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a b s t r a c t

Demand response has proven to be a distributed energy resource of great potential over the last decades
for electrical systems operation. However, small or medium size facilities generally have a very limited
ability to participate in demand response programs. When a facility includes several generation re-
sources, energy storage systems, or even demand flexibility, the decision-making becomes considerably
harder because of the amount of variables to be considered. This paper presents a method to facilitate
end users' decision-making in demand response participation. The method consists of an algorithm that
uses demand and generation forecasts and costs of the available resources. Depending on the energy to
be reduced in a program, the algorithm obtains the optimal schedule and facilitates decision making,
helping end users to decide when and how to participate. With this method, end users' capability to
participate in these programs is clearly increased. In addition, the method is contrasted by simulations
based on real programs developed at the Campus de Vera of the Universitat Polit�ecnica de Val�encia. The
simulations carried out show that the developed method allows end users to take advantage of the
potential of their facilities to provide demand response services and obtain the maximum possible
benefit.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Demand response (DR) is a distributed energy resource (DER)
with a great potential to improve the electrical systems operation
[1]. In addition, it is a good complement to other improvements
that are currently being implemented in electricity systems, such as
the installation of smart meters [2]. However, DR resources have
always been untapped or at least underused [3]. Some studies
developed in several countries try to facilitate DR participation by
focusing on the development of policies to support DR, as reviewed
in Ref. [4]. Some others propose DR protocols in order to stan-
dardise the stages of offering, requesting, participating, verifying,
and so on [5]. However, with the integration of renewable energy
sources (RESs) and energy storage systems (ESSs) the scenario has
changed. Thus, new tools to facilitate end user's participation in
demand response programs (DRPs) have to be developed, espe-
cially in facilities with a significant percentage of energy provided
by DERs, as proved in Ref. [6].
y).
The complexity of energy management in these facilities is
increasing due to the integration of new renewable energy re-
sources. Some methods to optimise renewable energy systems
management are reviewed in Ref. [7]. However, the potential for
participation in DR is significantly increased in facilities with DERs
and especially with ESSs [8], since they have higher flexibility. Some
studies develop methods to optimise the available resources
including DR. For example, in Ref. [9] a method is proposed to
improve the overall system efficiency using receding horizon
optimisation and demand-responsive schemes. Other studies
developed during the last years are focused on the optimisation of
DR from the perspective of the market [10]. Some other studies
perform DR optimisation methods focused on the different agents
in the electricity system [11]. In Ref. [12], a new hierarchical opti-
misation framework for the optimal operation of multiple micro-
grids is presented. This method optimises the operation of
microgrids considering DR. Similarly, in Ref. [13], a method is
proposed to optimise multiple microgrids with critical energy peak
pricing DRPs. These works do not focus on end users decision-
making to participate in DRPs, but they offer optimal manage-
ment of the system. In Ref. [14], an interesting study is developed to
prove that with end users' participation in DRPs, operational costs
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Nomenclature

Acronyms
CPI Ciutat Polit�ecnica de la Innovaci�o
DER distributed energy resource
DEROP distributed energy resources optimisation (name of

an energy resources management optimisation
algorithm)

DR demand response
DROP demand response optimisation (name of proposed

algorithm)
DRP demand response program
ESS energy storage system
LabDER Laboratory of Distributed Energy Resources (at the

UPV)
PV photovoltaic
RES renewable energy source
UPV Universitat Polit�ecnica de Val�encia

Superscripts
ðiÞ iteration in the DEROP algorithm. From ð0Þ to ðf Þ

Subscripts
j time index in the simulation period. From 0 to N� 1
k energy resource index. From 1 to n
g energy resource corresponding to the grid

Parameters, variables, and functions
T duration of the simulation period
N number of intervals inwhich the simulation period is

divided
n number of energy resources in the energy hub

(generation and storage resources)
t simulation step size, length of each simulation

interval

tj instant in which the jth simulation interval ends
(j>0)

dj total power demand at instant tj
ðdjÞb demand to be supplied with DEROPb during the time

interval ½tj; tjþ1�
pjk power provided by resource k during the time

interval ½tj; tjþ1�
pjg power provided by the grid during the time interval

½tj; tjþ1�
ðpj;gÞm�ax maximum allowed power to be supplied by the grid

during the DRP
pj;flex flexible power available to be curtailed
pj;DRP requested power curtailment in the DRP
qjk associated cost of resource k during the time interval

½tj; tjþ1�
Qj total cost of generated power during the time interval

½tj; tjþ1�
C1 total energy cost without participation in the DRP
C0
1 total energy cost without participation in the DRP,

without using any DERs management optimisation
algorithm

C2 total energy cost with participation in the DRP
C0
2 total energy cost with participation in the DRP,

without using any DERs management optimisation
algorithm

Ca total energy cost with participation in the DRP
without using flexibility

Cb total energy cost with participation in the DRP using
flexibility

tDRP time interval during which the DRP takes place
PR premium offered by the energy trader in exchange

for the requested power curtailment
Cf total cost of the flexible power curtailed to fulfil the

DRP
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and emissions may be significantly reduced. Some works analyse
the problem of DR optimisation from the perspective of energy
planning, like [15], in which the Portuguese electric system is
studied. This kind of studies usually propose methods to model
long-term evolution of energy demands and find an optimised
solution from a technical and economic point of view, as presented
in Ref. [16]. These studies are related to energy planning and sys-
tems sizing. Related to these works, [17] analyses the optimisation
of appliances schedule to decrease system sizes and costs thanks to
DR participation. Another example of a study that proposes using
DR to optimise component size in microgrids and reduce the
number of batteries and other elements is presented in Ref. [18].
[17,18] are more focused on end users participation, but they do not
study how to facilitate their decision-making in DRPs. In Ref. [19] a
very interesting study is presented to optimise smart residential
buildings management to participate in collaborative DR actions.
Although this work is more related to the planning stage than to the
operation stage, it shows several interesting contributions by ana-
lysing the necessary technology that is currently available. A
comprehensive review of methods to optimise sizing and planning
of renewable energy systems considering DR actions is presented in
Ref. [20].

The issue analysed in the present work is related to the short-
term optimisation (one day ahead) of existing facilities that have
renewable resources, ESSs and flexibility to participate in DR. In
Ref. [21], this problem is studied for industrial customers including
different provision methods, but the goal is to analyse prices
volatility and the benefits for the system and the market of DR
participation. Similarly, [22] solves the problem to facilitate the
system operator the task of prioritising different DRPs for running
in a microgrid. A very similar problem to the one studied in this
paper is studied in Ref. [23], but it focuses on minimising the
operational cost of a microgrid, instead of maximising the benefits
of DR for the customer. The goal of these works is to minimise
operational costs, but they do not provide a method to qualify end
users and facilitate their decision-making in DR participation.

Previous studies have not focused on facilitating decision-
making to increase end user's participation in DRPs. Indeed, in
these facilities, the decision-making process to participate in DR is
more complex. End users need to decide when to participate, how
much energy to offer for reductions and the premium to accept or
decline participation in DRPs. Furthermore, in complex facilities
with DERs and especially if there are ESSs available, end users need
to decide how to schedule their resources to participate with the
maximum benefits during the whole period. These are the aspects
that have not been addressed and need to be studied to increase the
benefits of DR resources.

This article explains a method to facilitate decision-making
when participating in DRPs. The proposed method consists of an
algorithm that uses energy demand and generation forecasts in a
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facility with several resources. Using these data, the algorithm
obtains the optimal schedule of the available resources to partici-
pate in a DRP in which the energy to be reduced and the premium
are known. Some of the main features that justify the relevance and
interest of this method are:

1) It is a simple, easy to implement and fast method to help in DRP
participation.

2) The method is flexible, because it supports as many energy re-
sources as needed, including sources, ESSs, demand flexibility,
grid supply and others.

3) The method studies the maximum benefit that can be obtained
and helps the user to decide if participating in the DRP or not
and which resources to use.

The method is tested on a university campus that has previously
participated in DRPs. Based on real data from DRPs and RESs
installed in this campus, DRPs are simulated including several DERs
in the facility. The simulations carried out show that the method
facilitates the participation in DRPs and simplifies the decision-
making. Moreover, the method maximises the benefit obtained
through DR.

The paper is organised as follows. Section 2 describes the pro-
posed method. The facilities in which DRPs are simulated are
described in Section 3. Section 4 shows the simulated scenarios and
the results of the simulations carried out. These results are dis-
cussed in section 5. Finally, the main conclusions of this work are
drawn in section 6.
Start
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2. Materials and methods

The proposed method is shown in Fig. 1. The method is
explained below.

Using data from the real DRPs in which the UPV participated, a
method has been developed to facilitate the decision-making and
the optimal management of the resources of a facility to participate
in DRPs and obtain themaximum possible benefit. This method has
been called DROP (Demand Response Optimisation) algorithm. It is
an algorithm based on DEROP (an algorithm explained in Ref. [24],
which allows optimising the use of DERs in a facility). The proposed
method and the conditions of the scenarios that have been simu-
lated are described below. Actually, in the case studies developed
here, DEROP algorithm is used to calculate the optimal schedule to
apply the proposedmethod, but other optimisationmethodswould
also be suitable to apply DROP.

In a facility that has flexible demand (with an associated cost Cf),
several generation resources, ESSs and grid supply, the participa-
tion in a DRP could be significantly complicated. First, grid demand
(the power curve supplied by the electricity grid) will depend on
RESs and the use of ESSs. In other studies, some methods are
described to minimise the cost of energy when these types of re-
sources are available in a facility. For this work, DEROP algorithm,
presented in Ref. [24], is taken as a basis.

Let us suppose that in these conditions the participation in a
DRP was requested, asking to reduce a certain amount of energy
consumed from the grid during a certain time period. During this
DRP, energy flows could be managed in several ways. On the one
:
to be reduced:
)

ptimal
ithout DR:
(€)

Pflex
?

Calculate optimal cost
supplying DRwith DERs:

Cost Ca (€)
Ca lculate optimal cost
supplying DRwith Pflex:

Cost Cb (€)

xibility:
W)

Pflex (kW)

Yes

Ca,Cb}

1?
Yes Accept DR:

C2 (€)

PDR (kW)

PDR (kW)

Ca (€) Cb (€)

C2 (€)

C1 (€)

DEROPa DEROPb

DEROP

timise DR actions in facilities with DERs.
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hand, some load could be disconnected taking into account the cost
assigned to this reduction. On the other hand, the energy stored in
the ESSs could be used. Moreover, extra energy could be stored in
the ESSs to be used during the DRP, changing the initial schedule
calculated to optimise the management of resources before the DR
action was requested. All these possibilities make it easier for this
facility to participate in the DRP. However, when participating, the
energy manager must decide how to comply with the DRP condi-
tions. To carry out this decision-making the authors propose DROP
algorithm, which is explained below.

First, the minimum energy cost assuming the facility does not
participate in the DRP (C1) must be calculated. To compute this
calculation, DEROP algorithm may be used in order to guarantee
that C1 is the optimal cost for this facility. This cost corresponds to
the optimal energy management of the available resources, so the
demand curve supplied by the grid is optimal and it is taken as a
starting point for the rest of the method. As explained in Ref. [24],
this cost may be obtained with equation (1) after achieving the
optimal energy management:

C1 ¼
ðT
0

Qj$dtz
XN�1

j¼0

 Xn
k¼1

pjk$qjk$t

!
¼
XN�1

j¼0

Cj (1)

where T is the length of the simulation period (24 h in this case), Qj

is the total cost of generated power for the time interval ½tj;tjþ1�, N is
the number of intervals of duration t in which the simulation
period is divided (for example 96 intervals of 15min each), pjk is the
average power provided by resource k in a set of n available re-
sources, with an associated cost qjk.

Second, the minimum energy cost with participation in the DRP
(C2) must be calculated. On the one hand, it is necessary to calculate
this cost by participating without making use of the flexibility and
using the energy stored in the ESSs (Ca). This means that the power
curtailment in the grid supply curve during the DRP is executed
using energy stored in the ESSs. To calculate Ca, equation (2) should
be used:

Ca ¼
XN�1

j¼0

 Xn
k¼1

pjk$qjk$t

!
� PR (2)

where PR is the premium offered by the energy trader in exchange
for the requested power curtailment.

On the other hand, the minimum energy cost participating in
the DRP and using flexibility (Cb) must be calculated. This situation
involves optimising the management of resources to meet demand
and comply with the DRP conditions, having an extra cost due to
the flexibility used to meet the requested power reduction. To
compute Cb, equation (3) should be used:

Cb ¼
XN�1

j¼0

 Xn
k¼1

pjk$qjk$t

!
þ Cf � PR (3)

Where Cf is the total cost of the flexible power reduced to fulfil
the DRP. Note that in the calculation of Cb, the extra costs due to the
use of flexibility (Cf) must be included.

The minimum of these two costs will be the optimal cost with
participation (C2), as shown in equation (4).

C2 ¼ minfCa;Cbg (4)

If the optimal cost with participation is lower than the optimal
cost without participation (C2<C1), then the DRP must be accepted.
Otherwise (if C2>C1), the DRP must be rejected.
To calculate the cost Ca, an algorithm called DEROPa is used. This
algorithm is a modification of DEROP. In this version, the first stage
(maximising the use of RESs) remains unchanged. In the second
stage (optimising of the use of ESSs and grid power supply) an
additional constraint is added to prevent the power contributed by
the network from exceeding the maximum power allowed during
the hours of the DRP. The storage of energy surplus in the ESSs
guarantees the effective utilization of all the available renewable
energy, as stated in Ref. [25]. As shown in Ref. [26], hybrid
renewable systems are suitable for non-connected zones thanks to
these strategies. Moreover, ESSs allow a greater potential to
participate in the DRP, as this work shows below. This extra con-
dition is imposed every time an iteration of the second stage is
executed. Therefore, to accept a new iteration, constraints (5) and
(6) must be simultaneously fulfilled.

Cðiþ1Þ <CðiÞ (5)

pj;g �
�
pj;g
�
m�ax

;cj :
�
tj; tjþ1

�
3tDRP (6)

where CðiÞ is the total energy cost in iteration i, pj;g is the average
power provided by grid during the time interval ½tj;tjþ1�, ðpj;gÞm�ax is
the maximum allowed average power to be supplied by the grid
during the DRP to meet its conditions and tDRP is the time interval
during which the DRP takes place.

With the additional condition (6), the algorithm optimises the
energy resources management ensuring that the grid will not
provide higher average power than the maximum allowed in the
DRP. Occasionally, it may happen that for this purpose the algo-
rithm needs to store more energy in the ESSs than the optimal
amount without the constraint (6). This will be automatically
detected and executed by DEROPa.

To calculate Cb, an algorithm called DEROPb will be used. This
algorithm is a modification of DEROPa. This algorithm assumes the
flexibility is implemented since the beginning of the optimisation
process. That is, DEROPb assumes that the demand curve to satisfy
is the expected demand curve minus the flexibility curve needed to
fulfil the DRP. Consequently, the demand curve to be satisfied will
correspond to equation (7):

�
dj
�
b ¼ dj �min

�
pj;flex; pj;DRP

�
;cj :

�
tj; tjþ1

�
3tDRP (7)

Where ðdjÞb is the demand to be supplied with DEROPb during
the time interval ½tj; tjþ1�, dj is the forecasted demand, pj;flex is the
flexible power available to be reduced y pj;DRP is the requested
power curtailment in the DRP.

Note that if Pj,flex< Pj,DRP, the rest of the power curtailment
during the time interval ½tj; tjþ1� is provided by the ESSs. The
opposite situation is not considered (that is, using all the energy
stored in the ESSs and providing the rest of power through flexible
demand) due to the high cost of this ESSs usage.

With the constraint of equation (7), the algorithm continues
optimising the energy resources management by decreasing the
total cost of grid energy supply, preventing the grid from supplying
more power than the limit set in the DRP. However, since it uses the
available power curtailments through flexible demand, the amount
of energy to store in the ESSs is lower than in the previous scenario.
This allows this facility to participate in a DRP even if the requested
power reduction is higher than the flexibility available in its end
uses. In this case, DROP algorithm would automatically calculate
the optimal resources management and it would check if the DRP is
profitable.
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3. Facilities description

To show some simulations with the proposed algorithm, a real
case of DR participation at the Campus de Vera of the Universitat
Polit�ecnica de Val�encia has been analysed. From these simulations,
some important conclusions are drawn.

The Campus de Vera of the Universitat Polit�ecnica de Val�encia
(UPV) has around 90 buildings with classrooms, laboratories, of-
fices, and so on. The annual energy consumption of the campus is
around 50 GWh and its peak power is around 16MW in summer
and 10MW inwinter. One of the facilities included in this campus is
the Ciutat Polit�ecnica de la Innovaci�o (CPI), inwhichmany activities
related to research and development are carried out. These facilities
represent approximately between 15% and 20% of the total con-
sumption of this campus.

In these facilities, a pilot project was carried out to assess the
potential of UPV to participate in DR. The purpose of this project
was to propose, execute and verify DRPs at the facilities of the UPV.
Fig. 2 shows an example of participation in one of these DRPs
developed at the facilities of the CPI.

In this DRP, a DR request was made asking to reduce 500 kW
from 5:00 p.m. to 6:00 p.m. The fulfilment of the requested
curtailment was verified at the end of the day. The premium offered
by the electricity trader in exchange for fulfilling the DRP was V

0.05 per reduced kWh (up to 500 kWh). The economic balance of
this DRP shows a benefit of V 25 due to the premium, since the
requested reduction was completely fulfilled. The energy trader
was a private company that offered a DR action. Then the consumer
modified the expected demand and the accomplishment was
verified later for the settlement.

In this case, to satisfy the 500 kW curtailment, several chillers
and fan coils were alternatively shut down to avoid comfort losses.
All the time, the internal temperature of each roomwas controlled.
It was automatically scheduled by the energy management system
implemented in most of the buildings in this campus, called DERD
system [27]. DERD sent an order through a PLC to the local control
system of the building to switch on and off the different control-
lable loads.

Although this kind of DRPs in this pilot project produced small
benefits, there are additional benefits related to these actions. For
example, energy demand reductions can create structural savings,
avoiding the need to change or add new equipment and decreasing
the number of faults.

In a general case, the flexible power of a certain facilitymay have
an associated cost (cost of products that are not produced, cost of
Fig. 2. Real DRP executed at the CPI facilities (curtailment of 500 kW from 5:00 p.m. to
6:00 p.m.).
the extra needs derived from energy that is not consumed, and so
on). Through energy audits carried out in several buildings of the
UPV, the maximum demand flexibility of the CPI has been esti-
mated in several end uses, both in summer and in winter. To assess
the real potential of a complex building like the CPI to change en-
ergy consumption in a specific end use, a system approach must be
used, as explained in Ref. [28]. The costs of using this flexibility to
fulfil the aforementioned DRP are shown in Fig. 3. The figure has
two y-axis: the primary for energy (columns) and the secondary for
energy costs (marks). This figure shows that in each hour of the day
the maximum flexible power to be disconnected is associated with
a cost that has been obtained through energy analyses. During 1 h,
there may be several offers of power curtailment with different
associated costs, corresponding to different end uses (hot water, air
conditioning, lighting, etc.). The cost is estimated by analysing the
response of the users and the affected processes. When the power
curtailments are executed, users have to start with the end uses
that have the lowest cost, similarly to thematching up of the energy
market.

Demand flexibility can be increased by redesigning energy
systems, as other studies suggest [29]. In this case, the reduction of
flexible power would be executed by reducing the available
37.4 kWh of lighting consumption (with an estimated cost of V

2.99), 215.6 kWh of domestic hot water consumption (whose cost is
V 21.56) and the remaining 247 kWh of the consumption of air
conditioning (that would have an estimated cost of V 39.52).
Therefore, assuming that the reduced power in the DRPwas flexible
power from these end uses, the cost of this power curtailment is V
64.07. The cost of the forecasted energy for the day of the DRP was
V 4125.53. The cost of energy consumption after performing the
power curtailment is V 4051.35 (without the mentioned flexibility
costs). Finally, the total benefit of this DRP taking into account the
premium and the extra cost of the implemented flexibility is V

35.11.
In other studies, consumption forecast methods have been

developed with enough accuracy to use these forecasts as a base-
line for the verification of DRPs. For example, [30] shows an energy
forecast method using artificial neural networks. In Ref. [31], this
method is improved using a time temperature curve model to
forecast hourly temperature.

In the UPV, there are several RESs, such as several photovoltaic
(PV) power plants, a wind generator, batteries, a gasifier, and so on.
In LabDER (laboratory of distributed energy resources), studies of
the operation, the integration and the management of all these
resources are developed [32]. Thanks to this laboratory, real
Fig. 3. Offers of maximum flexible demand curtailment in the CPI facilities during the
most favourable day and its associated costs (for the day of the DRP, these values are
used to evaluate the results).



Fig. 4. Generation curves obtained from real measurements in LabDER, used to
simulate the optimal management during the proposed DRP.
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measurements of energy generated every 15min by these RESs
over a long time have been stored in a database.
4. Simulation of scenarios

Based on LabDER measurements, CPI consumption with the
RESs described below is going to be simulated:

- A 175 kWPV farm.
- A 100 kW wind generator.
- Batteries with 8 devices of 48 V and 5000 Ah (approximately
250 kWh in each device).

By scaling the data measured in the LabDER facilities, the gen-
eration curves for the date of the DRP described above are obtained.
These curves are shown in Fig. 4. If the CPI had these facilities, its
participation in this DRP could be more complex than it was in the
aforementioned project. The described method will be applied to
this facility and the participation in the DRP will be simulated with
the purpose of maximising the benefit.

Applying DEROP to the day of the DRP described above, the
optimal demand curve from the grid would be like the one shown
0

500

1,000

1,500

2,000

2,500

En
er
gy

(k
W
h)

Demand Optimised grid supp

Fig. 5. Electricity supply from the grid during the day of the DRP optimised with
in Fig. 5 (optimised grid supply). The differences with the curve
presented in Fig. 2 are due to the estimated generation that RESs
(PV and wind) would have and to the energy exchanges with the
ESSs and the grid to minimise the energy cost. After applying DROP,
the optimal schedule is shown as participation proposal.

With these demand and generation curves and the proposed
ESSs, the described DRP will be simulated and the application of
DROP algorithm will be explained.

With the procedure described above, in the case of the proposed
DRP, the cost of each of the situations described for the facility to be
simulated is going to be calculated. In the case of not participating
(if the DRP is rejected), the minimum cost of energy for the whole
day would be C1¼V 3797.87, corresponding to the cost of the
optimal demand shown in Fig. 5. In the case of participating by
providing energy from the ESSs, the optimal energy supply cost
would be V 3814.01 and the premium would be PR¼V 25, so the
total energy cost would be Ca¼V 3789.04. In the case of partici-
pating by means of flexible power, a premium of PR¼V 25 would
be again obtained and the extra cost of the reduced flexible power
would be Cf¼V 64.07. Since the optimal energy supply cost for
these conditions is V 3723.89, the final cost would be Cb¼V

3762.96. The costs and benefits obtained in each scenario are
summarised in Table 1. Applying the flow chart of Fig. 1 the DRP
should be accepted and fulfilled by means of flexible power cur-
tailments. The total benefit obtained thanks to this participation
compared to not participating would be V 34.91 (0.92%).

If the demand was not optimised with DEROP, the optimal en-
ergy cost would be C0

1¼V 4004.62 (including a basic management
of DERs). If, under these conditions, the facility participated in the
DRP through flexibility, the energy supply cost would beV 3930.44.
In this case, taking into account the premium of PR¼V 25 and the
extra cost of the reduced flexible power Cf¼V 64.07, the DRP
benefit is V 35.11, with a total cost of C0

2¼V 3969.51. In contrast,
optimising the management of the simulated available resources
with DROP algorithm, the DRP would provide a benefit of V 34.91
(lower than V 35.11), as shown in Table 1, but the final cost would
be Cb¼V 3762.96, 5.2% less than C0

2. That is, if no DERs manage-
ment optimisation algorithm is used (such as DEROP) when
participating in DR, greater benefits are obtained from participation
(V 35.11). However, these benefits represent lower percentages,
since they start from a significantly higher energy cost. Therefore, it
is necessary to optimise DERs management in any scenario to
Time

ly Participation proposal

DEROP, demand to meet and optimised participation proposal using DROP.



Table 1
Costs and benefits of each simulated scenario.

Scenario 1 (no participation) 2a (participation without flexibility) 2b (participation with flexibility)

Prima (V) 0 25 25
Energy saved (kWh) 0 500 500
Optimal energy demand cost (V) 3797.87 3814.01 3723.89
Cost of flexibility (V) 0 0 64.07
Total cost (V) 3797.87 3789.04 3762.96
Net benefit of DRP (V) 0 8.83 34.91
Benefit of DRP in percentage (%) 0 0.23 0.92

Fig. 6. Comparison of the benefit obtained by simulating the same DRP during a whole
year with DROP algorithm and without DROP algorithm.
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evaluate the minimum cost achievable in each situation.
The described procedure demonstrates that the optimal man-

agement of the available resources and the use of DROP algorithm
(developed to facilitate decision-making when a facility that has
DERs participates in DRPs) minimise the energy cost. Moreover, this
algorithm achieves an optimal use of the available resources in the
most favourable situation (whether participating in the DRP or not
participating). This allows greater benefits than if the facility par-
ticipates in DRPs using only one resource (either flexibility or ESSs).
For example, in this case study, comparing scenarios 2a and 2b,
using all the resources (flexibility and DERs, scenario 2b) allows this
facility to obtain a benefit 4 times greater than using only ESSs. In
other cases, the situation could be the opposite one (obtaining
greater benefits with ESSs than with flexibility).

However, this is not the only advantage of using DROP in
decision-making. The same DRP has been simulated with the
conditions of all the working days of a whole year (consumption
forecasts, demand flexibility, and so on). If this DRP was offered
every working day of a year, this facility could only participate in
approximately 26.58% of the days without using DROP algorithm.
This is because flexible power is often insufficient to obtain an
economic benefit, either due to lower consumption or due to events
that force the demand to remain unchanged. Note that the flexi-
bility shown in Fig. 3 is the maximum value that the facility can
offer during the most favourable days with its current design. In
this situation, the annual economic savings obtained through
participation in this DRP would be around V 2264.43. Conversely,
simulations of DROP algorithm carried out in Matlab prove that,
thanks to the optimised management of DERs and flexibility, this
user could participate in almost all DRPs. With DROP, this facility
could participate in 86.85% of the working days of a whole year and
the annual economic savings would be around 11,610.42 V. This
benefit is 5 times greater than the annual benefit obtained without
using DROP, with a 60.27% higher participation, thanks to the
optimal management of the available resources. The comparison of
both scenarios demonstrates that this method enables users to
participate in DRPs, especially in facilities where the impact of DERs
on the energy cost is significant.

Fig. 6 shows the monthly benefit obtained without applying the
method and applying it, throughout the year.
5. Results and discussion

The first set of simulated scenarios shows that participation in
the DRP without using flexibility produces a benefit of 0.23% of the
optimal energy cost for the whole day, as indicated in Table 1. On
the other hand, participation in the same DRP using flexibility
provides a benefit 4 times greater. In addition, the proposed
method, based on DEROP algorithm to optimise the energy re-
sources management, allows a 5.2% benefit compared to a scenario
with participation in the DRP but without using any algorithm to
optimise DERs management.

From this set of scenarios, a sensitivity analysis has been carried
out. The benefit obtained (in percentage) with optimal participa-
tion versus not participating has been studied, always using the
optimal management with DEROP according to the power curtail-
ment requested and the premium offered. The results of this
sensitivity analysis are shown in Fig. 7. The purpose of this analysis
is to check the possible benefits in different situations of amount of
energy reduced and premium, as these magnitudes would be un-
certain and depending on the amount of actors willing to partici-
pate in a real case.

As shown in Fig. 7, the method provides benefits in awide range
of options. Many of the combinations studied would be unfeasible
without using DROP algorithm, since the maximum flexible power
is limited (710.6 kWh in the most favourable conditions). Further-
more, the flexible power has sometimes a high cost (0.16V/kWh for
air conditioning). However, thanks to the proposed method,
maintaining a premium of 0.05 V/kWh, this facility can accept a
DRP consisting of a curtailment of 800 kW from 5:00 p.m. to 6:00
p.m. and obtain a benefit of 0.2% compared to the optimal energy
cost without participation. This is possible due to the optimal
management of flexible power and ESSs. As a result of this study, it
is observed that there is an optimum power to be reduced
depending on the offered premium, which provides the maximum
benefit for the studied facility. In addition, there is a maximum
power to be reduced for each premium, above which the DRP must
be rejected.

To complete this study, the initial DRP has been simulated
assuming that the offer was made over a whole year.

As shown in Fig. 6, DRPs are accepted many times thanks to
DROP algorithm, producing significantly greater benefits than if
DROP was not used. In fact, if the algorithm is not used, a DRP can
only be accepted on those days in which a curtailment of 500 kWh
can be offeredwithout a too high cost. That is, only DRPs that can be



Fig. 7. Sensitivity analysis of the simulated benefit (in percentage) of the proposed method.
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fulfilled through flexible power and that produce net benefits are
accepted. For the simulation of a whole year, a benefit of V 2264.43
has been obtained if the DROP algorithm is not used. In contrast, if
the proposed algorithm is used, the benefit obtained in a whole
year is 5 times higher, with a percentage of DRPs accepted a 60.27%
higher.
6. Conclusions

This paper presents DROP (Demand Response Optimisation)
algorithm, a method to facilitate optimal decision-making when
participating in DRPs in facilities that have RESs, ESSs, grid supply
and flexibility.

Themethod is simple, fast and easy to be implemented. Not only
does the proposed method facilitate decision-making, but it also
maximises the achievable benefit when participating in DRPs. This
benefit is improved because the algorithmmakes optimal use of the
available resources (RESs, ESSs, grid supply and flexibility) in the
most profitable scenario. Therefore, the user is enabled to partici-
pate in DRPs. The main contribution of this method is that the
facility's energy manager knows if this facility should participate in
a DRP and when to use each resource, especially ESSs.

The method has been simulated with real data of generation
facilities (scaled to compute the simulations) from LabDER and real
consumption curves of the CPI at the Campus of Vera of the UPV. It
has been proven that, in this facility, the use of DROP algorithm
allows a benefit of 0.92% of the optimal energy cost without
participating. In addition, this benefit is 5.2% of the optimal energy
cost participating in the DRP without any algorithm to optimise the
management of DERs. Furthermore, simulating the same DRP for a
whole year, the method allows participation to be profitable 86.85%
of the days, whereas if only flexible power could be used to fulfil the
requested power curtailment, the DRP would be profitable 26.58%
of the days. This produces an annual benefit 5 times greater than
the DR benefit without using the method. The absolute values of
this study are not relevant as this is a case study developed from a
pilot project and there are several factors that could improve some
aspects of these experiences. For example, the flexibility of a facility
can be improved by means of a redesign of the energy system. Also,
the premium and the benefits depend on the amount of facilities
willing to participate in DRPs. This is why a sensitivity analysis has
also been carried out to show that the proposed method allows
benefits in a wide range of scenarios.

In addition to all the above, the described method increases the
potential of facilities with DERs to participate in DRPs, by signifi-
cantly increasing the benefit they can obtain from them and the
power that these facilities can offer. Using this algorithm, a DRP
consisting of a curtailment of P kW may be simulated varying P
between Pmin and Pmax to calculate the maximum power to be
offered in DR. This also allows the facility to assess the optimal
power to be offered that produces the maximum benefit in the DRP.
Therefore, DROP algorithm is a decision-making tool as well as a
method to optimise the management of DERs to participate in DR.
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