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Abstract

New comparative tests on two different types of solar collectors are presented in this paper. A standard glazed flat plate collector and
an evacuated tube collector are installed in parallel and tested at the same working conditions; the evacuated collector is a direct flow
through type with external compound parabolic concentrator (CPC) reflectors.

Efficiency in steady-state and quasi-dynamic conditions is measured following the standard EN 12975-2 and it is compared with the
input/output curves measured for the whole day.

The first purpose of the present work is the comparison of results in steady-state and quasi-dynamic test methods both for flat plate
and evacuated tube collectors. Beside this, the objective is to characterize and to compare the daily energy performance of these two types
of collectors. An effective mean for describing and analyzing the daily performance is the so called input/output diagram, in which the
collected solar energy is plotted against the daily incident solar radiation. Test runs have been performed in several conditions to repro-
duce different conventional uses (hot water, space heating, solar cooling).

Results are also presented in terms of daily efficiency versus daily average reduced temperature difference: this allows to represent the
comparative characteristics of the two collectors when operating under variable conditions, especially with wide range of incidence
angles.
� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Mainly two types of liquid solar collectors for domestic
heating and hot water production are used presently: flat
plate collectors and evacuated tube collectors. They are
characterized by different cost and performance, so it is
very important to choose the right collector for each appli-
cation in order to optimize the behaviour of the whole sys-
tem, the energy savings and the finance payback.
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Glazed flat plate collectors usually present a metal
absorber in a flat rectangular housing. The glass cover on
the upper surface and the insulation on the other side limit
the thermal losses. The solar energy absorbed by the plate
is transferred to the liquid flowing within the collector
tubes. The tubes are in good thermal contact with the
absorber surface. Air is present in the space between the
plate absorber and the transparent cover. In comparison,
evacuated tube collectors allow to reduce the convection
and the conduction thermal losses. This collector consists
of glass vacuum-sealed tubes; the absorber surface is
located into the inner glass tube and it can have several
shapes.
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Nomenclature

Aa aperture area of collector (m2)
a heat loss coefficient for linear regression, Eq. (5)

(W/(m2 K))
a1 heat loss coefficient, Eq. (4) (W/(m2 K))
a2 temperature dependence of the heat loss coeffi-

cient, Eq. (4) (W/(m2 K2))
b0 incidence angle modifier coefficient for FPC and

for longitudinal projection of angle h in ETC (–)
b1, b2, b3, b4 incidence angle modifier coefficients in Eq.

(10) (–)
c heat loss coefficient for daily linear regression,

Eq. (11) (W/(m2 K))
c1 heat loss coefficient, Eq. (6) (W/(m2 K))
c2 temperature dependence of the heat loss coeffi-

cient, Eq. (6) (W/(m2 K2))
c3 wind speed dependence of heat loss coefficient,

Eq. (6) (J/(m3 K))
c4 long-wave irradiance dependence of the heat

loss coefficient, Eq. (6) (W/(m2K))
c5 effective thermal capacitance, Eq. (6) (J/(m2 K))
c6 wind speed dependence in the zero loss effi-

ciency, Eq. (6) (s/m)
EL long-wave irradiance (k > 3 lm) (W/m2)
ETC evacuated tube collector
F0 collector efficiency factor (–)
FPC flat plate collector
G global solar irradiance (W/m2)
Gb direct solar irradiance (W/m2)
Gd diffuse solar irradiance (W/m2)
Kh incidence angle modifier for global radiation (–)
Khb incidence angle modifier for direct radiation (–)

Khd incidence angle modifier for diffuse radiation (–)
Khl longitudinal incidence angle modifier (–)
Kht transversal incidence angle modifier (–)
_m;m mass flow rate (kg/s)
n number of recording time intervals (–)
_Q useful power extracted from collector (W)
Qin daily irradiated energy over unitary area (J/m2)

(in the graphs (kWh/m2))
Qout daily collected energy over unitary area (J/m2)

(in the graphs (kWh/m2))
Ta ambient or surrounding air temperature (K)
ta ambient or surrounding air temperature (�C)
tin inlet temperature to the collector (�C)
Tm mean liquid temperature (K)
tm mean liquid temperature (�C)
T �m reduced temperature difference (m2 K/W)
T �m

m daily average reduced temperature difference
(m2 K/W)

tout outlet temperature from the collector (�C)
U overall heat loss coefficient (W/(m2 K))
u surrounding air speed (m/s)
Ds time interval (s)
g efficiency (–)
g0 zero loss collector efficiency (g at T �m ¼ 0) (–)
r Stefan–Boltzmann constant (W/(m2 K4))
(sa) effective transmittance–absorptance product (–)
(sa)en effective transmittance–absorptance product at

normal incidence (–)
h angle of incidence (�)
ht transversal projection of angle h (�)
hl longitudinal projection of angle h (�)
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The evacuated tube collectors may be subdivided in two
types. In the direct flow through collector the heat transfer
liquid is pumped in the tubes. The second type consists of
heat pipes inside vacuum sealed glass tubes. A reflector can
be present to optimize the absorption of the solar
radiation.

The choice of the optimal collector depends on the tem-
perature level required by the specific application and on
the climatic conditions of the site of installation. Therefore,
in terms of efficiency, each collector displays features which
make it most suitable to a certain application.

In conventional uses solar collectors can provide energy
for domestic hot water or space heating in combination
with low water temperature systems (approximately 35–
50 �C), whereas this heat has to be provided above a min-
imum temperature of 75–80 �C in absorption cooling
machines (Schmid et al., 1984). In areas with high sunshine,
solar collectors could also be used in cooking process
(Hussein et al., 2008) or in still plants (Badran et al., 2005).

The knowledge of the thermal performance of a solar
collector is essential to make the right choice. With the
publications of the European Standard EN 12975-2 a
unique standard exists throughout Europe for solar ther-
mal collector testing. This standard specifies a reproducible
procedure and guarantees thus comparable results. It
includes two alternative test methods for the thermal per-
formance characterization of solar collectors: steady-state
and quasi-dynamic tests.

Some studies on the performance of flat plate collectors
following EN 12975 (Kratzenberg et al., 2005; Fisher
et al., 2004) and the comparison of uncertainty calcula-
tion methods of this performance (Kratzenberg et al.,
2006) can be found in the literature. Comparative studies
between different normalized test methods for flat plate
collectors are also reported in Rojas et al. (2008) and
Cucumo et al. (2008). Instead, limited results are available
on transient test methods applied to evacuated tube col-
lectors. In (Rönnelid et al., 1997) data from outdoor test-
ing has been used for characterizing the behaviour of a
CPC collector with incidence angle; in Perers (1997) the
extended MLR procedure is applied to quasi-dynamic
method for characterization of evacuated tube collectors



Fig. 1. Collectors installed in the test apparatus.

Table 1
Characteristics of the collectors installed in the test rig.

Plate collectors (m2) Evacuated collector (m2)

Gross area 5.16 3.9
Aperture area 4.76 3.5
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and other collectors with non-linear optical and thermal
performance.

Sets of results deriving from the steady-state and quasi-
dynamic test methods should be fully comparable between
them and allow to draw efficiency curves. However these
efficiency curves do not necessarily represent the usual
operating conditions and do not describe the global perfor-
mance of the collector for the entire day.

Long-term performance predictions would allow the
comparison between different collectors in several condi-
tions. These predictions are provided by softwares using
the parameters obtained from the tests. It is also possible
to predict the short-term thermal performance of a solar
energy collector under transient operating conditions by
means of the overall response function (Prapas et al.,
1988), provided that ad hoc measurements are performed.

In this paper the authors present a new set of data col-
lected at Padova, Italy (45�250N, 11�530E): both flat plate
and evacuated tube collectors are tested simultaneously.
For this purpose, steady-state and quasi-dynamic efficiency
tests following the standard EN 12975-2 have been
performed.

To the best of our knowledge, there is very limited infor-
mation in the literature regarding the application of the EN
12975 procedure to ETCs. The present paper proposes an
example of deriving the incidence angle modifier of ETCs
from quasi-dynamic tests.

Extensive data have also been collected in dynamic con-
ditions to evaluate the performance of the collectors in the
whole day (daily tests), at various conditions: the experi-
mental results have been reported in the so called input/
output diagrams, where the daily useful collected energy
is plotted against the daily solar irradiation.

This approach allows a more comprehensive compari-
son of the effective performance of the two types of solar
thermal collectors considered here.

Experimental data taken in the entire day are also used
to determine a daily efficiency for both type of collectors.
Collector efficiency is a single parameter that combines col-
lector and system characteristics, therefore its values must
be carefully handled. The definition of a daily mean effi-
ciency, as compared to steady-state efficiency, allows to
enlighten and quantify the advantage or disadvantage of
different collectors provided that the test conditions are
clearly defined on a bounded test variable space.

2. Experimental apparatus

The experimental apparatus is located on the terrace
roof of the Dipartimento di Fisica Tecnica of the Univer-
sity of Padova (Del Col and Padovan, 2007). The appara-
tus has been set up to allow the measurement of solar
collectors efficiency in agreement with the main guidelines
of the standard EN 12975-2. Two types of collectors are
installed: evacuated tube collector (ETC) and standard
glazed flat plate collector (FPC). The FPC system is made
of two collectors with connected hydraulic header tubes.
The size of the collectors is typical for domestic hot water
applications in northern Italy. The collectors are oriented
10� south-west and it is possible to vary the tilt angle.

The flat plate collectors have a copper absorber surface,
covered by a selective coating, with 10 parallel cooper
tubes, whereas the evacuated tube collector is a direct flow
type composed by 21 tubular glasses, with external CPC
(compound parabolic concentrator) reflectors.

Fig. 1 shows a picture of the collectors. In Table 1 some
characteristics of the collectors installed here are reported
(the flat plate collectors area is the total area of the two
collectors).

A schematic view of the test loop is reported in Fig. 2. A
mixture of water and propylene glycol is used as working
fluid to prevent freezing during the winter season. The
hydraulic loop is divided in two lines: the first one goes
to the flat plate collectors and the second one goes to the
evacuated tube collector. Two pumps are used to circulate
the liquid. Before entering the collectors, the fluid temper-
ature is controlled in the storage 2, where four electrical
heaters are located. Each heater has an electrical power
of 5 kW. A control system, connected to a temperature sen-
sor inserted in the storage, acts on these heaters to ensure
an accurate control of the liquid temperature at the inlet
of the collectors. The liquid temperature at the inlet and
at the outlet of the collectors is measured by RTDs (plati-
num resistance thermometers), both for the flat plate and
the evacuated types. The fluid, coming from the collectors,
enters the storage 1 and then goes to a plate heat exchanger
which works as a heat sink. In the plate heat exchanger the
heat flow rate provided by the solar radiation is taken away



Fig. 2. Schematic view of the experimental test rig.
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by a secondary fluid, which is again a mixture of water and
propylene glycol. The heat flow rate is wasted in a second
plate heat exchanger to the ground water of the building
central plant.

Three all black thermopile based pyranometers are used
to measure the solar irradiance. A Kipp & Zonen pyra-
nometer, classified as secondary standard by the World
Meteorological Organization (WMO), measures the solar
irradiance on the plane of the collectors. Other two mea-
surements are taken on the horizontal plane: a first class
pyranometer measures the global solar irradiance on the
horizontal plane; the third pyranometer (first class classi-
fied), shaded against the direct solar radiation, measures
only the diffuse component.

A Coriolis effect and a magnetic type flow meters are
used to measure the fluid flow rates. The second instrument
measures a volumetric flow rate, thus the density of the
mixture must be known. For the calibration of the test
rig, the two flow meters can be connected in series: this
allows checking the measurements obtained by the mag-
netic flow meter using the more accurate Coriolis effect
sensor.

Measurements are possible on both the flat plate and
evacuated collectors at the same time. A Copper–constan-
tan thermocouple is used to measure the ambient tempera-
ture. Finally an anemometer measures the air speed, being
a parameter that influences the heat loss from the collector.
In Table 2 the uncertainty of the transducers installed in
the test apparatus is reported. The percentages in this table
are referred to the measured values.
3. Efficiency in steady-state conditions

During steady-state operating conditions, the useful out-
put power of a solar collector for near normal incidence
angle of the solar radiation can be written as reported in
Duffie and Beckman (2006):

_Q ¼ F 0 � Aa � ðsaÞen � G� U � ðtm � taÞ
� �

ð1Þ

where _Q is the useful output power transmitted to the li-
quid, F0 the collector efficiency factor, Aa the aperture area
of collector, (sa)en the effective transmittance–absorptance
product at normal incidence, G the global solar irradiance,
U the overall heat loss coefficient and (tm � ta) the differ-
ence between the average fluid temperature in the collector
tm and the ambient air ta.

The efficiency is equal to:

_Q
G � Aa

¼ F 0 � ðsaÞen � U � ðtm � taÞ
G

� �
ð2Þ

and thus:

g ¼ F 0 � ðsaÞen � U � T �m
� �

ð3Þ

where T �m is the reduced temperature difference.
If the heat loss coefficient is considered as the sum of

two terms, a constant factor and a second term dependent
on the temperature difference between fluid and ambient
air (tm � ta), the efficiency equation can be written as:

g ¼ g0 � a1T �m � a2GðT �mÞ
2 ð4Þ



Table 2
Uncertainty of the transducers at typical test conditions.

Fluid temperature ±0.05 K
Ambient air

temperature
±0.1 K

Coriolis effect flow
meter

±0.1%

Magnetic type flow
meter

±0.25%

Solar radiation Secondary standard sensor (collector plane)
First class sensor (diffuse and global on
horizontal plane)

Air speed ±(0.1 m/s + 1%)
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This form is in agreement with that provided by the
standard EN 12975 for steady-state tests.

If the a2 coefficient is assumed to be without statistical
significance, a first order equation is obtained, Eq. (5), which
means that the overall heat loss is a linear function of the
temperature difference between fluid and ambient air.

g ¼ g0 � aT �m ð5Þ
In the case of steady-state tests, only high irradiance lev-
els and thus low diffuse fractions are accepted by the stan-
dard. Therefore very stable and sunny weather conditions
are needed.

The test runs have been performed in agreement with
the guidelines of the standard EN 12975-2, apart from
the measurement of the wind speed. The following mea-
surements have been acquired: global irradiance on the col-
lector plane, inlet and outlet fluid temperature in the
collectors, surrounding air temperature and fluid flow rate.
The surrounding air speed has been measured on the side
of the test rig, the values are pretty constant, between 0.7
and 1.3 m/s. In the present data, the effect of the wind
speed is reduced as compared to the test requirements given
by the EN 12975-2 and therefore the present results are
comparable to the condition of negligible surrounding air
speed.

The liquid mass flow rate has been set as suggested by
the standard; each experimental point is obtained by set-
ting a constant fluid temperature at the inlet of the
collectors.

A collector is considered to operate in steady-state con-
ditions if the deviation of the experimental parameters is
within the range reported in Table 3. The test period
Table 3
Test conditions and permitted deviations for the steady-state tests
according to EN 12975.

Parameter Value Deviation from the mean

Global radiation G (W/m2) >700 ±50
Diffuse fraction Gd/G (%) <30
Incidence angle beam irradiance (�) <20
Inlet fluid temperature (�C) ±0.1
Surrounding air temperature (�C) ±1.5
Mass flow rate (%) ±1
Surrounding air speed (m/s) 2–4
includes a pre-conditioning period of at least 15 min, fol-
lowed by measurement periods of 10 min.

This procedure has been repeated varying the inlet fluid
temperature and finally the results are reported in diagrams
plotting the efficiency against the reduced temperature
difference.

The regression curve parameters has been obtained by
multiple linear regression (MLR), following the procedure
reported in the standard EN 12975-2 and discussed in
Kratzenberg et al. (2006), Sabatelli et al. (2002), and
Mathioulakis et al. (1999), by developing a process in Mat-
lab environment.

Experimental measurements for steady-state tests for
both types of collectors are reported in Fig. 3, where the
second order curves obtained with the MLR method are
also drawn.

For each point in Fig. 3 the experimental uncertainties
of the measured efficiency and the reduced temperature dif-
ference (95% confidence interval) are reported, as calcu-
lated following the instructions provided in ISO (1995)
and described in Kratzenberg et al. (2006) for the measured
efficiency.

From the comparison between the curves in Fig. 3,
plotted for a global irradiance G = 1000 W/m2, it can be
observed that the efficiency of the flat plate collector is
higher in the case of low values of reduced temperature dif-
ference; the opposite occurs when the reduced temperature
is higher than 0.037 (m2 K)/W. This is an expected result
for commercial flat plate and evacuated tube collectors:
the efficiency of FPC is higher because of the better value
of zero loss efficiency; when increasing the reduced temper-
ature difference, the FPC efficiency is penalised by the
higher heat loss coefficient.

Assuming a solar irradiance of 1000 W/m2 and an ambi-
ent air temperature of 20 �C, the cross-over point is
obtained at an average liquid temperature tm = 57 �C; if
Fig. 3. Efficiency curves at G = 1000 W/m2 and experimental points of
evacuated and flat plate collectors obtained in steady-state conditions.



Fig. 4. Incidence angle modifiers obtained from quasi-dynamic tests and
values provided by the manufacturer (Paradigma Energie, Test report of a
solar CPC collector). Khb is the modifier of FPC as defined in Eq. (7) with
hi = h. Khl and Kht are the modifiers of ETC as defined in Eqs. (9) and (10),
with hi = hl and hi = hl, respectively.
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the solar irradiance is 700 W/m2, the cross-over point
increases from 0.037 to 0.038 (m2 K)/W which means, at
the same ambient air temperature, the average liquid tem-
perature decreases to 46.6 �C.

4. Tests in quasi-dynamic conditions

An alternative test method for the thermal performance
characterization of solar collectors is the quasi-dynamic
method; it allows to achieve comparable results of the
steady-state method even at less stable meteorological
and operating conditions.

The following is the basic equation for the energy bal-
ance of the solar thermal collectors, as reported in the
European Standard EN 12975-2:

_Q
Aa
¼ F 0 � ðsaÞen � KhbðhÞ � Gb þ F 0 � ðsaÞen � Khd � Gd

� c6 � u � G� c1 � ðtm � taÞ � c2 � ðtm � taÞ2

� c3 � u � ðtm � taÞ þ c4 � ðEL � rT 4
aÞ � c5 � dtm=ds ð6Þ

where the coefficients ci are constant parameters used for
the characterization of a solar collector.

In the quasi-dynamic approach the first term of the
right-hand side of Eq. (6) is divided into two parts: the zero
loss efficiency for beam radiation F0 � (sa)en � Khb(h) � Gb

and the one for diffuse radiation F0 � (sa)en � Khd � Gd.
The wind-dependence is modelled by two correction

terms: one term gives the dependence in the zero loss effi-
ciency c6 � u � G, while the term c3 � u � (tm � ta) gives the
wind influence of heat losses.

In this model the long-wave “thermal” irradiance depen-
dence of the heat losses is given by c4 � ðEL � rT 4

aÞ and the
effective thermal collector capacitance term is expressed as
c5 � dtm/ds.

The coefficients c6, c3 and c4 can be assumed to be with-
out statistical significance for covered solar collectors (EN
12975-2), where the wind and the long-wave irradiance
losses are neglected; thus the c1 and c2 terms are equivalent
to a1 and a2 in Eq. (4). Furthermore, as previously stated,
the present data are characterized by negligible surround-
ing air speed.

4.1. Incidence angle modifiers

For flat plate collectors with flat covers, the angular
dependence of the incidence angular modifier is given by:

Khb ¼ 1þ b0 �
1

cosðhÞ � 1

� �
ð7Þ

where b0 is the incidence angle modifier coefficient (Rönne-
lid et al., 1997) (negative value). Eq. (7) is used to expand
the first term in the collector model expression (Eq. (6)).

For evacuated tube collectors the incidence angle depen-
dence can be much more complicated and Khb is not depen-
dent on one single incidence angle h as in Eq. (7). Instead,
the incident beam must be split in two dimensions and the
modifier can be described as Khb (ht, hl), where ht and h1 are
the transverse and longitudinal projection of incidence
angle h, respectively.

For this type of collector it has been suggested (Rönne-
lid et al., 1997) that the incidence angle modifier can be
approximated by the product of two separate incidence
angle modifiers:

Khbðht; hlÞ ¼ Khtðht; 0Þ � Khlð0; hlÞ ð8Þ

For the computation of these parameters an ad hoc rou-
tine makes it possible to accurately identify non-linear opti-
cal performance: in fact the extended MLR method may
determine the zero loss efficiency by applying it to small
ranges of incidence angle (Perers, 1997). The disadvantage
of the extended method is that several regressions must be
performed instead of only one. Using the same experimen-
tal test data, this may increase the uncertainty of the results
due to the lower number of data points in each regression.

In this paper an alternative method is used. The angular
dependence of the optical efficiency is assumed to follow a
predetermined function. Data points supplied by the man-
ufacturer (Paradigma Energie, Test report of a solar CPC
collector) for a similar evacuated tube collector, pertinent
to zero loss efficiency, are reported in Fig. 4 as a reference:
these data points draw a trend similar to the one reported
in Perers (1997), Budihardjo and Morrison (2009). Perers
(1997) reports a diagram showing the modifier Kh versus
the incidence angle for a number of different collector
designs (including evacuated tube collectors); these results
are not obtained with the standard b0-function, but with
the extended MLR. Budihardjo and Morrison (2009)
report the transverse incidence angle modifier Kht of the
water-in-glass evacuated tube collector, which is obtained
using experimental measurements and a simulation model.

Here it is assumed that the two modifier parameters can
be described as a function of ht and h1, respectively.
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Khl ¼ 1þ b0 �
1

cosðhlÞ
� 1

� �
ð9Þ

Kht ¼ 1þ b1 �
1

cosðhtÞ
� 1

� �
þ b2 �

1

cosðhtÞ
� 1

� �2

þ b3 �
1

cosðhtÞ
� 1

� �3

þ b4 �
1

cosðhtÞ
� 1

� �4

ð10Þ
Table 4
Test conditions and permitted deviations for the quasi-dynamic test
procedure according to EN 12975.

Parameter Value Deviation from the mean

Global radiation G (W/m2) >150*

Inlet fluid temperature (�C) ±1
Outlet–inlet fluid temperature (�C) >1
Mass flow rate (%) ±1
Surrounding air speed (m/s) 1–4

* It is the lower limit in the present tests; EN 12975 does not specify a
lower limit for the global radiation.
where the polynomials are chosen as the minimum order
equations able to describe the trend reported in Perers
(1997), Budihardjo and Morrison (2009) and the one of
the manufacturer’s data. The polynomial equation (Eq.
(10)) has been selected to keep the same form of Eq. (7)
and to provide a curve in agreement with previous studies
and manufacturer’s data.

A similar procedure is also described in Gaul and Rabl
(1980) where the incidence angle modifier is described by a
polynomial function of h.

With regard to the longitudinal incidence angle modi-

fier, Khl is a function of 1
cosðhlÞ � 1
� 	

with a linear trend like

the Khb modifier in flat plate geometry and in agreement
with Budihardjo and Morrison (2009). Instead, the func-
tion of Kht is more complex and the 4th order polynomial
is necessary to describe its particular trend. This is due to
different reflector and envelope losses when varying ht, as
reported in Kothdiwala et al. (1999).

To accomplish this regression, the polynomial functions
of Khl and Kht expressed as in Eqs. (9) and (10) are imple-
mented in Eq. (6) for the tested evacuated tube collector. It
is assumed here that the behaviour of the collector can be
described by an M-parameter model, as in Eq. (6), where
the unknown terms are the characteristic coefficients of
the collector. These parameters have been obtained by mul-
tiple linear regression (MLR), following the procedure
reported in the standard EN 12975-2 and described in
Kratzenberg et al. (2005) and Fisher et al. (2004). A pro-
gram has been developed in Matlab for the standardized
data selection process and the regression step following
EN 12975-2.

The quasi-dynamic test method covers a wider range of
test conditions as compared to the steady-state test
method. In the present selected test data the global solar
radiation G ranges between 150 W/m2 and 1100 W/m2,
the diffuse solar radiation Gd between 33 W/m2 and
379 W/m2, the temperature difference ðtm � taÞ between
�11 K and 62 K.

As a result, the incidence angle modifiers obtained from
the tests are shown in Fig. 4, where Khl and Kht are reported
versus the incidence beam angle along with the values pro-
vided by the manufacturer, which are depicted for mere
comparison. These curves are reported only in the range
covered by the tests, where the modifiers have been exper-
imentally validated. The longitudinal projection of inci-
dence angle in the evacuated collector, hl, ranges between
0� and 44� while the transverse projection ht goes from 0�
to 66� in the tests. It can be seen that Kht is higher than
one for the whole range of angles in the tests. Comparable
trends have been reported in Perers (1997) and Budihardjo
and Morrison (2009).

Since the collector tilt and azimuth angle are kept con-
stant during test runs, the longitudinal angle has been var-
ied in a narrow range and therefore the curve of Khl

reported in Fig. 4 is verified only for incidence angles
between 0� and 44�, which corresponds to cos(h) ranging
between 1 and 0.72. The absolute value of b0 obtained from
these tests (|b0| = 0.03) is lower as compared to the usual
value reported in the literature, which is about 0.1 (Bud-
ihardjo and Morrison, 2009), but this has a minor effect
on the efficiency curve due to the limited range of hl (at
hl = 44� Khl = 0.985 from the tests, whereas for the same
angle Khl = 0.961 when |b0| = 0.1).
4.2. Efficiency curves

In according to the guidelines of the standard EN 12975-
2, the following measurements have been performed during
test runs: global irradiance on the collector plane, global
and diffuse irradiance on the horizontal plane, inlet and
outlet fluid temperature of the collector, surrounding air
temperature and fluid flow rates. The incidence angles
between direct beam and collector area are calculated for
each time step (10 min) for both the FPC and ETC
collectors.

The direct and the diffuse radiation on the tilted plane of
the collector are calculated from the global radiation mea-
surement on the collector plane and the diffuse radiation
measured on the horizontal plane. With regard to the dif-
fuse radiation, the pyranometer is equipped with a shading
ring but it is not mounted coplanar with the plane of the
collector, as it would be required by EN 12975-2. A correc-
tion for the utilization of the shading band is calculated
using the Drummond model (Drummond, 1956), to deter-
mine the effective diffuse radiation on the horizontal plane,
and the Liu–Jordan method (Liu and Jordan, 1963) is then
used for calculating the diffuse radiation on the tilted plane
of the collector. The direct radiation on the tilted plane is
obtained from the difference between global and diffuse
radiation on the collector plane.

During each test run the fluid temperature at the inlet of
the collectors and the fluid flow rate have been kept con-
stant within about ±1 K and ±1%, respectively. The test



Table 5
Collector coefficients obtained with quasi-dynamic and steady-state methods for both the collectors.

Parameter Quasi-dynamic test ETC Steady-state test ETC Quasi-dynamic test FPC Steady-state test FPC

Value Uncertainty Value Uncertainty Value Uncertainty Value Uncertainty

F0(sa)en g0 (sst) 0.5603 ±0.0066 0.5718 ±0.0044 0.6821 ±0.0047 0.6757 ±0.0055
b0 �0.0386 ±0.1916 �0.217 ±0.022
Khd 1.0747 ±0.0224 0.9795 ±0.0169
c1 (W/(m2 K)) �0.9779 ±0.1843 �0.9947 ±0.4450 �3.4074 ±0.1872 �3.0592 ±0.5645
c2 (W/(m2 K2)) �0.0031 ±0.0033 �0.002 ±0.0093 �0.0143 ±0.0036 �0.0228 ±0.0116
c5 (J/(m2 K)) �24,284 ±1027.7 �12,023 ±772.8

Fig. 5. Efficiency curves of evacuated and flat plate collectors obtained in
quasi-dynamic conditions at G = 1000 W/m2.
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conditions and the permitted deviation of the measured
parameters during quasi-dynamic tests are listed in Table 4.

The test period includes a pre-conditioning period of at
least 15 min; instantaneous readings are acquired with a
time step of 10 s and are reduced to calculate characteristic
mean values for each time interval equal to 10 min.
Fig. 6. Compared efficiency curves in steady-state and quasi-dynamic
conditions at G = 1000 W/m2.
This procedure has been repeated in different days and
for different inlet fluid temperatures; the tests have been
performed simultaneously for flat plate and evacuated tube
collectors. The parameters of the efficiency curves and their
regression uncertainties, determined from the steady-state
and quasi-dynamic procedures for both the collector types,
are listed in Table 5. In this table the uncertainties of the
target parameters are obtained as the square root of the
variances, determined as reported in the procedure
described in Kratzenberg et al. (2006) in the case of the
weighted least square (WLS) method, considering only
the variance because all the collector coefficients are
uncorrelated.

The efficiency curves, at G = 1000 W/m2 global irradi-
ance, obtained from the present test procedure for both
the collector types, are reported in Fig. 5: the uncertainty
band (95% confidence interval) is also drawn for some T �m
values. The uncertainty bands are the expanded uncertain-
ties of the normalized efficiency curves as described in
Kratzenberg et al. (2006).

From the comparison between the curves obtained in
steady-state and in quasi-dynamic conditions, reported in
Fig. 6 for the same irradiance conditions, it can be
observed that the results obtained from the two different
procedures are fully compatible within their error ranges.
Similar agreement between the two collector test proce-
dures is also found in Kratzenberg et al. (2005), Rojas
et al. (2008), and Cucumo et al. (2008) and for several flat
plate collectors in Fisher et al. (2004).
5. Daily tests

Since optical characteristics and heat losses of these two
collectors are very different from each other, the standard
stationary efficiency (Section 3) is not sufficient to charac-
terize the distinct behaviour of the collectors. The tests in
quasi-dynamic conditions (Section 4) provide a more com-
prehensive information on the collectors performance. As a
further step, daily tests have been performed and analyzed
for these two collectors, at the same operating conditions.
For the purpose of comparison, the two collectors have
worked for the same period of the day, and with the same
inlet temperature. This may lead to zero or even negative
converted energy for some time: this is accepted here for
the purpose of full characterization, although in practical



Fig. 7. Measurements during a daily test (July 16, 2008): irradiance, inlet
outlet and ambient temperatures, mass flow rate.

1390 E. Zambolin, D. Del Col / Solar Energy 84 (2010) 1382–1396
applications collectors do not usually work when the heat
losses exceed its absorbed solar energy.

For each day the test period ranges between 9:45 a.m.
and 5:45 p.m. (legal time). Daily tests have been performed
for several environment conditions and different days
(sunny, variable, cloudy and rainy conditions): experimen-
tal data reported here were measured from July to October
2008 for 30� tilt angle of collectors.

Three different inlet temperatures (about 20, 43 and
73 �C) and fluid flow rates (17, 29 and 50 kg/(m2 h)) have
been investigated.

Characteristic parameters are the incident solar energy
on the collector area (input) and the output energy pro-
vided by the collectors over 10 min. The entire day is
Fig. 8. Comparison between experimental efficiency (solid symbols) and calcu
Fig. 8a the calculated efficiency is obtained by means of steady-state model, in
divided in n time intervals of 10 min: the total daily input
and output energies are obtained as the sum of the input
and the output energy quantities of each time interval.
With regard to the output energy, the negative terms are
also considered in the sum; this case occurs when the fluid
temperature at the outlet of the collector is lower than the
inlet temperature, which means that thermal losses are lar-
ger than the heat produced by the absorber.

Fig. 7 shows the main parameters recorded during a
daily test run for a sunny day (July 16). Flow rate _m is kept
constant for the whole day. The inlet fluid temperature tin

of the liquid into the collectors is the same for FPC and
ETC. Inlet fluid temperature is roughly constant for the
whole day: small variations depend on the ground water
used to extract the heat from collectors. Irradiance G and
ambient air temperature ta are also reported.

Outlet temperatures tout vary as dependent on the irradi-
ance conditions. It may be noticed that in the case of the
day to which Fig. 7 is referred, the outlet temperature of
the flat plate collector overcomes the one of the evacuated
tube collector only in the central part of the day.

The collectors’ performance for the same day can be
seen in Fig. 8, where the measured efficiency during the
whole test day is reported for both of the collector types
at the same operating conditions (inlet liquid temperature,
specific mass flow rate and ambient temperature). In these
graphs the reduced temperature is also reported: this
parameter has roughly the same value for both collectors.

By knowing the reduced temperature and the efficiency
curves of the collectors (Fig. 3) one can calculate the effi-
ciency assuming that the collectors operate constantly at
steady-state standard conditions. The calculated values of
steady-state efficiency are plotted in Fig. 8a with empty
symbols. In the case of ETC, the experimental and calcu-
lated efficiencies in Fig. 8a display a similar trend for the
lated efficiency (empty symbols) during an entire day (July 16, 2008). In
stead in Fig. 8b is obtained by means of quasi-dynamic model.



Fig. 9. Experimental points in input–output diagram for both types of
collectors.

Fig. 10. Input–output diagram of daily energies converted by the
evacuated tube collector at three different operating temperatures and
constant flow rate (tin is inlet fluid temperature to the collector).

Fig. 11. Input–output diagram of daily energies converted by the flat plate
collector at three different operating temperatures and constant flow rate
(tin is inlet fluid temperature to the collector).
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entire day. For FPC, the experimental efficiency is penal-
ized in the morning and evening hours. In fact, in the daily
tests, standard conditions requirements (Table 3) are not
satisfied. In particular the solar radiation incidence angle
varies with time. The effect of incidence angle on the collec-
tor performance is usually characterized by means of the
parameter Kh. In Fig. 8a, the difference between measured
and estimated efficiency with steady-state model is mainly
due to the effect of Kh in the early and the last hours of
the day. In the case of FPC, this parameter (Eq. (7)) is
lower than unity if the beam is not perpendicular to the col-
lector plane and therefore the efficiency decreases; on the
contrary, for ETC this parameter (Eq. (8)) remains approx-
imately constant along the test period.

In Fig. 8b the same experimental efficiencies are com-
pared to the values computed by means of the quasi-dynamic
model. As one would expect, measured and calculated values
are in good agreement in this case.

The results obtained in daily tests are plotted in the
input/output diagrams (Fig. 9), where the daily incident
solar radiation on the collector (x-axis) is related to the
daily useful energy (y-axis). An example of a similar proce-
dure is described in Perers et al. (1984).

Fig. 9 illustrates a typical input/output diagram where
each energy value is referred to one daily test and to a col-
lector area of 1 m2. All the experimental points reported in
Fig. 9 represent daily collected energies of both collectors
and are characterized by different inlet fluid temperature,
mass flow rate and environmental conditions. The data
scattering is larger for the flat plate collector, as one can
see by comparing Figs. 10 and 11, where the data points
are reported for the evacuated tube collector and the flat
plate collector, respectively, at a constant flow rate of
29 kg/(m2 h). The test conditions and the main outputs
for these daily tests are reported in Table 6.

Experimental points with similar inlet fluid temperatures
are grouped together and the regression curves drawn here
show a linear trend. The three lines in Figs. 10 and 11 dis-
play a medium value of ðtm � taÞ equal to 0 K, 25 K and
50 K in the case of 20 �C, 43 �C and 73 �C inlet tempera-
ture, respectively.

The daily performances of the FPC and the ETC collec-
tors operating in dynamic conditions are compared to each
other in Figs. 12–14, at low, medium and high inlet temper-
ature, respectively. It can be seen that these interpolation
lines have different slopes for ETC and FPC at the same
inlet temperature of the liquid to the collector. This result
will be discussed in the following section.

Only at low inlet temperature (Fig. 12), the output
energy of the FPC overcomes the one of ETC, because
when increasing the fluid-to-ambient temperature differ-
ence this leads to larger heat losses and thus larger penali-
zation of the FPC efficiency as compared to the ETC.



Table 6
Results obtained for daily tests reported in input/output diagrams.

Data FPC ETC

Qin

(kW h/m2)
Qout

(kW h/m2)
_m=Aa

(kg/(m2 h))
ti

(�C)
tm

(�C)
ta

(�C)
tm � ta

(K)
g T �m

m
((m2 K)/W)

Qin

(kW h/m2)
Qout

(kW h/m2)
_m=Aa

(kg/(m2 h))
ti

(�C)
tm

(�C)
ta

(�C)
tm � ta

(K)
�g T m�m

((m2 K)/W)

10-July 4.70 3.23 29.7 18.9 25.1 30.2 �5.1 0.69 �0.009 4.70 2.80 28.8 18.9 24.4 30.2 �5.8 0.60 �0.010
11-July 6.40 4.19 29.5 27.0 35.0 31.9 3.1 0.65 0.004 6.40 3.68 28.9 27.1 34.2 31.9 2.3 0.58 0.003
11-September 5.05 3.41 29.6 19.7 26.3 31.1 �4.9 0.67 �0.008 5.05 2.98 28.9 19.8 25.6 31.1 �5.5 0.59 �0.009
15-September 3.17 1.97 29.6 19.9 23.7 18.5 5.2 0.62 0.013 3.17 1.87 29.1 20.0 23.7 18.5 5.2 0.59 0.013
16-September 6.58 4.08 29.6 19.9 27.7 21.9 5.8 0.62 0.007 6.58 3.78 29.0 19.9 27.3 21.9 5.4 0.57 0.007
28-October 1.16 0.70 29.5 17.7 19.1 16.4 2.6 0.61 0.018 1.16 0.67 29.2 17.7 19.1 16.4 2.6 0.58 0.018
16-July 6.74 3.84 29.4 43.2 50.5 30.0 20.5 0.57 0.024 6.74 3.72 28.9 43.2 50.4 30.0 20.4 0.55 0.024
17-September 4.68 2.23 29.2 42.6 46.9 20.5 26.4 0.48 0.045 4.68 2.51 29.1 42.6 47.4 20.5 26.9 0.54 0.046
18-September 3.20 1.29 29.2 42.9 45.4 19.0 26.4 0.40 0.066 3.20 1.65 29.0 43.0 46.1 19.0 27.1 0.52 0.068
22-September 5.92 2.94 29.2 43.0 48.7 20.1 28.6 0.50 0.039 5.92 3.17 29.1 43.0 49.1 20.1 29.0 0.54 0.039
09-October 3.56 1.55 29.1 43.8 46.8 21.8 25.0 0.44 0.056 3.56 1.84 29.1 43.7 47.3 21.8 25.5 0.52 0.057
20-October 4.38 1.93 29.1 42.9 46.6 19.0 27.6 0.44 0.050 4.38 2.27 29.1 42.9 47.3 19.0 28.2 0.52 0.052
22-October 3.31 1.36 29.1 42.1 44.7 19.7 25.0 0.41 0.060 3.31 1.68 29.1 42.0 45.3 19.7 25.6 0.51 0.062
10-September 5.52 2.04 29.2 73.9 77.8 30.6 47.2 0.37 0.068 5.52 2.77 28.7 73.7 79.0 30.6 48.4 0.50 0.070
26-September 2.72 0.21 28.9 71.1 71.5 18.6 52.9 0.08 0.156 2.72 1.14 29.1 70.9 73.0 18.6 54.5 0.42 0.160
28-September 5.31 1.57 28.6 72.6 75.6 19.1 56.4 0.30 0.085 5.31 2.50 29.1 72.5 77.3 19.1 58.1 0.47 0.088
30-September 2.34 �0.16 28.6 72.1 71.8 17.7 54.1 �0.07 0.185 2.34 0.91 29.1 71.9 73.7 17.7 56.0 0.39 0.191
10-October 5.12 1.56 28.6 72.1 75.1 22.9 52.2 0.30 0.082 5.12 2.44 29.1 72.0 76.6 23.0 53.6 0.48 0.084
16-October 0.83 �0.91 28.4 71.5 69.7 18.0 51.7 �1.09 0.496 0.83 0.04 28.8 71.3 71.4 18.1 53.3 0.04 0.512

F
ig.

12.
C

o
m

p
ariso

n
o

f
th

e
in

p
u

t–o
u

tp
u

t
cu

rves
o

f
b

o
th

co
llecto

r
typ

es
at

lo
w

o
p

eratin
g

tem
p

eratu
res.

F
ig.

13.
C

o
m

p
ariso

n
o

f
th

e
in

p
u

t–o
u

tp
u

t
cu

rves
o

f
b

o
th

co
llecto

r
typ

es
at

m
ed

iu
m

o
p

eratin
g

tem
p

eratu
res.

F
ig.

14.
C

o
m

p
ariso

n
o

f
th

e
in

p
u

t–o
u

tp
u

t
cu

rves
o

f
b

o
th

co
llecto

r
typ

es
at

h
igh

o
p

eratin
g

tem
p

eratu
res.

1392
E

.
Z

a
m

b
o

lin
,

D
.

D
el

C
o

l/S
o

la
r

E
n

erg
y

8
4

(
2

0
1

0
)

1
3

8
2

–
1

3
9

6



E. Zambolin, D. Del Col / Solar Energy 84 (2010) 1382–1396 1393
6. Collector model for daily tests

An analytical expression of the daily energy extracted
from the collector can be derived from Eq. (6).

The same assumptions described in Section 4 are possi-
ble; besides, the radiation term is not splitted into separated
sub-models for the direct and diffuse radiation components
as it happens in the quasi-dynamic collector model.

As a further simplification, the term c2 (tm � ta)2 is here
set equal to zero: in the case of ETCs this assumption is
verified because the T-ratio (as defined in EN 12975-2) is
lower than 2 (T-ratio = 1.88 in this case) and thus, follow-
ing the EN 12975-2 criterion, c2 can be set equal to zero. In
the case of FPCs, such a criterion would not allow us to
neglect c2; however (tm � ta) is kept within a limited value,
around 60 K in the present tests and the product c2

(tm � ta)2 is here neglected as a first approximation. This
assumption will be later checked, when plotting the effi-
ciency obtained from daily tests.

Finally, the energy balance in the test period is described
by the Eqs. (11) and (12):

Z
n�Ds

_Q
Aa
� ds ¼

Z
n�Ds

F 0 � ðsaÞ � G� c � ðtm � taÞ � c5 �
dT m

ds

� �
� ds

ð11Þ
Z

n�Ds

_Q
Aa
� dsþ

Z
n�Ds

c5 � dT m

¼
Z

n�Ds
F 0 � ðsaÞ � G � ds�

Z
n�Ds

c � ðtm � taÞ � ds ð12Þ

where the left-hand side is the output energy Qout. This
term is calculated by knowing the temperatures trend, the
mass flow rate of the collector during the test period and
the parameter c5. The thermal capacitance, reported in Ta-
ble 7, has been calculated from the quasi-dynamic meth-
ods: it does not have an important effect in the present
tests, because the inlet temperature is constant during each
daily test. For example the thermal capacitance contribu-
tion for the FPC in the test day reported in Fig. 7 is lower
than 6 W h/m2 which is only 0.2% of the daily heat produc-
tion (3836 W h/m2).

Therefore:

Qout ¼ F 0 � ðsaÞ � Qin �
Z

n�Ds
c � ðtm � taÞ � ds ð13Þ

where:
Table 7
Efficiency curve parameters.

Steady-state parameters (second order equation)
g ¼ g0 � a1T �m � a2GðT �mÞ

2
Steady-s
regressio

g0 a1 (W/(m2 K)) a2 (W/(m2 K2)) g0

FPC 0.676 3.059 0.023 0.680
ETC 0.572 0.995 0.002 0.573
ðsaÞ ¼
R

n�DsðsaÞ � G � ds

Qin

ð14Þ

ðsaÞ is the average of (sa) defined as in Eq. (14) and n�Ds is
the total test period duration.

Qout ¼ F 0 � ðsaÞ � Qin � c � ðtm � taÞ � n � Ds ð15Þ
tm and ta are the average temperatures over the test period.

Eq. (14) provides an explanation of the experimental
trends plotted in Figs. 10–14. In fact, according to the
above equation, the output energy is a linear function of
the input energy and also depends on the liquid to ambient
temperature difference. The slope of the straight lines is due
to the parameter F 0 � ðsaÞ which is different for the two
types of collectors. The flat plate collector displays a higher
slope as compared to the evacuated collector, which in turn
is due to its higher value of F 0 � ðsaÞ.

For a given collector, the slope of the input/output
energy curves does not vary with the inlet liquid tempera-
ture to the collector (see Figs. 10 and 11).

From Eq. (14) it is also possible to obtain an expression
of the average collector efficiency during the test period, in
agreement with the results obtained by Perers et al. (1984).
This equation can be written similarly as in Eq. (5) for
steady-state conditions:

Qout

Qin

¼ F 0 � ðsaÞ � c � ðtm � taÞ
Qin
n�Ds

ð16Þ

g ¼ g0 � c � T �m
m ð17Þ

where g is the average daily efficiency, g0 is the zero-loss
average efficiency and T �m

m is the average reduced tempera-
ture, computable by knowing tm, ta and Qin.

Therefore, using all the experimental points reported in
the input/output diagrams (Fig. 9) the daily efficiency has
been calculated. In Fig. 15 the daily efficiency is plotted
against the daily average reduced temperature T �m

m ; the
experimental data and the curves fitting the points are
reported.

This data shows a linear trend and this is in agreement
with the simplified model presented here; the cross-over
point of the regression curves occurs at an average reduced
temperature value equal to 0.027 m2 K/W. Assuming a
solar daily irradiated energy of 5.6 kW h/m2 over 8 h,
which means 700 W/m2 average solar irradiance, and an
average ambient air temperature of 20 �C, the cross-over
point is obtained for an average fluid temperature tm equal
to 39 �C (0.027 m2 K/W).
tate parameters (best-fit linear
n) g ¼ g0 � aT �m

Daily parameters (best-fit linear
regression) g ¼ g0 � c � T �m

m

a (W/(m2 K)) g0 c (W/(m2 K))

3.945 0.658 3.950
1.111 0.580 1.049



Fig. 15. Daily efficiency curves (best-fit linear regression curves) of the
evacuated and flat plate collectors (characteristic parameters defined in
Eq. (17); collector constants in Table 7).
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Some tests have also been performed at different mass
flow rates (low flow and high flow). It is worth mentioning
here that when changing the flow rate, the collector effi-
ciency may be different but the experimental points follow
the linear trend just found in the daily efficiency diagram.
For instance if the mass flow rate decreases, the outlet
liquid temperature increases, the mean reduced tempera-
ture increases too and the efficiency goes down.

For the sake of comparison, Fig. 15 reports the daily
efficiency estimated on three different days from the
quasi-dynamic model (Section 4). For each time interval,
the efficiency is calculated as in Fig. 8b and the output
power is determined as the product _Qout ¼ G � Aa � g. By
integrating _Qout over the entire day, one can calculate Qout

and the daily efficiency can be reported in Fig. 15. Those
estimated values are in agreement with the experimental
Fig. 16. Efficiency of tested collectors: on the left, efficiency in steady-state condi
trends both for FPC and ETC. Therefore, the daily effi-
ciency curve can be well plotted from the parameters deter-
mined during tests under quasi-dynamic conditions.

In Table 7 the parameters of the efficiency curves are
reported for steady-state (second and first order curves)
and daily tests. From the comparison between standard
stationary and daily efficiency curves, it can be observed
that the zero loss efficiency parameter for evacuated tube
collector has the same value for the two data sets. This is
due to the Kh modifier equation: it can be seen in Fig. 4,
where the product of Khl by Kht does not differ much from
unity, and in Fig. 8a, where the Kh trend is described by the
difference between the experimental and the calculated effi-
ciency. In the case of the flat plate collector, the zero loss
efficiency is lower for the daily tests as compared to the
steady-state and quasi-dynamic tests due to the effect of
the incidence angle. In the case of the daily curve the inci-
dence angle modifier is lower than unity for most of the
time and this explains why the efficiency decreases.

The data points in the daily efficiency curves can be well
fitted with a linear function and this verifies the hypothesis
to neglect the second order term c2 � (tm � ta)2 in Eq. (5) for
average data.

The collector heat loss factor in daily conditions c and in
steady-state conditions a, have a similar physical mean. As
shown in Fig. 16 and Table 7, for both collectors, roughly
the same slope has been found for steady-state and daily
tests.
7. Conclusions

Experimental measurements taken on flat plate and
evacuated tube collectors are presented here. The efficiency
curves have been obtained following the steady-state and
the quasi-dynamic methods described by the standard
EN 12975-2.
tions as defined in Eq. (4), on the right: daily efficiency as defined in Eq. (17).
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The curves obtained with steady-state and quasi-
dynamic test methods are in agreement within their uncer-
tainty ranges as shown in Fig. 6: this is true both for FPC
and for ETC. For the latter, a particular MLR with prede-
termined function of Khl and Kht in the quasi-dynamic
method has been used.

Daily test runs are also performed. Input/output dia-
grams and daily efficiency curves are obtained from these
tests. In input/output diagrams, the daily energy collected
displays a linear relationship with the daily solar radiation
energy, at constant operating temperature difference
tm � tað Þ. As expected, the flat plate collector is more sensi-

tive to this temperature difference than the evacuated tube
collector.

A daily efficiency has been defined and plotted versus a
daily average reduced temperature for the present test runs.
Besides, it was shown that the daily efficiency can be esti-
mated by using the parameters of the quasi-dynamic
model.

The daily efficiency can be used to characterize and com-
pare different collectors, once the boundary conditions are
declared. For instance, from the comparison between the
standard stationary efficiency diagrams and the daily effi-
ciency, two different cross-over points between the evacu-
ated and the flat plate efficiency curves were observed:
0.037 m2 K/W in standard conditions and 0.027 m2 K/W
in the daily tests (Fig. 16). This difference is essentially
due to the variations of sa in the daily tests for the evacu-
ated tube and flat plate collectors; in fact the heat loss coef-
ficients (in the first order curve) for both sets of data have
roughly the same values.

In the flat plate collector the optical efficiency of the col-
lector in the morning and in the afternoon hours decrease
due to more reflection losses. In the vacuum tube collector,
these efficiency losses are reduced: because of its geometry
the most of the absorber area is exposed to quasi-normal
incidence radiation for a longer period of the day. As a
result, in the daily tests the evacuated collector displays a
higher efficiency for a larger range of operating conditions,
as compared to the flat plate collector.

In the present paper the daily efficiency curve is experi-
mentally based and theoretically explained. The collector
coefficients obtained from the quasi-dynamic model can
be used for the simulation of the yearly energy production
in a region with specified climatic characteristics, using for
instance Typical Meteorological Year (TMY) (Marion and
Urban, 1995), but can also be used to construct a daily effi-
ciency curve which represents an easy-to-use tool for quick
evaluation of collectors (without considering the system) in
a wide range of operating conditions.
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