be proposed. This is aimed at averting the problem
of the reinvestment of intermediate NCFs that becomes apparent in the NPV
method. Bearing in mind Eqs. (4) and (7), the RNPV (€) is given by:

NPV ¼ �HCPVI þ PV½NCFðNÞ� ð7Þ

NCFtðafter�taxÞ ¼ RIt þ It � ð1� TÞ þ dit þ NCBt ð4Þ

RNPV ¼ �HCPVI þ
XN

t¼1

RIt þ It � ð1� TÞ þ dit
ð1þ dÞt þ

XN

t¼1

NCBt � ð1þ rÞN�t

ð1þ dÞN ð30Þ

Values of NCBt are reinvested if positive, and r is assumed equal to the rein-
vestment rate given by the company’s, or an individual’s, opportunity cost of
capital. Values of NCBt are refinanced if negative, so that r is assumed equal to
WACC, whereas d equals the discount rate considered.

It should be noted that the widespread assumption of setting d equal to WACC
leads to:

0 ¼ �HCPVI þ
XN

t¼1

RIt þ It � ð1� TÞ þ dit
ð1þ dÞt ð31Þ

Therefore, the RNPV can be simplified as:

RNPV ¼
XN

t¼1

NCBt � ð1þ rÞN�t

ð1þ dÞN ð32Þ

As shown above, NCBt can be derived from Eq. (4) as:

NCBt ¼ NCFtðafter�taxÞ � RIt � It � ð1� TÞ � dit ð33Þ

The criterion followed to assign the value of r in Sect. 3.5 (MNPV) may also be
applied to Eq. (32).

4 Economic and Financial Feasibility of a Project

An investment project is feasible from an economic point of view when the return
provided by the assets exceeds the cost of its liabilities, i.e., the NPV is >0, and the
IRR is greater than the cost of capital for its liability.

An investment project is feasible from a financial point of view when at all times
of its life cycle it has a a positive cumulative net cash balance. Then the financial
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feasibility of a project is determined by the sum of the CIs and COs on a
year-to-year basis. In other words, this is the financial dimension of the financing
and the financial dimension of the investment.

A project might be feasible from an economic but not from a financial point of
view. In this case the reverse is not possible: A possible option to turn it into a
feasible one from a financial standpoint requires modifying the financing. Such
modification may affect the economic feasibility of the project so that the study
should be performed again as shown in Fig. 6.

5 Economic Analysis

To provide realistic results in the analysis that follows, some data were obtained
from PV market surveys and reports from energy agencies. Two scenarios are
proposed for the study of the economic profitability of HCPV systems. The first
scenario is configured according to the information available by the end of 2013.
Then, a second scenario is hypothesized to take place in 2020 by trying to predict
the evolution of the HCPV market up to that year. For each scenario considered, a
base case has been defined as a starting point to carry out a profitability analysis of
HCPV systems.

Fig. 6 Process of economic and financial feasibility
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5.1 Estimation of Parameters Involved in the Analysis

This review will lead to the identification of the value of the parameters required for
a profitability analysis of the HCPV systems for a given scenario (2013) and a
prospective scenario (2020). It should be noted that some of the figures presented
here referring to costs and electricity yields are all normalized per kWp. The
symbols used for these factors are the same for those not normalized except that
they are shown in brackets and with the subscript “kWp.”

5.1.1 Calculation of the HCPV Initial Investment Cost

Several market analysis [25, 30, 44] indicate that the HCPV world cumulative
installed capacity in 2013 accounted for 160 MWp and that this could exceed
1400 MWp in 2020 as shown in Fig. 7. Based on the available information, dif-
ferent average annual growth rates (rHCPV [in %]) of this capacity may be assumed.
The company IHS expects an average annual growth rate equal to 36 %, whereas
Globaldata expects growth to be 32 %. Bearing in mind both two values, it is
assumed that rHCPV 34 % in our analysis. Such an optimistic assumption implies
that the installed HCPV capacity will exceed 1200 MWp in 2020.

Learning curves can be used to estimate the evolution of the initial investment
cost of HCPV systems for upcoming years. These curves describe the cost reduc-
tion as a function of the accumulated experience in the manufacturing and in the use
of a particular technology. The learning curve of a HCPV system can be expressed
as:

HCPVIyear ¼ HCPVI2013
QHCPV year

QHCPV 2013

� 	logð1�LRÞ
2

ð34Þ

Fig. 7 Forecast of the HCPV
world cumulative capacity.
Market forecast performed by
the private companies IHS
(HIS), Globaldata (GD), and
SPV Market (SPV)
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where HCPVIyear (€/kWp) is the HCPV initial investment cost in the year under
study, HCPVI 2013 (€/kWp) is the HCPV initial investment cost in 2013, QHCPV

year (kWp) is the HCPV world cumulative installed capacity in the year under study,
QHCPV 2013 is the HCPV world cumulative installed capacity in 2013 (kWp), LR is
the learning rate, and log2 (1 − LR) is the learning elasticity parameter. In 2013, the
typical initial investment cost per kWp in HCPV varied from 1400 to 2200 €/kWp
[20, 21]. In this study, an HCPV initial investment cost equal to 1800 €/kWp in
2013 is assumed.

As shown in Table 1, the learning rate of conventional PV has decreased with
time as more experience in this technology has been gained. This ratio has sunk
from a value of 25 % in the first stage of this technology (1976–2002) to a lower
value of 20 % in later stages. As commented, HCPV technology is still in its first
stages, and therefore a learning ratio of 25 % may be reasonably assumed. This
value configures what is referred to as the “optimistic scenario” in the following
text.

Table 1 Learning ratio values of conventional PV as estimated by several authors (Poponi [49];
Parente et al. [48]; Bhandari and Stadler [4]

Author/date Period of time analysed Region studied LR (%)

Poponi/2003 1976–2002 World 25

Parente/2002 1981–2000 World 23

Poponi/2003 1989–2002 World 20

Fig. 8 Learning curve of the initial investment cost of HCPV systems in the assumed scenario
(optimistic scenario). The initial investment cost of HCPV forecast performed by the private
company GTM Research Inc [50] is also depicted
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Based on the data described previously, the learning curve of the initial
investment cost of HCPV systems could be estimated. Figure 8 shows the results
obtained for the envisaged scenario. These results depend on multiple variables that
may change over time; therefore, the data obtained might be altered. However, it is
possible to expect a prospective scenario in which the initial investment cost of
HCPV will fall within the interval of 700–900 €/kWp. In this study, HCPVI will be
set equal to 800 €/kWp in 2020.

5.1.2 Estimation of HCPV Electricity Yield

Several methods have been proposed in the literature to calculate the energy gen-
erated by a PV grid connected system [1–3, 22, 27, 28, 37, 39–41, 47, 54, 68]. The
method, based on the performance ratio (PR), is one of the most commonly used.
The [32] defines that the annual generated electricity by a 1-kWp conventional PV
system may be estimated using the following Eq. (35):

Yf ¼ PR
HA

GSTC
ð35Þ

where Yf [kWh/kW] is the annual final system yield in a conventional 1-kWp PV
system, HA [kWh/m2] is the in-plane annual global irradiation, and GSTC [1 kW/m2]
is the global irradiance at standard test conditions. Values of PR in conventional PV
systems usually range from 0.70 to 0.80 [9, 45, 51, 53, 59].

Likewise, the annual generated electricity by a 1-kWp HCPV system can be
estimated using the following equation:

YfHCPV ¼ PR
DNIA
DNISTC

ð36Þ

where YfHCPV [kWh/kW] is the annual final yield in a HCPV system, DNIA
[kWh/m2] is the annual direct normal irradiation, and DNISTC [1 kW/m2] is the DNI
at standard test conditions. Values of PR in HCPV systems have been reported to
range from 0.75 to 0.90 [26, 29, 35, 36, 38, 46, 58, 66]. In the considered base case,
an intermediate value of 0.82 has been used.

5.1.3 Estimation of the Remaining Factors

Initial investment cost of an HCPV system may be financed by means of debt
or/and equity capital. Long-term loans and equity capital are chosen in this work. It
has been assumed that 80 % of this initial amount is taken on loan (HCPVl [in €]),
i.e., debt, while the remaining investment amount (20 %) is contributed from
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stock issue (HCPVeq [in €]), i.e., equity capital. Regarding the loan, the interest rate
(il) is considered equal to 6 %, whereas Nl is set equal to 20 years [15, 23].
Regarding equity capital, the dividend percentage deq is assumed equal to 12 %
[21], and equity capital is payable in full at the end of the life cycle of the project
(N [in years]). The risk related to HCPV projects perceived by investors is higher
than that perceived regarding other renewable technologies, so cost of debt and
equity capital, i.e., deq and il, take higher values.

The share of external financing and equity financing can be included in the
analysis explicitly through the WACC over the discounting factor or nominal
discount rate. Given that HCPVI = HCPVl + HCPVec, and taking into account
taxation, Eq. (37) is obtained:

HCPVI ¼ HCPVl � ilð1� TÞ
1� ð1þ ilð1� TÞÞ�Nl

� Q � ð1� QNlÞ
1� Q

 !

þ ðdeq � HCPVeqÞ � Q � ð1� QNÞ
1� Q

þ HCPVeq � QN

� 	 ð37Þ

The first term of the right-hand side of Eq. (37) refers to loan: As commented
previously, HCPVl is borrowed at an annual loan interest (il) to be repaid in Nl

years. The second term refers to equity capital, with an annual payback in the form
of dividends (deq), and is amortized at the end of the life cycle of the system. It is
worth mentioning that the left-hand side of Eq. (37) only equals its right-hand side
if the selected value of d is equal to the WACC of the investment.

The HCPV electricity unitary price, i.e., pu, in (€/kWh), of the HCPV-generated
electricity paid to the owner, fed to the grid, or saved by the owner—in situ
self-consumption—can be fixed at wholesale or retail price of the market. In the
USA, the average retail price of electricity to ultimate customers by the end-use
sector was equal to $0.1/kWh (all states’ data from May 2013, 2014 [13]). Values
of pu varying between 0.07 and 0.30 €/kWh comprise the value of most market
prices and present generation-based incentives for PV in different countries such as
Germany, Italy, France, USA, Greece, and the UK among others [6, 7, 19, 33, 67].
For example, for flat-plate PV, Germany offers a minimum of 0.1102 €/kWh for a
free-standing facility and Italy from 0.106 to ≤0.176 €/kWh as a function of rated
power plus a premium for personal consumption. France offers from 0.0818 to
≤0.3159 €/kWh depending on the rated power. In the USA, net metering is regu-
lated by law in most states, but state policies vary widely [12]. The feed-in tariff
values for HCPV in Italy, according to the Ministerial Decree of 05 July 2012, vary
from 0.215, 0.201, and 0.174 €/kWh for rated power ranging from 1 to 200, 200.01
to 1000, and >1000 kW, respectively [6]. For an HCPV system with a rated power
>1 MWp, a reasonable value for the assumed base case is given by pu = 0.1 €/kWh
for the scenario (2013).
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The annual increase rate of the HCPV electricity unitary price (rpu), which is
linked to the evolution of electricity markets, is always difficult to forecast. In the
upcoming years 2014–2020 in the EU, retail electricity prices could increase from 2
to 5 % yearly depending of the country (European Photovoltaic Industry Associ-
ation [17]. In the USA, retail electricity prices are expected to grow in the coming
years (2014–2040) at an annual average rate ranging from 2.2 to 2.6 % [63]. In this
study, rpu is set equal to 2.5 %.

Regarding inflation, taking into account averages of historical data related to
annual inflation rates (period 2005–2014) for some countries, the obtained values
are i = 1.9 % for the Euro area [14, 24]; i = 2.3 % for the USA; i = 1.8 % for
Canada; and i = 3 % for China [24]. Thus, i is assumed equal to 2.2 % in the base
case.

The annual HCPV electricity yield generated by the system is assumed to
decrease every year. Average annual degradation rate (rd) in the efficiency of flat PV
panels is 0.5 %/year [5, 34]. The analysis period equals the lifetime of an HCPV
system, which is assumed equal to 30 years; consequently, N is set equal to
30 years. This makes sense because nowadays, flat PV systems have a life cycle of
≥30 years. The salvage value of the system’s life cycle (SV) is considered equal to
zero.

The nominal discount rate (d) is assumed equal to the weighted average capital
of cost to calculate the profitability criteria [21]. This capital cost will vary
depending on how the capital resources are chosen to finance the initial investment
cost. In the base case, the after-tax WACC is equal to 6.5 % given the assumptions
stated in the first paragraph of this section.

Yearly operation and maintenance cost have been reported to be equal to 28 €/
kWh/y for HCPV systems [11, 20]. Other estimates consider an annual fixed per-
centage of the initial investment cost HCPVI, which is assumed equal to 2 % for
[18]. The latter approach has been chosen in this work. The annual escalation rate of
the operation and maintenance costs (rOM) is set equal to the value of the annual
inflation rate, i.e., rOM = 2.2 %.

The income tax rate (T) for the organization or taxpayer, changes depending on
each country’s regulations. The value income tax rate is assumed equal to 30 % for
this study. The method used in the tax depreciation uses a maximum linear coef-
ficient of 5 % with a tax life for depreciation of 20 years [42, 43, 62]. Table 2
summarises the previous analysis by showing the figures chosen and assumed for
each factor that define the case base for HCPV systems in the given scenario.

In a prospective scenario (2020) as described hereafter in Sect. 5.1.1.
[HCPVI]kWp equals 800 €/kWp, whereas the perceived risk of HCPV projects is
similar to that of some other renewable technologies; therefore, cost of debt and
equity capital is lower—by means of dividends and loan interest rate, respectively
—than those stated values of the case base analysed according to Table 2 so that
dec = 8 % and il = 4 %. HCPV electricity unitary price is set equal to 0.05 €/kWh,

422 D.L. Talavera and G. Nofuentes



the pool price [64]; European Commission [16] because generation-based incen-
tives for HCPV are assumed to be unavailable by 2020. The values of the remaining
factors are the same to those of the base case of Table 2. Table 3 summarises these

Table 2 Values of factors
assumed for the profitability
analysis of HCPV systems in
the scenario (2013)

Factors Base case Units

[HCPVI]kWp 1800 €/kWp

DNISTC 1 kW/m2

DNIA 2200 kWh/m2

PR 82 %

rd 0.5 %

pu 0.10 €/kWh

rpu 2.5 %

[HCPVOM]kWp
a 2.0 %

rOM 2.2 %

T 30 %

d = WACC 6.5 %

i 2.2 %

il 6.0 %

Nl 20 Years

di 12 %

N 30 Years
aThis value should be interpreted as the percentage of
[HCPVI]kWp that is spent on operation and maintenance tasks
on an annual basis

Table 3 Factors values
assumed for the profitability
analysis of HCPV systems in
the prospective scenario
(2020)

Factors Base case Units

[HCPVI]kWp 800 €/kWp

DNISTC 1 kW/m2

DNIA 2200 kWh/m2

PR 82 %

rd 0.5 %

pu 0.05 €/kWh

rpu 2.5 %

[HCPVOM]kWp
a 2.0 %

rOM 2.2 %

T 30 %

d = WACC 4.5 %

g 2.2 %

il 4.0 %

Nl 20 Years

di 8.0 %

N 30 Years
aThis value should be interpreted as the percentage of
[HCPVI]kWp that is spent on operation and maintenance tasks
on an annual basis
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considerations by showing the figures assumed for each factor that defines the case
base for HCPV systems in the prospective scenario (2020).

5.2 Results

Solving the equations presented in Sect. 3, together with the figures shown in
Tables 2 and 3, by means of using a spreadsheet, paves the way to the calculation of
the profitability criteria for each base case. Thus, the following indices are obtained

Fig. 9 IRR (top panel) and
BCR (bottom panel) as a
function of annual direct
normal irradiation for
variations of
normalized-per-kWp initial
investment cost. For each
figure the rest of parameters
are those stated for the base
case in Table 2. The
horizontal dashed line shows
the threshold of economic
feasibility for both criteria,
i.e., d WACC = 6.5 % (top
panel), and BCR = 1 (bottom
panel)
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for the given scenario (2013): IRR = 7.23 %, IRRn 0.75 %, BCR = 1.08,
DPBT = 25 years, NPV = 151 €/kWp, and PI = 0.08. Regarding the prospective
scenario (2020), the following results are obtained: IRR = 8.45 %, IRRn = 3.98 %,
BCR = 1.5, DPBT = 15.5 years, NPV = 445 €/kWp, and PI = 0.56. Assuming a
reinvestment rate equal to 7 % in Eqs. (26), (28) and (33) leads to the following
values for the given scenario: MIRR = 7.05 %, MNPV = 331 €/kWp, and

Fig. 10 IRR (top panel) and
BCR (bottom panel) as a
function of initial investment
cost for variations of annual
direct normal irradiation, PR,
electricity unitary price, and
normalized-per-kWp annual
energy yield. For each figure
the rest of parameters are
those stated for the base case
in Table 2. Regarding PR,
only percentage values
<120 % of the base case
(0.82) should be considered
given that annual PR cannot
exceed the ideal value of 1.
The horizontal dashed line
shows the threshold of
economic feasibility for both
criteria, i.e.,
d = WACC = 6.5 % (top
panel), and BCR = 1 (bottom
panel)
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RNPV = 157 €/kWp. In contrast, assuming a reinvestment rate equal to 5 % in the
prospective scenario results in the following values: MIRR = 5.8 %,
MNPV = 556/kWp, and RNPV = 477 €/kWp. For both base cases, and given that
IRR is greater than WACC, NPV is positive, and BCR is >1, we can conclude that
HCPV systems are feasible from an economic point of view.

Regarding the financial feasibility of the base case corresponding to the given
scenario (2013), a negative cumulative net cash balance in the first 15 years is
obtained, so it would not be feasible from a financial point of view. Therefore, in
this case the funding conditions should be modified. However, when calculated in

Fig. 11 NPV (top panel) and
BCR (bottom panel) as a
function of initial investment
cost for variations of nominal
discount rate. For each figure
the rest of parameters are
those of base case shown in
Table 2. The horizontal
dashed line shows the
threshold of economic
feasibility for both criteria,
i.e., NPV = 0 (top panel) and
BCR = 1 (bottom panel)
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the base case for the prospective scenario, a positive cumulative net cash balance
appears over the whole life cycle of the HCPV system, so it would be also feasible
from a financial point of view.

6 Sensitivity Analysis

Possible changes in the value of the factors that configure both the considered given
and future base case scenarios obviously influence an HCPV system’s profitability
criteria. Therefore, a sensitivity analysis of the latter criteria to those factors is

Fig. 12 IRR (top panel) and
BCR (bottom panel) as a
function of initial investment
cost for variations of
normalized-per-kWp annual
operation and maintenance
cost. For each figure the rest
of parameters are those of
base case in Table 2. The
horizontal dashed line shows
the threshold of economic
feasibility for both criteria,
i.e., d = WACC = 6.5 % (top
panel), and BCR = 1 (bottom
panel)
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shown herein. According to Sect. 5, a base case has been defined in each scenario as
a starting point to study the deviations of the studied profitability criteria as a
function of the variations in the values of the factors that define this base case.
Figures 9, 10, 11, 12, 13, 14 and 15 show the effect of deviations of these
parameters from the figures that define each base case. Variations of factors within
the range from −40 to +140 %, with 20 % increments, have been considered.
Figures 9, 10, 11, 12, 13, 14 and 15 show figures of IRR (percentage units), NPV
(€/kWp), and BCR (as a function of annual direct normal irradiation or initial
investment cost) for deviations of the factors that define the base cases for the
current scenario.

Fig. 13 IRR (top panel) and
BCR (bottom panel) as a
function of initial investment
cost for variations of life
cycle. For each figure the rest
of parameters are those of
base case in Table 2. The
horizontal dashed line shows
the threshold of economic
feasibility for both criteria,
i.e., d = WACC = 6.5 % (top
panel) and BCR = 1 (bottom
panel)
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6.1 Given Scenario

The results of the sensitivity analysis for the given scenario (2013) are shown in
Figs. 9, 10, 11, 12, 13, 14 and Table 4. As commented previously, in these figures
the profitability criteria are depicted as a function of annual direct normal irradiation
or initial investment cost for variations of the factors that characterize the base case.

When the values obtained for IRR, BCR, and NPV in Figs. 9, 10, 11, 12, 13, 14
and 15 are compared, some conclusions can be drawn. Variations in the annual
degradation rate in the efficiency of the PV panels have little influence on IRR and
BCR. Variations in certain factors, such as income tax rate and the percentage

Fig. 14 IRR (top panel) and
BCR (bottom panel) as a
function of initial investment
cost for variations of tax. For
each figure the rest of
parameters are those of base
case in Table 2. The
horizontal dashed line shows
the threshold of economic
feasibility for both criteria,
i.e., d = WACC = 6.5 % (top
panel) and BCR = 1 (bottom
panel)
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annual operation and maintenance cost, exert a similar influence on the profitability
criteria. Such influence turns out to be greater than that exerted by deviations of the
annual degradation rate in the efficiency of the HCPV panels. Variations in the
useful life cycle exert a lower impact on the profitability criteria than those of the
nominal discount rate, but these criteria show more sensitivity to such variations
than to those of all of the previously mentioned factors. IRR, BCR, and NPV are
even more sensitive to variations in annual direct irradiation, normalised annual

Fig. 15 IRR (top panel) and
BCR (bottom panel) as a
function of initial investment
cost for variations of annual
degradation rate in the
efficiency of the PV panels.
For each figure the rest of
parameters are those of base
case in Table 2. The
horizontal dashed line shows
the threshold of economic
feasibility for both criteria,
i.e., d = WACC = 6.5 % (top
panel), and BCR = 1 (bottom
panel)
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HCPV electricity yield, PR, and HCPV electricity unitary price. It should be borne
in mind that these three factors cause the same effect. Last, the greatest impact on
profitability criteria is exerted by deviations from the normalised initial investment
cost related to the base case.

The variations of IRR and BCR experienced by the variations of each factor
considered are listed in Table 4. In this table, columns 4 and 5 depicts the range of
variation of the IRR and BCR for the specific range of the analysed factors. These
values of IRR and BCR were drawn from Figs. 9, 10, 11, 12, 13, 14 and 15.

6.2 Prospective Scenario

As shown in the previous section, a short analysis on the factors that most influence
the profitability criteria is performed herein. Thus, the results of this sensitivity
analysis on the profitability criteria in a prospective scenario are shown in Figs. 16,

Table 4 Effect of the variation of the analysed factors on base-case IRR and BCR for the given
scenario (2013)

Factor Units Factor value
range

Range of variation of
IRR (%)

Range of variation
of BCR

[HCPVI]kWp € kWp 1080 ÷ 2520 13.2 ÷ 4.1 1.80 ÷ 0.77

[HCPVOM]kWp % 1.2 ÷ 2.8a 8.1 ÷ 6.4 1.18 ÷ 0.99

d % 3.9 ÷ 9.1 No variationb 1.43 ÷ 0.84

rd % 0.3 ÷ 0.7 7.5 ÷ 7.0 1.11 ÷ 1.05

N Year 18 ÷ 42 4.4 ÷ 8.1 0.85 ÷ 1.20

T % 18 ÷ 42 8.0 ÷ 6.4 1.10 ÷ 1.05

DNIA kWh/m2 1320 ÷ 3080 2.5 ÷ 10.9 0.65 ÷ 1.51

YfHCPV kWh/kWp 1016 ÷ 3048 Same as above

pu €/kWh 0.06 ÷ 0.17

PR – 0.49 ÷ 1.0 2.5 ÷ 9.2 0.65 ÷ 1.29
aThese values should be interpreted as the percentage of [HCPVI]kWp that is spent on operation and
maintenance tasks on an annual basis
bIt should be understood that IRR stands for “gross” IRR so that this profitability criterion remains
constant irrespective of the value of d in this work, which is set equal to WACC. However, as
commented in a previous section, the IRRn is directly influenced by WACC because
IRRn = IRR − WACC
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17, 18, 19 and Table 5. As is the case in the given scenario, an insignificant impact
on IRR, BCR, and NPV is caused by deviations of the annual degradation rate and
income tax rate from the values assumed for these two factors in the base case.
A similar conclusion holds for the annual operation and maintenance cost. Con-
sequently, no figures are provided regarding the sensitivity of IRR, BCR, and NPV
to the previous three factors given their scarce influence compared with that exerted
by the remaining ones described with later in the text.

Some sound conclusions may be derived by comparing the values obtained for
IRR, BCR, and NPV in the figures mentioned in the preceding paragraph. Varia-
tions in the life cycle and nominal discount rate exert a similar influence on the

Fig. 16 IRR (top panel) and
BCR (bottom panel) as a
function of annual direct
irradiation for variations of
normalized-per-kWp initial
investment cost. For each
figure the rest of parameters
are those of the base case
presented in Table 3. The
horizontal dashed line shows
the threshold of economic
feasibility for both criteria,
i.e., d = WACC = 4.5 % (top
panel), and BCR = 1 (bottom
panel)
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profitability criteria, but it is believed to occur a lesser extent than that exerted by
the remaining factors studied. The nominal discount rate, the life cycle of the HCPV
system, the annual final yield in an HCPV, the HCPV electricity unitary price, the
PR, the annual direct normal irradiation, and the normalised initial investment are
ordered from lowest to highest impact on profitability criteria related to the base
case. As happened in Sect. 6.1, it should be noted that YfHCPV, pu, PR, and DNIA
exert the same influence.

Fig. 17 IRR (top panel) and
BCR (bottom panel) as a
function of initial investment
cost for variations of annual
direct normal irradiation, PR,
electricity unitary price, and
normalized-per-kWp annual
energy yield. For each figure
the rest of parameters are
those of the base case
presented in in Table 3.
Regarding PR, only
percentage values <120 % of
the base case (0.82) should be
considered given that annual
PR cannot exceed the ideal
value of 1. The horizontal
dashed line shows the
threshold of economic
feasibility for both criteria,
i.e., d = WACC = 4.5 % (top
panel), and BCR = 1 (bottom
panel)
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The effect of the variation of each factor considered exerted on the value of IRR
and BCR are listed in Table 5. In this table, columns 4 and 5 depict the range of
variation of the IRR and the BCR for the specific range of the analysed factors,
respectively. These values of IRR and BCR were drawn from Figs. 16, 17, 18
and 19.

Fig. 18 NPV (top panel) and
BCR (bottom panel) as a
function of initial investment
cost for variations of nominal
discount rate. For each figure
the rest of parameters are
those of the base case
presented in Table 3. The
horizontal dashed line shows
the threshold of economic
feasibility for both criteria,
i.e., NPV = 0 (top panel) and
BCR = 1 (bottom panel)
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Fig. 19 IRR (top panel) and
BCR (bottom panel) as a
function of initial investment
cost for variations of life
cycle. For each figure the rest
of parameters are those of the
base case presented in
Table 3. The horizontal
dashed line shows the
threshold of economic
feasibility for both criteria,
i.e., d = WACC = 4.5 % (top
panel), and BCR = 1 (bottom
panel)

Table 5 Effect of the variation of the analysed factors on base case IRR and BCR for the
prospective scenario

Factor Units Factor value
range

Range of variation of
IRR (%)

Range of
variation of BCR

[HCPVI]kWp € kWp 480 ÷ 1120 14.8 ÷ 5.1 2.50 ÷ 1.07

d % 2.7 ÷ 6.3 No variationb 1.84 ÷ 1.24

N Year 18 ÷ 42 5.8 ÷ 9.2 1.13 ÷ 1.74

DNIA kWh/m2 1320 ÷ 3080 3.6 ÷ 12.4 0.90 ÷ 2.10

YfHCPV kWh/kWp 1082 ÷ 2526 Same as above

pu €/kWh 0.03 ÷ 0.07

PR – 0.49 ÷ 1.0 3.6 ÷ 10.5 0.90 ÷ 1.8
aThese values should be interpreted as the percentage of [HCPVI]kWp that is spent on operation and
maintenance tasks on an annual basis
bIt should be understood that IRR stands for “gross” IRR so that this profitability criterion remains
constant irrespective of the value of d in this work equal to WACC. However, as commented in a
previous section, the IRRn is directly influenced by WACC because IRRn = IRR − WACC
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7 Conclusions

An introduction to the economic and financial analyses of HCPV systems has been
presented throughout this chapter. The proposed mathematical expressions are
aimed at taking into account most factors on which these analyses are based. To put
them into practice, two different scenarios have been presented so as to provide two
base cases.

The first base case corresponds to the year 2013, in which the cumulative
installed HCPV power accounted for 160 MWp by the end of that year. This
scenario is mainly characterized by an assumed initial investment cost of 1800 €/
kWp with 80 % financed by means of a loan and 20 % funded through equity, a
feed-in-tariff scheme of 0.10 €/kWh, an annual direct normal irradiation that equals
2200 kWh/m2, and a perceived risk of the investment considered greater than that
associated with other renewable techniques: This results in a WACC assumed equal
to 6.5 %. The economic analysis proves that this investment as feasible from this
point of view given that the IRR (7.2 %) exceeds the WACC and the BCR is >1
(1.08). However, this investment fails to be feasible from the financial viewpoint
due to the negative cumulative net cash balances that are obtained during the first
15 years.

The second base case corresponds to a prospective scenario in 2020. Obviously,
making some predictions regarding costs and financial environment has been
necessary so that most relevant ones are commented below.

Cumulative installed HCPV power forecast, i.e., 1400 MWp by the end of 2020
—together with learning curves, in which a learning ratio of 0.20 is assumed—lead
to an initial investment cost of 800 €/kWp, which is also financed by external
capital (80 %) and equity (20 %). HCPV-generated electricity is assumed to be sold
in its entirety to the grid at a pool price of 0.05 €/kWh, the same annual direct
irradiation as commented previously, and a lower perceived risk of default is
considered, which decreases the WACC to 4.5 %. The results derived from the
economic analysis prove this investment as feasible from this point of view given
that the IRR (8.5 %) nearly doubles the WACC and the BCR equals 1.5. In
addition, this investment is feasible from the financial viewpoint because positive
cumulative net cash balances are obtained over the whole project life cycle. This a
optimistic—but also realistic—promising scenario in which HCPV turns out to be a
real alternative to conventionally generated electricity.

The sensitivity of the IRR and the BCR to each considered factor has been
ascertained in both scenarios presented herein. This sensitivity analysis provides
clear evidence that annual degradation rate, income tax rate, annual operation and
maintenance cost, life cycle of the HCPV system, discount rate, annual direct
normal irradiation, and initial investment cost of the HCPV system are ordered from
lowest to highest impact. It should be noted that annual final yield, PR, and HCPV
electricity unitary price exert the same influence on IRR and BCR stand out that
these three factors are function of the annual direct normal irradiation.
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The results of the sensitivity analysis shown above may prove useful for gov-
ernment bodies and prospective owners of HCPV systems. Indeed, these results
shed light on how changes in existing technical and economic factors that shape a
given scenario may influence the profitability of the investment on these systems.

Appendix: Terminology

[HCPVAOM]kWp Normalized per-kWp annual operation and maintenance cost of the HCPV
system (€)

[HCPVI]kWp Normalized per-kWp initial investment cost of HCPV (€/kWp)

ΔOM Annual escalation rate of the operation and maintenance cost of the HCPV
system (%)

Δpg Annual escalation rate of the electricity price that is fed to the grid

Δps Annual escalation rate of the electricity price that is consumed from the
grid

AV Annualised value (€)

BCR Benefit-to-cost ratio

CIt Cash inflows over t (€)

COt Cash outflows for t (€)

d Nominal discount rate (%)

D Debt (€)

dec Annual dividend of the equity capital or return on equity (%)

DEP Annual tax depreciation (€)

DEPt Tax depreciation during t (€)

dit Dividends-return on equity capital-paid (€)

DNIA Annual direct normal irradiation (kWh/m2)

DNISTC Direct normal irradiation in standard test conditions (1 kW/m2)

DPBT Discounted payback time (year)

dr Real discount rate (%)

EC Equity capital (€)

EHCPVg Annual HCPV electricity generated which is fed to the grid (kWh)

EHCPVs Annual HCPV electricity generated that is used for self-consumption
(kWh)

GSTC Global irradiance in standard test conditions (1 kW/m2)

HA In-plane annual global irradiation (kWh/m2)

HCPVAOM Annual operation and maintenance cost of the HCPV system (€)

HCPVeq Equity-financed fraction of the initial investment (€)

HCPVI Initial investment cost on the HCPV system (€)

HCPVl Loan-financed fraction of the initial investment (€)

i Annual inflation rate (%)
(continued)
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il Annual loan interest (%)

IRR Internal rate of return (%)

IRRn Net internal rate of return (%)

It Interest charges on debt during t (€)

It(after-tax) Interests after paying taxes during t (€)

ITt Taxes paid on income during t (€)

LR Learning rate

MIRR Modified internal rate of return (%)

MNPV Modified net present value (€)

N Life cycle of the HCPV system, equal to analysis period (year)

NCBt Net cash balance during t (€)

NCFnt Negative net cash flow during t (€)

NCFpt Positive net cash flow during t (€)

NCFt Net cash flow during t (€)

NCFt(after-tax) After-tax net cash flows obtained during t (€)

Nd Period of time over which an investment is amortized for tax purposes
(year)

Nl Amortization of loan (years)

NPV Net present value (€)

pg Price at which electricity is sold to the grid (€/kWh)

PR Performance ratio

ps Price at which electricity is bought from the grid (€/kWh)

pu HCPV electricity unitary price (€/kWh)

PV [DEP(Nd)] Present value of the tax depreciation (€)

PV[CI(DPBT)] Present value of the cash inflows generated over DPBT (€)

PV[CI(N)] Present value of the cash inflows over the lifetime of the project (€)

PV[CO(DPBT)] Present value of the cash outflows generated over DPBT (€)

PV[CO(N)] Present value of the cash outflows overthe lifetime of the project (€)

PV[DEP
(DPBT)]

Present value of the tax depreciation over DPBT (€)

PV
[HCPVOM(N)]

Present value of the HCPV system operation and maintenance cost (€)

PV[NCF
(DPBT)]

Present value of the net cash flows generated over DPBT (€)

PV[NCF(N)] present value of net cash flows (€)

PVIF(N) Q(1 − QN)/(1 − Q)

Q 1/(1 + d)

QA Annual growth installed capacity (%)

QHCPV HCPV world cumulative installed capacity

QOM (1 + ΔOM)/(1 + d)

Qpg (1 + Δpg)·(1 − rd)/(1 + d)
(continued)

(continued)
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Qps (1 + Δps)·(1 − rd)/(1 + d)

rd Annual degradation rate in the efficiency of the HCPV panels (%)

rHCPV Average annual HCPV power growth rate (%)

RIDt Repayment instalments on debt (€)

RIECt Repayment instalments on equity capital (€)

RIt Repayment instalments on funds borrowed (debt and/or equity capital) to
fund the investment project during t (€)

RNPV Real net present value (€)

rOM Annual escalation rate of the operation and maintenance cost of the HCPV
system (%)

SVN Salvage value of the system at the end of its life cycle (€)

t Period of time (year)

T Income tax rate (%)

UCRF(k) (1 − Q)/(Q(1 − Qk))

WACC Weighted average cost of capital (%)

Yf Annual final yield in a conventional flat-plate PV system (kWh/kWp)

YfHCPV Annual final yield in a HCPV system (kWh/kWp)
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High-Concentrator Photovoltaic Power
Plants: Energy Balance and Case Studies

Pedro Pérez-Higueras, Francisco J. Muñoz-Rodríguez,
Carlos Adame-Sánchez, Leocadio Hontoria-García,
Catalina Rus-Casas, Antonio González-Rodríguez,
Juan D. Aguilar-Peña, Francisco J. Gallego-Álvarez,
Ivan González-Luchena and Eduardo F. Fernández

Abstract High-concentrator photovoltaic (HCPV) power plants are inherently
different from conventional photovoltaic (PV) power sources due to the use of
concentrator modules and two-axis solar trackers. HCPV technology is a relatively
new energy source; therefore, there is limited experience in its application in power
plants. Bearing this in mind, this chapter aims to provide information about the
special features and performance of HCPV power plants under real operating
conditions. The analysis of current concentrator modules and solar trackers is
addressed to achieve a better understanding of the main characteristics of this kind
of systems. In addition, different methods for estimating the energy yield of an
HCPV system or power plant are discussed. This is a crucial task to analyse the
potential of such emerging technology. Finally, several HCPV power plants and
relevant data concerning their energy yield and performance ratio (PR) are
described and commented.

1 Introduction

A photovoltaic (PV) power plant (also known as PV-generating station, PV-power
station, or PV-generating plant) (Fig. 1) is an industrial facility for the generation of
electric power from PV solar systems. It can be also considered as a grid-connected
PV (GCPV) system where all of the electricity generated is fed into the grid. Thus, a
PV power plant has the same elements that a GCPV system has, but also has an
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electrical substation to establish a connection with the high-voltage grid. In this
sense, a high-concentrator photovoltaic (HCPV) power plant can be defined as a PV
power plant where HCPV arrays are used instead of conventional PVs. This type of
plant is provided with two-axis solar trackers to keep HCPV modules perpendic-
ularly oriented to the Sun. The remaining elements are similar to those found in any
PV power plant (inverter, protection devices, connection elements, electrical sub-
station, monitoring system, etc.).

Although conventional PV power plants have been widely analyzed, and several
studies concerning their performance and specific characteristics can be found in the
literature, there is narrow experience in the analysis and study of HCPV plants. This
is due to that fact that HCPV technology is a new and emergent technology;
therefore, the experience in its application in power plants is still scarce. Hence, it is
important to devote large efforts to achieve a better understanding of the real
performance and special features of this type of power plants. This is the aim of this
chapter.

To achieve this goal, this chapter is divided in different sections. Section 2
summarizes the main features of commercial HCPV modules and two-axis trackers.
This is crucial to obtain a better understanding about the main components of
current HCPV power plants. The energy prediction of power plants is an important
task to evaluate the potential and promote the market expansion of HCPV tech-
nology. Taking this into account, different methods for estimating the electrical
output of HCPV systems or power plants are introduced and discussed in Sect. 3. In
addition, and the most relevant atmospheric databases for energy prediction issues
are listed in Sect. 4. In Sect. 5, several HCPV power plants are commented and
described. Furthermore, valuable information concerning their energy yield and
performance is provided. Finally, the main conclusions are outlined in Sect. 6.

~
~

~
~

~

Electrical 
substation

High Voltage 
Grid

Fig. 1 Basic layout of a photovoltaic power plant
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2 Components of an HCPV Power Plant

As commented, the main difference between a PV and an HCPV power plant is the
fact that HCPV power plants use concentrator modules and two-axis trackers. Bearing
this in mind, this section aims to review the characteristics of the main HCPV modules
and trackers that are currently being used in power plants. In addition, some trends and
proposals to improve the present designs are briefly discussed.

2.1 Commercial HCPV Modules

An HCPV module is made up of solar cells, optical devices, and peripheral com-
ponents necessary to generate electricity and dissipate the heat produced due to the
high temperatures achieved by the solar cells working at high concentration ratios
(Fig. 2). Heat dissipation can be performed passively through heat sinks or actively
by the flow of fluid, generally water. An HCPV module also incorporates others
elements, such as bypass diodes, to avoid the overheating of cells mainly due to
mismatch among cells and the shading that may take place when HCPV systems are
working under real operating conditions [7, 21, 26, 28, 31].

HCPV is a young technology; therefore, the majority of manufacturing compa-
nies of HCPV modules have been recently established. These companies do not
provide detailed information about their products mainly due to strategic and con-
fidential commercial purposes. Therefore, currently there is a lack of information on
module specifications, features, performance, designs, etc. In addition, most of the
published data are incomplete and do not indicate any of the following information:

• measuring conditions,
• measuring laboratory, and
• commercial products or prototypes.

However, in this section relevant information about the following HCPV module
manufacturers is provided (Table 1, Fig. 3).

Fig. 2 Schematic of an HCPV module
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• Arima EcoEnergy Technologies Corp.: www.arimaeco.com
• Daido Steel Co. Ltd.: www.daido.co.jp
• Emcore Corp.: www.emcore.com
• Isofoton S.A.: www.isofoton.com

Fig. 3 Different examples of commercial HCPV modules (courtesy of Soitec, Emcore, Solfocus,
Opel, and Daido
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• Opel Inc.: www.opelinc.com
• Magpower SA.: www.magpower.eu
• Semprius: www.semprius.com
• Soitec: www.soitec.com
• Solfocus: www.solfcocus.com
• Soliant Energy, Inc.: www.soliantenergy.com
• Suncore Photovoltaic Tech. Co. Ltd.: www.suncorepv.com

Although, some of these companies have closed their operations, it is important
show data of the performance of manufactured modules because they show inter-
esting features about current HCPV technology.

Currently, the most industrialized HCPV module is made up of triple-junction
(TJ) GaInP/GaInAs/Ge cells. The optical system is made up of one primary optical
element based on point-focus Fresnel lenses that focus in a secondary optical
element based on a refractive truncated pyramid or similar. The most commonly
used material for the lens is usually poly(methylmethacrylate) or silicone-on-glass
(SOG). Table 1 lists the main data provided by some companies about their HCPV
modules. As can be seen, the concentration factor of the modules varies between
476× from Arima and 1111× from Semprius. Regarding the optics, point-focus
Fresnel lens optics is mostly used, and only one module (Solfocus) uses Cassegrain
mirror-based optics. The optical devices of the Daido module are somewhat dif-
ferent from the others because they use dome-shaped Fresnel lens. Regarding the
acceptance angle, as can be seen, it varies between ±0.5° (Arima module) and ±1.7°
(Semprius module). The efficiencies of modules reported by the manufacturers are
in the range of 17–33.9 %, although the current world record is 36.7 % efficiency
[12] corresponding to a FLATCON® module. This module has an aperture area of
832-cm2 and concentrates sun light 230 times onto 52 7-mm2 surface miniature
four-junction solar cells with the help of 52 16-cm2 area Fresnel lenses. In addition,
the power of the modules listed in the table varies between 87.5 and 6600 Wp. It is
important to note that the Magpower TRK60 module consists of a set of 60 110-Wp
modules. In a similar way, Soitec CX-M500 is made up of a set of 12 2014-Wp
submodules. Finally, the power temperature coefficient of HCPV modules lies
within the range 0.15 and 0.34 %/°K with an average value of 0.20 %/°K. This
average value is lower than the typical one of conventional PV modules, which is
usually approximately 0.44 %/°K. It is worth mentioning that neither of the man-
ufacturers listed above provide information about the influence of solar spectrum on
the electrical output of their HCPV modules. Taking into account the strong spectral
dependence of these types of modules, a spectral coefficient could be included in
the datasheets to describe their spectral electrical dependence.

The modules commented previously represent an example of the current com-
mercial HCPV modules. Furthermore, several companies and research centers are
developing new kind of concentrator modules to achieve greater efficiencies and
concentration levels while simultaneously making lighter and more compact
designs. For example, Semprius uses 600 × 600-μm microtransfer printed cells for
modules with a concentration of 1111× (Fig. 4). The primary optic is an SOG lens
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array, and the secondary optic is a ball lens. This module incorporates TJ microcells
with efficiencies >41 % as measured by National Renewable Energy Laboratory
(NREL), and the module efficiency was measured to be 32.2 % at an ambient
temperature of 19 °C and a direct normal irradiance (DNI) of 867 W/m2 [9]. The
use of microcells decreases the optical path of the module, so instead of being an
approximately 40–60 cm deep HCPV module, the typical depth for modules with a
concentration >1000 (Table 1), Semprius’ module is only 6.6-cm deep.

Others possible designs are continuously being discussed by the scientific
community to obtain more competitive modules. A module based on new optical
configurations to achieve ultra-high concentration levels and to decrease the
dimensions of current HCPV modules has been proposed [25]. In addition, the use
of optical devices to split the spectral distribution has already showed its potential
to create modules with greater efficiencies [2, 33].

2.2 Trackers for HCPV Systems

One of the most important issues of HCPV modules is their efficiency loss when
they are not perpendicular to the solar rays. HCPV modules only use the DNI and
they have a decreased acceptance angle. The acceptance angle can be defined as the
tracking error angle in which the power produced is decreased to 90 %. In Fig. 5,
the percentage variation of the power for an HCPV module with the tracking error
is shown. In this case, the acceptance angle is 1.7°.

The above discussion highlights the need of HCPV systems of having a high
precision of the movement control of their axes. Because of this, HCPV systems are
based on the use of two-axis solar trackers. This kind of tracker is able to orientate
along the East West direction and along the North South direction, thus acting on
both degrees of freedom to make the energetic efficiency greater and, make sure the

Fig. 4 HCPV alpha module with triple-junction cells concentrating at >1100 suns and scheme of
Semprius’ HCPV module (courtesy of Semprius)
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solar rays are perpendicular to the plane of the PV modules. There are different
two-axis tracker configurations; in Figs. 6, 7, 8, 9 and 10, the most used configu-
rations, are shown. This kind of systems could be classified on the following:

• two-axis tracker for point-focus dish PV;
• two-axis tracker for point-focus Fresnel lens PV:

– pedestal-mounted two-axis tracker;
– carousel (rotate and roll) two-axis tracker; and
– “tilt-and-roll” two-axis tracker.

It is also important to note that although there are a wide variety of configurations,
the majority of HCPV power plants have pedestal trackers [10]. The most important
parts of a pedestal HCPV solar tracker are shown in Fig. 11.

Fig. 5 Example of the
variation of the module power
(%) versus tracking error (°).
In this case, the acceptance
angle is 1.7°

Fig. 6 Two-axis tracker for point-focus dish PV concentrator (courtesy of IEC62108 and Solar
Systems Pty Ltd.)
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Fig. 7 Pedestal-mounted two-axis tracker for point-focus Fresnel lens PV concentrator (courtesy
of IEC62108 and Amonix)

Fig. 8 Carousel (rotate and roll) two-axis tracker for point-focus Fresnel lens PV concentrator
(courtesy of Titan Tracker)

Fig. 9 “Tilt-and-roll” two-axis tracker for point-focus Fresnel lens PV concentrator (courtesy of
Whitfield Solar)
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It is fundamental for this kind of technology to be able to determine and predict
the Sun’s movement at every moment and in every place. Depending on the
coordinate system chosen, the control system in charge of the movement of a solar
tracker uses a kind of equation with its control variables (e.g., angular variables in
the case of polar coordinate system) to predict the Sun’s position. It seems evident
that for the required precisions is necessary a be able to reliably control the system,
which is able to calculate at any moment to determine possible deviations that may
exist. Independent of the control strategy used, the deformation of the structural

Fig. 10 Other configuration for “tilt-and-roll” two-axis tracking system for point-focus Fresnel
lens PV concentrator (courtesy of Emcore)

Fig. 11 Main parts of a
pedestal solar tracker to
HCPV system: 1 Base and
embedding in the ground. 2
Picket for raising the structure
and avoiding collisions during
movement. 3 Mechanical and
control systems in charge of
the tracker movement. 4
Mechanical structure to
support the solar modules and
their weight. 5 HCPV solar
modules
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elements of the trackers cause unexpected variations in the calculation of the ori-
entation algorithm. For this reason, decreasing the deformation of the structural
elements allows the energetic efficiency to be increased and the requirements of the
control system to be decreased.

The main target of the mechanical design of the system is to guarantee an
optimum orientation. The mechanical system suggested must assure have high
precision during movement yet be rigid enough to support external forces. The
main condition to maximize the solar radiation is that the solar rays arrive per-
pendicularly above the plane of the solar HCPV modules. For this reason, providing
the structure and the solar modules with a mechanical system that is in charge of the
orientation is essential. Throughout past years, gears have been used for system
movement as shown in Fig. 12. These configurations are generally built on a fixed
structural picket and often break due to the forces that support the gear teeth, thus
causing an increment in the cost of the solar tracker.

Apart from its own weight, the solar tracker must support the wind forces above
the plane of solar modules during its movement. The wind effect on a plane depends
on the incident angle between the velocity profile and the plane. This effect could be
not uniform along the plane and is greater or lesser on the edges. For a better
understanding of this effect is necessary to explain the gradient velocity of the wind
[19], which allows the wind velocity to a height z to be determined according to
Eq. 1:

vz ¼ vg
z
zg

� �1
a

; 0\z\zg ð1Þ

Fig. 12 Schema of the gear
system for the solar tracker’s
movement
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As Eq. 2 shows, the wind velocity changes depending on the height that is being
analysed. This causes different values of aerodynamic forces that result in a torque
that must be supported by the mechanical elements of the solar tracker as shown in
Fig. 13 [11, 13]:

Faerodynamic ¼ 1
2
qV2S ð2Þ

where ρ is the density of the fluid (air in this case); V is the relative velocity of the
wind; and S is the surface (in this case the plane of the solar modules). Due to these
aerodynamic forces, when the velocity wind reaches values near to 60–70 km/h, the
solar tracker is usually placed in the so-called “defensive” position.

The weight of the solar modules and the structure that holds them increase the
external torques caused by the wind effect. It is important to mention that the flector
moment resultant of the external forces happens independently on the position of
the tracker. In the most unfavourable case, i.e., when the instant rotation center of
one of the mechanisms do not match with the mass center position of the structure,
the stress support by the structural elements will vary depending on the tracker’s
position.

Fig. 13 Torques caused by external aerodynamic forces
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The forces described previously are the main ones that must be supported by any
solar tracker, and they must be taken into account for calculating the elements in
charge of moving their degrees of freedom. Generally the solar trackers use gear
systems to move their degrees of freedom, in which case the external forces cause
high located stress in the gear teeth in contact. This stress is the main cause of
breakage of this type of mechanism. Taking this into account, in the next section the
proposal of a new system that is able to properly move the solar tracker and
decrease failures as well as the cost of the system, is described.

2.2.1 System Optimization: Alternative Proposal

Most of solar trackers use a gear system to follow the azimuth movement of the
Sun, which involves disadvantages. A way to avoid this problem is to link the
structure of the solar modules and the structural picket by a series of tridimensional
mechanisms replacing the gear system. The European patent EP2484991
[WO2011020931-A1], which belongs to Indra Sistemas S.L., shows how this
system would work (Fig. 14).

Fig. 14 Schema of a tracker without a gear system
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This exposed system utilizes a four-bar mechanism to move the structure of solar
modules along two perpendicular directions. The angular interval along the East
West direction is greater than the angular interval along the North South direction.
Through the East West direction the solar tracker must be able to orientate from the
breaking dawn to the sunset. Nevertheless, along the North South direction the top
position of the Sun is never too high; because of this, the angular interval is lower.
For this reason, a four-bar mechanism is used for the East West direction, and a
rotational joint is used for North South direction.

With this configuration, a linear actuators (hydraulic or electromechanical)
system can be used to move both mechanisms independently. An essential
advantage is that the transmission relationship of these two mechanisms and the
linear actuators system allows greater external forces values than the gear systems
to be supported.

Figure 14 shows the schema of the European patent commented previously. As
can be seen, there is a four-bar mechanism to the East–West orientation. To min-
imize stress on the orientation of the structure of the solar module, a Chevyshev
mechanism of linear trajectory is used. The bars of this mechanism are the “fix
bars,” and they are labelled with the number “1” in the figure above; number “2” is
the actuated bar, and the number “3” is the coupler bar. In this case there are two
actuated bars. That situation causes a complication in the control system due to the
fact that the mechanical system is over-actuated, although the benefits of the
increment of rigidity of the system are greater than the disadvantage of the system
being over-actuated. The actuation of the two bars is made with two linear actua-
tors, either hydraulic or electromechanical. These linear actuators are labeled
number “4” in the figure. In contrast, the elongation and the retraction of the linear
actuator are not proportional to the rotated angle; for this reason, the necessary
power depends on the position of the end effector.

Overaction of the employed mechanism using two linear actuators disposed
symmetrically causes the maximum power required for each actuator to also be
symmetric, which is necessary for constant power during the whole work space.
That is to say, when one of the actuators provides minimum power (maximum
elongation), the other one provides contrary dynamic conditions (minimum elon-
gation and maximum power) and vice versa. For small solar trackers, electric
actuators can be enough, and they have low maintenance costs. For large solar
trackers, high-pressure hydraulic actuators are required.

For the other degree of freedom, i.e., the orientation along the North South
direction, the mechanism consists of two bars linked by a rotational join actuated by
a hydraulic linear actuator. In this mechanism the fix bar is the coupler bar of the
previously mechanism. And in the moving bar is where the structure of the solar
modules (labeled numbers “5” and “6,” respectively, in Fig. 14) is placed. Finally,
the actuator for the movement of this mechanism is labeled number “7.”
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3 Energy Produced by an HCPV Power Plant

Estimating the energy provided by HCPV power plants is an important task for
designing plants, monitoring plants, making module life-cycle assessments, and
analyse the economic profitability of HCPV technology [8, 16, 20, 24]. The energy
provided by such a system mainly depends on atmospheric parameters, such as
DNI, solar spectrum, temperature, and wind speed, as well as on the electrical
characteristics of the HCPV modules. The tracker, the inverter, and the wires that
interconnect the modules and connect them to the inverter must be also considered.
Methods for calculating the annual energy produced by an HCPV system or power
plant can be grouped into two categories [30]:

• Direct methods: The annual energy harvested is directly calculated taking into
account several efficiencies and system performance indices that define both the
behaviour of the HCPV array [i.e., the array efficiency or the DC-performance
ratio (PR)] and the balance-of-system (BOS) components (i.e., the inverter
efficiency or the AC-PR).

• Indirect methods: The annual energy generated by the system is estimated from
the power array, which is previously calculated. Afterward, the energy generated
by the HCPV system can be obtained by integrating the power harvested by the
array for a given time interval and including the efficiencies and losses of the
rest of the elements of the system.

3.1 Direct Methods

As mentioned, direct methods calculate the annual energy harvested taking into
account efficiencies and system-performance indices. Depending on the parameters
considered, several methods can be highlighted.

3.1.1 Energy Estimation of an HCPV Power Plant Based on Efficiencies

The efficiency can be defined as the ratio between the output power provided by a
system and its input power.

g ¼ Poutput

Pinput
ð3Þ

It is widely accepted to transform this ratio of powers into a relationship between
energies (input and output energies for a given time interval); however, in this case
it is more appropriate to use the term “performance.” In this section, the term
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“efficiency” will be used to express, indistinctly, the ratio of powers and energies;
however, in this last case, it will indicate the mean efficiency:

gmean ¼
Eoutput

Einput
ð4Þ

In this sense, the energy produced by an HCPV power plant for a given time
period, τ, can be given as:

Eouput;s ¼ Einput;s � gtot ð5Þ

where ηtot represents the overall HCPV power plant efficiency, and Einput,τ indicates
the maximum energy available at the input. In an HCPV power plant, they may be
expressed as follows:

Einput;s ¼ DNIs � AA ð6Þ

gtot ¼
Yn
i¼1

gi ð7Þ

where DNIτ is the direct normal irradiation (DNI) in the plane of the array for a
given period of time expressed in kWh/m2, AA is the area of the array, and ηi are the
different mean efficiencies to be considered in an HCPV power plant.

The annual energy generated by an HCPV system can be defined as follows:

Eouput;annual ¼ DNIannual � AA � gtot ð8Þ

The overall plant efficiency (ηtot) can be expressed in terms of the mean array
efficiency (ηA) and the overall efficiency of the BOS (ηBOS) as:

gtot ¼ gA � gBOS ð9Þ

Moreover, the mean array efficiency and the overall efficiency of the BOS can be
given by the following expressions:

gBOS ¼ gINV � 1� LACð Þ ð10Þ

gA ¼ gMOD � 1� LDCð Þ ð11Þ

where ηINV corresponds to the mean inverter efficiency, LAC represents the losses
associated with the AC side (wires and the rest of elements), ηMOD is the mean
HCPV module efficiency, and L DC indicates the losses associated with the DC
wires and the rest of elements of the array.

Moreover, the mean array efficiency can be given as a function of the energy
harvested by the array and the annual direct irradiation as:
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gA ¼ Earray;annual

DNIannual
¼

Pyear
i¼1 PA;i � Dti

AA �Pyear
k¼1 DNIk � Dtk

ð12Þ

where Earray,annual indicates the annual energy harvested by the array; PA,i and DNIk
correspond to the array power and DNI obtained at a given time, respectively; and
Δti and Δtk provides the sampling interval corresponding to power and irradiance,
respectively.

If the time interval between samples both for the array power and the direct
irradiance is equal and constant, Eq. 12 can be simplified as follows:

gA ¼ Earray;annual

DNIannual
¼

Pyear
i¼1 PA;i

AA �Pyear
i¼1 DNIi

ð13Þ

In this section, mean array efficiency is defined as shown in Eq. 11.
Because a concentrator module is made up of a group of cells, primary and

secondary (optional) optics, and other elements, the concentrator module efficiency
can be given by:

gMOD ¼ gCELL � gOPT 1� Lmoduleð Þ ð14Þ

In this sense, the module efficiency will be a function of the mean efficiency of
cells (ηCELL), the mean optical efficiency of the module (ηOPT), and the energy lost
in wires and the rest of the elements in a module (Lmodule).

In this way, the system efficiency can be expressed as follows:

gtot ¼ gCELL � gOPT � gINV 1� Lmoduleð Þ � 1� LDCð Þ � 1� LACð Þ ð15Þ

Thus, the annual energy produced by an HCPV power plant can be defined as:

Eouput;annual ¼ DNIannual � AA � gCELL � gOPT � gINV 1� Lmoduleð Þ
� 1� LDCð Þ � 1� LACð Þ ð16Þ

3.1.2 Energy Estimation of an HCPV Power Plant Based on Array
and BOS Losses

Another approach to estimate the annual energy generated by an HCPV power plant
is to consider its different energy losses. These losses can be classified in array
losses, which are those of a PV generator (PV conversion losses, optical losses,
thermal cell losses, thermal optics losses, spectral losses, and miscellaneous losses)
and BOS losses, which are related to the balance of system (related to inverter,
power station, AC wires, etc.).

Some losses are unavoidable losses that depend mainly on HCPV module
electrical characteristics and given meteorological conditions (i.e., location); in this
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way, they can only be estimated or measured. In contrast, other losses can be
limited in the design phase of an HCPV power plant and minimized through
adequate operation and maintenance tasks.

Array Losses (LA): This represents losses due to array operation. However, this is
a very wide concept, which in the case of HCPV systems may include the
following:

• Photovoltaic conversion losses (LPV): These are produced because not all of the
irradiance incident on a concentrator cell is converted into electricity.

• Optics losses (LOPT): These are due to the nonideal optical performance of the
lens.

• Spectral capture losses (LS): These are produced when the solar spectrum differs
from the optimal spectral distribution for each particular module, usually the
AM1.5D reference spectrum (due to changes in air mass (AM), clouds, atmo-
spheric turbidity, etc.)

• Thermal cell capture losses (LTC): These are due to a decrease of the generator
efficiency when the cells operate at temperatures greater than the standard (25 °
C for concentrating systems).

• Thermal optics capture losses (LTO): These are due to the influence of lens
temperature on the optical performance.

• Low irradiance losses (LLI): These are due to the decrease of the efficiency of the
concentrator cells when they operate under low irradiance levels.

• Miscellaneous capture losses (LM):
Shading losses (LMshading): These are due to the presence of obstacles, mainly
other trackers with their corresponding arrays.
Tracking error losses (LMtracking): These are produced when sunlight direction
differs from normal incidence.
Tolerance and degradation losses (LMtolerance): These are due to the fact that the
effective module power is lower than the one given by the manufacturer. In
addition, degradation occurs as a decrease in the power of the modules appears
with their use over time.
Mismatch losses (LMmismatch): These are due to dispersion of the electrical
characteristics of the modules and strings. The series–parallel connection of
modules with not exactly the same current voltage (I–V) characteristics influ-
ences the output of the generator. In this way, the output power from the array
will be lower than the sum of the individual power of each module that con-
stitutes the array.
Ohmic losses (LMohmic): These are due to the voltage decrease across the wires
that interconnect the modules and across the wires that connect the generator to
the inverter.
Dirt and dust losses (LMdirt): These are due to the deposition of dirt and dust on
the optics surface.
Maximum power tracking error losses (LMMPT): These are due to the decrease of
the array power caused by inverter MPPT failures.
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In this sense, array losses can be expressed as follows:

LA ¼ LPV þ LOPT þ LS þ LTC þ LTO þ LLI þ LM ð17Þ

where LM:

LM ¼ LMshading þ LMtracking þ LMtolerance

þ LMmismatch þ LMohmic þ LMdirt þ LMMPT
ð18Þ

BOS Losses (LBOS): They are losses due to the following:

• Inverter losses (LSI).
• Inverter disponibility and failures (LSIF).
• Self-consumption losses (trackers, inverters, control and monitoring units)

(LSSC).
• Ohmic losses (LSohmic) due to the voltage decrease across the wires that inter-

connect the AC side of the Power plant.
• Transformer station (LST).

In this sense, BOS losses can be expressed as:

LBOS ¼ LSI þ LSIF þ LSSC þ LSohmic þ LST ð19Þ

and the total energy losses can be expressed as the sum of the array and BOS losses
as:

Ltot ¼ LA þ LBOS ¼
Xn
i¼1

Li ð20Þ

where Li represents each type of loss mentioned below (given as a fraction).
If the percentage of the annual energy corresponding to each one of these losses

is known, the following expression allows the energy generated by an HCPV power
plant to be calculated for a determined interval of time:

Eoutput;s ¼ Einput;s � 1� Ltotð Þ ð21Þ

It must be highlighted that in this case, like in the previous section, Einput,τ

depends on DNIτ and the area of the array. Considering an annual timescale, the
energy is given as:

Einput;annual ¼ DNIannual � AA

Eoutput;annual ¼ DNIannual � AA � 1�
Xn
i¼1

Li

 !
ð22Þ
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3.1.3 Energy Estimation of an HCPV Power Plant Based
on Performance Ratio

The PR of an HCPV power plant may be defined as the quotient of the final yield
and the reference yield. PR can be considered for different time intervals (τ)—
annual, monthly and daily—and can be expressed as:

PR ¼ Yf
Yr

¼
Eoutput;s

PA;CSTC

DNIs
DNICSTC

ð23Þ

DNIτ is the annual DNI (kWh/m2 · τ), and DNICSTC is the direct normal irradiance
at Concentrator Standard Test Conditions (CSTC) (DNI = 1000 W/m2, cell tem-
perature = 25 °C, spectrum = AM1.5D) [15]. PA,CSTC represents the array power at
CSTC conditions.

Moreover, although PR is given for different periods of time (e.g., annual,
monthly or daily), instantaneous PR can be considered substituting power and
irradiance for energy and irradiation respectively and expressed as:

PRinst ¼
Poutput

PA;CSTC

DNI
DNICSTC

ð24Þ

It must be stated that if the sampling interval is constant, the average value of
instantaneous PR in a determined interval of time (τ) matches the PR of the system
in this same time interval.

Moreover, it can be also considered a DC-PR (PRDC) [14]. The PR mentioned
above corresponds to the whole system, whereas PRDC is applied only to the array.
In this case:

PRDC ¼ YA
Yr

¼
EA;s

PA;CSTC

DNIs
DNICSTC

ð25Þ

In any case, if annual PR is considered:

PR ¼ Yf
Yr

¼
Eoutput;annual

PA;CSTC

DNIannual
DNICSTC

ð26Þ

In this way, the annual energy generated by the HCPV power plant will be:

Eoutput;annual ¼ PR � DNIannual
DNICSTC

� PA;CSTC ð27Þ
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Although in PV flat technology, PA,CSTC is always expressed as the sum of the
individual power of the different modules of the array, in HCPV arrays, DC losses
(LDC) sometimes are also considered. In this case, the PA,CSTC is:

PA;CSTC ¼
Xn� mod

i¼1

P�
mod;CSTC;i � 1� LDCð Þ ð28Þ

To estimate the annual energy generated by an HCPV plant, average monthly PR
can be also considered to take into account the different efficiencies and losses as:

Eoutput;annual ¼
X12
i¼1

PRi � DNImonthly;i

DNI�
� PA;CSTC;i � ndays;i ð29Þ

where ni,days and DNImonthly,i denote the number of days of each month and the
monthly average daily DNI, respectively.

3.2 Indirect Methods

These methods calculate the energy produced by the system from the power of the
generator. The procedure followed can be described as:

• Obtain the irradiance, temperature, spectrum and wind speed monthly average
daily hourly profiles of the location under study. Although hourly values are
usually used, other time intervals can be considered.

• Calculate the maximum power of the HCPV module from each set of DNI,
spectrum and temperature profiles:

PModule ¼ f DNI; S; Tð Þ ð30Þ

• Calculate the maximum power of the array taking into account the DC losses
(LDC) not considered in the previous equation, and the number of modules in
series (NS) and/or parallel (NP) of the array:

PArray ¼ Ns � Np � PModule DNI; S; Tð Þ � 1� LDCð Þ ð31Þ

• Calculate the AC power generated by the HCPV system taking into account the
inverter efficiency and the losses associated to the rest of the BOS (LAC):

Poutput ¼ PArray � gINV � 1� LACð Þ ð32Þ
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• Finally, the annual energy generated by the system may be computed either by
an integral or a summation as:

Eouput ¼
Zyear

Poutputdt ¼
Xyear
0

Poutput � Dt ð33Þ

A key issue of this procedure is the estimation of the maximum power of a
concentrator module under the time-varying atmospheric parameters. In past years,
different models were developed by the scientific community to achieve this goal
[29]. Information and a further discussion about these different procedures can be
found in previous chapters (Chaps. 5 and 9).

4 Atmospheric Databases and Maps

To estimate the energy yield of an HCPV system or power plant with the methods
previously commented, it is necessary to know different atmospheric parameters at
the specific location of the power plant. These parameters can be accurately
gathered using several instruments and sensors as was commented in previous
chapters. However, sometimes it is not possible to have direct measurements of the
atmospheric parameters necessary to obtain the energy yield at any desired location.
Because of this it is usually appropriate to use of atmospheric databases to predict
the energy generated by a power plant when the direct measurements are not
available. The most relevant databases for this purpose could be listed as:

• Surface meteorology and solar energy: https://eosweb.larc.nasa.gov/sse/
• NREL Solar Radiation Resource Information: http://www.nrel.gov/rredc/solar_

resource.html
• Photovoltaic Geographic Information System (GIS) (PVGIS): http://re.jrc.ec.

europa.eu/pvgis/
• Meteronorm: http://meteonorm.com/
• SOLMET/ERSATZ: http://gcmd.nasa.gov/records/GCMD_gov.noaa.ncdc.

C00047.html
• SOLDAY: http://gcmd.nasa.gov/records/GCMD_gov.noaa.ncdc.C00087.html
• World Meteorological Organization Data Center (WRDC): http://wrdc.mgo.rssi.

ru/
• DLR ISIS: http://www.pa.op.dlr.de/ISIS/
• Solar and Wind Energy Resource Assessment: http://en.openei.org/apps/

SWERA/
• Management and Exploitation of Solar Resource Knowledge: http://www.

mesor.org
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• International Daylight Measurement Program: http://idmp.entpe.fr
• Baseline Surface Radiation Network: http://www.bsrn.awi.de
• Satel-Light: http://satellight.com
• 3-TIER Solar Time Series: http://www.3tier.com
• Solar Energy Mining: http://www.dlr.de/tt/en/desktopdefault.aspx/tabid-2885/

4422_read-6581/
• Geomodel: http://geomodelsolar.eu/

These sources offer valuable data to obtain information of the main parameters
that affect HCPV systems, such as DNI, air temperature, and spectrum, and pose an
alternative for energy-prediction purposes. It is important to note that most of these
databases usually provide daily, monthly, or yearly average data of global irradi-
ation or DNI. The DNI can be used as an input parameter for the direct methods
commented in the previous section. However, the indirect methods require hourly
time series of DNI to allow the energy yield to be estimated. Taking this into
account, several methods to generate these times series from other parameters, such
as the global horizontal radiation [23, 27], can be found in the literature. It is also
important to mention that the majority of these data sources often do not provide
hourly time series of air temperature, which is also needed to apply the indirect
methods commented. As in the previous case, different procedures have been
proposed to predict the hourly air temperature from other more commonly observed
values such as daily values of the maximum, minimum, and average of air tem-
perature [1]. Furthermore, neither of the databases listed above provides direct
values of the spectral distribution of the incident irradiance. However, they usually
offer information about the atmospheric parameters with the highest impact on the
spectral irradiance such as aerosol optical depth (AOD), usually at 500 or 550 nm,
or precipitable water (PW). These parameters, in conjunction with the AM, offer an
excellent tool for evaluating the influence of the spectral changes on the perfor-
mance of HCPV systems at remote sites where is not possible to have direct
measurements of the spectrum [3, 5].

The maps show below some examples of the main atmospheric parameters that
can be obtained by using these atmospheric databases. Figure 15 shows a world map
of DNI in which is possible to identify the regions with the highest interest to install
an HCPV power plant. An interesting world map is also shown in Fig. 16. This map
represents the direct normal radiation versus latitude-tilt global radiation. Therefore,
it represents the worldwide regions in which more energy is received from the sun
for an HCPV system compared with a traditional fixed PV system. At the same time,
the rest of the figures show world maps of other relevant parameters that allow the
worldwide regions with the highest and lowest temperature and spectral effects on
the output of an HCPV plant to be identified (Figs. 17–19, 21–23).
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5 HCPV Power-Plant Case Studies

As in other type of energy production systems, the estimation of the energy yield of
HCPV systems is a crucial task. Taking this into account, data of energy generated
by some HCPV power plants are shown in this section. The objective is to quantify

Fig. 15 World map of direct normal radiation

Fig. 16 World map of direct normal radiation versus tilt global radiation
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the energy produced by current HCPV power plants and to provide useful infor-
mation for energy-prediction assessment of future HCPV power plants. Among the
different methods, the PR is a widely used method to estimate and measure the
energy generated by a PV system. At the same time, there is a lack of data

Fig. 17 World map of air temperature at 10 m

Fig. 18 World map of aerosol optical depth at 550 nm
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concerning PR of HCPV power plants due to the current limited experience.
Bearing this in mind, this section aims to provide information about the current PR
of several HCPV power plants.

HCPV power plants can be ordered accordingly to their installed capacity as
shown in Fig. 20: Amonix, Guascor Foton, Soitec, Solfocus, Emcore/Suncore,
Greenvolts, Arima, Solar Systems, and Suntrix. However, information about HCPV
power plants of all of the companies shown on that figure was not available in the
literature. As discussed in previous sections, this is probably due to the fact these
data are confidential and strategic for the commercial purposes of the different
HCPV companies. Among the different companies mentioned, only data of HPCV
power plants from Solfocus, Magpower, Semprius, Soitec, and Solar Systems were
available. The main characteristics of these power plants are described later in the

Fig. 19 World map of precipitable water
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Fig. 20 Total installed capacity of HCPV systems of different companies according to published
data. It represents the status as of September 2012 [34]
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text. In addition, an HCPV system monitored since 2011 at the University of Jaen
(southern Spain) is commented.

Case No. 1: Touwsrivier HCPV power plant

• Company: Soitec
• Location: Touwsrivier, South Africa
• Power: 76.5 kW at CSTC
• System type: CX-P6
• Commissioning: 2010
• Annual estimated DNI (Source Meteonorm): 2447 kWh/m2/year
• Annual estimated energy production: 144 MWh/year
• Annual estimated final yield: 1878 kWh/kWp/year
• Annual estimated PR: 77 %
• Reference: Consortium [4]
• Observation: The measured data for the period January–October 2011 show a

PR of 75.8 % (using unfiltered data). If only a DNI filter is considered
(>4 kWh/day), PR is 79.6 %. In addition, if the days implicated in test/upgrade
activities and in tracker calibration are eliminated, PR increases to 81 %
(Fig. 21).

Case No. 2: APS Star Center HCPV power plant

• Company: Solfocus
• Location: Tempe, AZ

Fig. 21 Touwsrivier HCPV power plant (courtesy of Soitec)
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• Power: 2.5 kW at a DNI of 850 W/m2 and an ambient temperature of 20 °C
• Module type: SF-1000 and SF-1100
• Commissioning: 2007
• Historic DNI: 6.9 kWh/m2/day
• Annual measured PR: 87.4 %
• Reference: King [18]

Case No. 3: ISFOC HCPV power plant

• Company: Solfocus
• Location: Puertollano, Spain
• Power: 6.15 kW at a DNI of 850 W/m2 and an ambient temperature of 20 °C
• Module type: SF-1000S
• Commissioning: 2008
• Historic DNI: 5.1 kWh/m2/day
• Annual measured PR: 88.7 %
• Reference: King [18] (Fig. 22)

Case No. 4: Palo Alto Regional Water Plant (PARWP)

• Company: Solfocus
• Location: Palo Alto, CA
• Power: 8.4 kW at a DNI of 850 W/m2 and an ambient temperature of 20 °C
• Module type: SF-1000 and SF-1100
• Commissioning: 2009
• Historic DNI: 5.1 kWh/m2/day
• Annual Measured PR: 91.0 %
• Reference: King [18]

Case No. 5: EDF Utility

• Company: Solfocus
• Location: Alto Monte, Italy
• Power: 8.4 kW at a DNI of 850 W/m2 and an ambient temperature of 20 °C

Fig. 22 Solfocus/ISFOC HCPV power plant (courtesy of Solfocus/ISFOC)

472 P. Pérez-Higueras et al.



• Module type: SF-1100
• Commissioning: 2009
• Historic DNI: 4.8 kWh/m2/day
• Annual measured PR: 91.1 %
• Reference: King [18]

Case No. 6: Magpower HCPV power plant

• Company: Magpower
• Location: Portugal (Lat 38.1°, Long −8.1°)
• Power: 500 kW at a DNI of 850 W/m2 and an ambient temperature of 20 °C
• Data collection period: May 2010 to October 2011
• Annual measured DNI: 1978 kWh/m2/year
• Annual measured final yield: 2113 kWh/kW/year
• Reference: Magpower [22]
• Observation: The power of the plant is measured at the output of the array. The

power of the plant at CSTC, considering 5 % of DC losses, would be
approximately 650 kW (see Eq. 28) (Fig. 23).

Case No. 7: Semprius HCPV power plant

• Company: Semprius
• Location: Sandia National Laboratories (Albuquerque, NM)
• Power: 3.5 kW at CSTC (DNI 1000 W/m2 and cell temperature 25 °C)
• Commissioning: 2013
• Data collection period: August 2013 to March 2014
• Average Measured PRDC: 90 %
• Reference: King et al. [17]

Fig. 23 Magpower HCPV power plant (courtesy of MagPower)
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• Observation: The results presented by Semprius do not take into account all of
the components of the BOS. If all BOS losses are considered, PR would be
decreased by approximately 5 %.

Case No. 8: Solar Systems HCPV power plant

• Company: Solar Systems
• Location: Hermannsburg, Australia
• Power: 32.2 kW at DNI 1000 W/m2 and cell temperature 21 °C
• System type: point-focus mirror (aperture area of 130 m2)
• Commissioning: 2006
• Annual measured PR: 85.4 %
• Reference: Verlinden and Lasich [32]

Case No. 9: UJA HCPV power plant

• Company: University of Jaén
• Location: Jaén, Spain
• Power: 1.35 kW at CSTC
• Commissioning: 2011
• Annual Measured DNI: 2214 kWh/m2/year
• Annual measured final yield: 1912 kWh/kWp/year
• Annual measured PR: 86.4 %
• Reference: Fernández et al. [6]

Table 2 lists the main data as provided by the companies. As can be seen, PR of
HCPV power plants shows an important dispersion with a value ranging from 76 to
91. This can be explained taking into account that the data are provided at different
test conditions and therefore are not directly comparable. To allow the comparison
of PR of different power plants to be performed, is necessary to know their elec-
trical characteristics under the same test conditions. Table 3 lists the data of the

Table 2 Values provided by HCPV companies concerning plant’s power, DNI, yield, and
performance ratio at different standard test conditions

Power
(kW)

DNI STC

(W/m2)
Tc STC

(°C)
Ta STC

(°C)
DNIyear
(kWh/m2)

Final yield
(kWh/kW)

PR
(%)

Soitec/Touwsrivier 76.5 1000 25 2447 1878 76–
81

Solfocus/APS 2.5 850 20 2518 2628* 87.4

Solfocus/ISFOC 6.15 850 20 1861 1914* 88.7

Solfocus/PARWP 8.4 850 20 1861 1993* 91.0

Solfocus/APS 8.4 850 20 1752 1878* 91.1

Magpower 500 850 20 1978 2113 91*

Semprius/NREL 3.5 1000 25 2446 2079* 85

Solar Systems 32.2 1000 21 2464 2104* 85.4

HCPV UJA 1.35 1000 25 2214 1912 86.4

Values marked with and asterisk (*) were calculated from data supplied by the HCPV companies
according to the procedures described in Sect. 3.
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power plants described above at CSTC. As shown, the dispersion of PR of the
HCPV plants is significantly decreased and can be considered in the range of 80–
85. This suggests that despite the limited experience, the performance of HCPV
power plants under real operating conditions could be considered adequate com-
pared with that conventional PV plants. The data of Table 3 were obtained
according to the procedures previously commented. Furthermore, it is important to
mention that these data were estimated using several approximations and
assumptions due to the lack of information available in the literature. Bearing this in
mind, the data of Table 3 should be only considered as representative values of
current HCPV power plants.

6 Conclusions

A definition of an HCPV plant has been provided. It can be considered as a
conventional PV power plant where HCPV arrays are used instead of conventional
PVs. In addition, solar trackers are used to keep the modules perpendicularly ori-
ented to the Sun.

A review of the current HCPV modules and trackers used in power plants has
been performed. The current HCPV modules are mainly based on TJ
GaInP/GaIsAs/Ge solar cells and point-focus Fresnel lens. The concentration factor
varies from 476× to 1111×, the acceptance angle from ±0.5° to 1.7°, the efficiency
from 17 to 34 %, and the temperature coefficient of maximum power from 0.15 to
0.34 %. Pedestal, carousel, and “tilt and roll” high-accuracy two-axis solar trackers
are mainly used. Among them, two-axis pedestal trackers are currently being used
in HCPV power plants in the majority of the cases.

The energy yield and performance of HCPV power plants have been also
identified as key parameters. Taking this into account, different methods for esti-
mating the energy harvested by a power plant have been discussed: direct methods
and indirect methods. The indirect methods estimate the energy produced by using

Table 3 Calculated data of performance ratio and annual energy generated by HCPV power
plants at concentrator standard test conditions (CSTC)

Power plant Power
(kWp)

DNICSTC
(W/m2)

TcCSTC
(°C)

DNIyear
(kWh/m2)

Energyyear
(MWh/year)

PR
(%)

Soitec/Touwsrivier 76.5 1000 25 2447 144 76–81

Solfocus/APS 3.2 1000 25 2518 6.6 83

Solfocus/ISFOC 7.8 1000 25 1861 11.8 81

Solfocus/PARWP 10.6 1000 25 1861 16.7 85

Solfocus/APS 10.6 1000 25 1752 15.8 85

Magpower 650 1000 25 1978 1056 82

Semprius/NREL 3.5 1000 25 2446 7.3 85

Solar System 32.2 1000 25 2464 68 85

HCPV UJA 1.35 1000 25 2214 2.6 86
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different indices of the efficiency and performance of the array and the BOS
components. In contrast, the direct methods predict the energy yield by integrating
the power output of the array and including the efficiencies and losses of the rest of
the components of the system. In addition, an analysis of the energy generated and
the PR of several HCPV power plants has been performed. Based on this analysis, it
can be concluded that the PR of the current HCPV power plants is in the range of
80–85. This indicates reasonable performance compared with current conventional
PV power plants.

The ability of HCPV technology as a real alternative energy source will depend
mainly on the increase of the efficiency of concentrator solar cells and modules.
However, the use of standard procedures and the need to provide detailed infor-
mation of the performance of HCPV power plants under real operating conditions
are also mandatory. This is crucial to increase investor confidence and to promote
the market expansion of such technology.
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