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Citation: Jasiński, J.; Kozakiewicz,

M.; Sołtysik, M. The Effectiveness of

Energy Cooperatives Operating on

the Capacity Market. Energies 2021,

14, 3226. https://doi.org/10.3390/

en14113226

Academic Editor: Talal Yusaf

Received: 26 April 2021

Accepted: 27 May 2021

Published: 31 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Rural and Agricultural Development, Polish Academy of Sciences, 72 Nowy Świat St.,
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02-513 Warsaw, Poland; mariusz.kozakiewicz@sgh.waw.pl
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42-200 Częstochowa, Poland; maciej.soltysik@pcz.pl

* Correspondence: jjasinski@irwirpan.waw.pl

Abstract: The European Green Deal aims to make Europe the world’s first climate-neutral continent
by 2050 by shifting to a clean circular economy, combating biodiversity loss and reducing pollution
levels. In Poland, whose economy invariably remains one of the most dependent on coal consump-
tion in Europe, institutional responses to the above EU objectives have taken the shape of energy
cooperatives aimed at filling the gaps in the development of the civic dimension of energy on a
local scale and the use of potential renewable energy sources in rural areas, including in relation to
the agricultural sector. This article is a continuation of the authors’ previous research work, which
has so far focused on the analysis of the development of profitability of Polish institutions that fit
into the European idea of a “local energy community”, which includes energy cooperatives. In this
research paper, they present the results of subsequent research work and analyses performed on the
basis of it which, on the one hand, complement the previously developed optimization model with
variables concerning actual energy storage and, on the other hand, analyze the profitability of the
operation of energy cooperatives in the conditions of the “capacity market”. The latter was actually
introduced in Poland at the beginning of 2021. The research took account of the characteristics of
energy producers and consumers in rural areas of Poland, the legally defined rules for the operation
of the capacity market and the institutional conditions for the operation of energy cooperatives
that can use the potential of energy storage. A dedicated mathematical model in mixed integer
programming technology was used, enriched with respect to previous research, making it possible
to optimize the operation of energy cooperative with the use of actual energy storage (batteries).
Conclusions from the research and simulation show that the installation of energy storage only
partially minimizes the volume of energy drawn from the grid in periods when fees related to the
capacity market are in force (which should be avoided due to higher costs for consumers). The
analysis also indicates that a key challenge is the proper parameterization of energy storage.

Keywords: energy cooperatives; capacity market; energy storage; rural areas; mixed integer pro-
gramming

1. Introduction

Decreasing amounts of raw material and constantly increasing pro-environmental
pressure make it necessary to look for solutions to increase the efficiency of the use of
resources and the optimization of their use [1]. Based on social relationships, the global
sharing economy trend is changing fundamental organizational and distribution models
and is built on a network of integrated individuals and communities [2]. This phenomenon,
which is based on the human tendency to cooperate [3], to share and exchange resources,
is beginning to encompass more and more spheres of social life, including the electricity
market sector [4,5]. The EU policy imposes a direction for the reorganization of the
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generating sector by supporting the creation of self-balancing energy areas (regions and
communities) [6,7], where energy generation is based on renewable sources (Clean Energy
Package (CEP)) [8].

Building local energy independence manifests itself in the creation of cooperatives,
enabling benefits to be drawn by cooperating demand and supply side entities. In the
EU, creating energy self-sufficiency at the local level is possible on the basis of institutions
called energy communities (EC) [9,10]. Their structure and operating model correspond
with the guidelines set out in (i) the REDII directive [11], where the focus has been on the
Renewable Energy Community [12], and it is also a result of (ii) the “electricity market direc-
tive” [13], where the Citizens Energy Community (CEC) is promoted. Creating opportunities
for building local energy communities [14] can be of great importance, especially in rural
areas. This is where the greatest potential exists in terms of the use of renewable energy
sources (including biomass and biogas), as well as potential waste.

The Polish responses [15] to the development of local energy communities promoted
in the EU are characterized by energy clusters [16] and the energy cooperatives analyzed in
this article, which the creators of this form of energy cooperation intend to be established
in rural areas. The object and the scope of activity of energy cooperatives, as well as the
conditions affecting their creation and operating profitability, have already been assessed
and described by the authors of this research paper [17]. The considerations and analyses
carried out earlier focused on illustrating the benefits seen from the perspective of integrat-
ing the supply side (producers) and the demand side (consumers) into the structure of a
cooperative. However, they did not correspond with the change in energy market activity
in Poland from an energy-only market to a capacity market [18]. In Poland, capacity-market
mechanisms have been implemented since January 2021, which significantly affect the
operating models and market strategies of both power suppliers and consumers, who
are the payers of capacity fees [19]. From this perspective, it is reasonable to extend the
analyses carried out so far to energy cooperatives, with elements related to their operation
in the energy market and the capacity market [20].

The creation of the capacity market in 2018 was one of the largest changes in the Polish
power sector in recent years [21]. From 2021 onwards, those in Poland will pay not only
for the electricity generated but also for the available capacity of the power system [22].
This means that power plants will be paid both for electricity production and standby
capacity, i.e., full availability [23]. On 30 November 2020, Poland’s Energy Regulatory
Office (URE) announced the electricity rates for consumers [24] that Poles would have seen
on their bills from January 2021 [25]. A new item on the bill for electricity supplies is the
capacity fee which, for recipients other than households, will be PLN 76.20/MWh (EUR 1
is around PLN 4.5) [26]. The capacity fee provides financing for the capacity market, i.e.,
mainly for maintaining capacity in readiness and for modernization and construction of
new conventional power plants. This fee will depend on energy consumption between
7 am and 10 pm on weekdays but, given that these are standard working hours, the vast
majority of energy consumption will be covered by it [27].

The aim of this paper is to present the results of the research concerning the assessment
of the actual impact of energy storage (not only based on the virtual network deposit)
on the operating efficiency of energy cooperatives, the increase in the degree of energy
independence in the conditions of the capacity market and the minimization of energy
consumption during the capacity-fee hours. Thus, an attempt will be made to answer the
question: with what production, storage and consumer structure and with what number
and configuration of cooperative members does a form of self-organization such as an
energy cooperative have a chance to develop and improve its operating efficiency? The
models developed by the authors so far [17] will be supplemented by the key element
for these considerations—batteries (energy stores) [28]—which may determine not only
the character and structure of emerging cooperatives but also, in some cases, become a
factor determining their profitability [29,30]. The research objectives set by the authors are
the analysis and assessment of: (i) whether, through an appropriate choice of generation
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sources and an energy storage facility, it is possible to avoid consuming energy from
the grid (outside the virtual network deposit) [17,31], which makes it possible to avoid
capacity fees; (ii) whether it is worth installing high-capacity energy storage, or whether a
measurable effect of improving the optimization target can already be achieved by storage
with a lower capacity and power; (iii) to what extent it is possible to estimate the volumetric
savings in consuming energy from the virtual network deposit through the use of an actual
energy store; and (iv) whether it is reasonable to build an actual store for each cooperative
and, if not, which cooperatives it would be reasonable for.

All models of cooperative proposed and studied in this paper, as well as the data on
production and energy consumption on farms that are potential members of a cooperative,
are anonymized real data obtained from rural areas of Poland. In addition, real data
and parameters of energy stores were used in the analyses, so that the conclusions and
recommendations from the analyses take on a real and practical dimension.

The paper is structured as follows. The second section provides the main character-
istics of the capacity-market model in Poland. The institutional description and legally
defined rules for the operation of energy cooperatives can be found in the research team’s
previous paper [17]; they have therefore not been reproduced in detail in this article. The
next section describes the assumptions for the selection of the research sample, taking
into account the formal conditions for the establishment of energy cooperatives and the
specific character of farms in rural areas in Poland, the input data and their selection, as
well as the optimization method, developed in relation to previous analyses, which was
used in the research process. The results of the research are then presented and discussed
in the subsequent section of the article. In conclusion, it was possible to summarize all
the completed work and research, and potential areas of further research interest to the
authors have been indicated.

2. Background—The Capacity Market in Poland

The diagnosis of a permanent and continuously growing power shortage, seen both in
the short- and long-term scenario [32], was clearly stated by the Polish Transmission System
Operator (TSO) in 2014–2015 [33]. In the context of the problems identified at that time, it
became a strategic objective to plan changes in the functional model of the energy market
in Poland in such a way as to prioritize the security of electricity supply in the Polish Power
System (PPS) [34]. The need for changes was an effect of the situation in the regulatory
and market environment, which resulted in the permanent exclusion of some centrally
dispatched generating units that are critical from a PPS point of view [35]. Maintaining the
energy market as an energy-only market would clearly lead to energy supply disruptions
and, consequently, to high costs for the economy for not supplying energy [36]. Two main
phenomena that influenced the implementation of capacity mechanisms were diagnosed:

• Missing money;
• Missing capacity.

The problem of missing money was due to the fact that the revenues from the units
critical to the safety of system operations did not cover their operating and capital costs.
An analysis of the short-run marginal cost (SRMC) amounting to about PLN 155–160/MWh
(for 2015) for a typical generation system in Poland, i.e., a 200 MW coal-fired power unit,
and the average level of wholesale prices on the energy exchange (TGE S.A.) [37], showed
that these values were at similar levels. This resulted in the inability to cover the fixed
operating costs of the generating unit and a lack of investment impulses for modernization
of the existing energy sources and construction of new ones. In 2015, the average operating
time of a 200 MW coal-fired power unit was only 3817 h/year (43%).

The phenomena of the low wholesale price and lower volume of energy sold resulted
from the conditions of the energy-only market. This model means that the operators of
generating units are remunerated based on the production of electricity, which is evaluated
on the wholesale market. The valuation of energy is not affected by the type of technology
by which it was produced. Low wholesale prices were a consequence of:
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• Supporting renewable energy sources (RES) outside the wholesale market area;
• RES operating on low variable costs;
• RES performance characteristics not always ensuring energy security.

The above factors caused the displacement of coal-fired units, the limitation of their
operating duration and, consequently, the inability to fully cover the costs of operation and
energy production. The forecast of a long-term money-shortage problem clearly indicated
a lack of investment incentives over the long term, resulting in a shortfall in capacity.

With the introduction of the capacity market, the “capacity obligation” service was
implemented [38]. The generating units covered by this are required to be ready to supply
power and to deliver it to the system during a period of threatened shortage, with adequate
remuneration. The capacity market is closely related to the development of demand-side
response (DSR) services, which consist in the temporary reduction in electricity consump-
tion by consumers or the postponement of its consumption (demand-side management) at
the request of the TSO in exchange for remuneration [39].

The need to generate units to remain on standby and supply power to the system
during an emergency is related to a cost allocated to all electricity consumers. For house-
holds, the cost is of a lump-sum nature and is dependent on the average annual level of
energy demand. The rates for this group of consumers range from PLN 1.87/month for
consumers with a consumption up to 0.5 MWh/year to PLN 10.46/month for consumers
with a consumption above 2.8 MWh/year. Other types of consumers are charged a single
rate of PLN 76.20/MWh, calculated for energy consumed on working days between 7 am.
and 10 pm. It is worth noting that the capacity fee accounts for approximately 10–15% of
the total cost of energy, calculated together with the distribution service [24].

The capacity fee is a component of the distribution fee, and it is therefore related to the
energy consumed directly from the grid. In order to reduce the capacity fee, energy con-
sumption from the grid should therefore be reduced. The answer is to find ways to reduce
energy consumption or to generate, self-consume and store energy from renewable sources.

3. Materials and Methods (Optimization Model)
3.1. Assumptions for the Creation of a Sample of Energy Cooperatives for Simulation Purposes

An assessment of the impact of capacity-market implementation on the level of
consumers’ costs, on consumers’ behavior and on the rationality of building local energy
communities required simulations and hypothesis-testing related to simulation scenarios by
mapping actual energy cooperatives. For this purpose, real data on electricity production
and energy demand in rural areas in Poland was used and five types of energy cooperative
were created for simulation purposes. An additional requirement was to represent the
diversity of: (i) the locational nature, (ii) the level (scale) of electricity demand, (iii) the
nature of economic activity of the cooperative participants, (iv) the electricity consumption
profile of each member of the cooperative, (v) the generation potential among the members
of the cooperative, (vi) the level of voltage supply from the members of the cooperative,
(vii) population size, and (viii) the energy storage capacity.

The selection of members of energy cooperatives took account of locational constraints,
i.e., the allocation of members in up to three neighboring rural or rural–urban municipalities.
The criteria for the selection of the generation structure by the optimizer took account of
at least 70% of the energy demand within the annual billing period, which depended on
different types of generation sources and different storage capacities.

The unfavorable hydrological conditions in Poland significantly affect the possibility
of using hydro-power for electricity production. For the analyses, it was assumed that a
maximum of one hydro-power plant may operate within an energy cooperative, and that
there is at least one watercourse that could be adapted for energy generation purposes in
the areas of the municipalities where the energy cooperatives were simulated. A practical
assumption was adopted, stating that a small hydro-power plant is characterized by low
capacity at the level of between several dozen and several hundred kW. The simulation
therefore took account of the capacity limits of a single source from 0 to 500 kW, with
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increments of 50 kW. Discreet increments make the simulation realistic because a source
with any continuous capacity cannot be installed.

In Poland, the development of prosumer sources based practically 100% on pho-
tovoltaic sources is ongoing and still accelerating. The construction of PV sources is
currently the most popular and fastest growing method to achieve energy self-sufficiency
in Poland [40]. According to the data from the Ministry of Development, Labor and Tech-
nology, at the end of December 2020 [41], there were more than 457,000 micro-systems in
Poland (an increase of 28.1% compared to the end of Q3 2020, and as much as 196% more
compared to the end of 2019) [42] with a total capacity of about 3006 MW [43]. The dy-
namics and trends of micro-system growth are influenced by numerous aid programs [44].
In view of the above, for the simulations, it was assumed that at least 25% of energy
production of the members of the cooperatives is from solar energy. In addition, capacity
limits for an individual PVPP farm from 0 to 1000 kW with increments of 50 kW were
adopted, which has a practical justification, since the capacity limit for a micro-system
according to the Polish law is 50 kW.

Energy cooperatives can be established in rural and rural–urban areas, i.e., in sparsely
urbanized areas [45]. These factors support the construction of low-mast wind sources
with low and medium capacity. The efficiency of wind generation is about twice as high for
Polish wind conditions as for photovoltaic sources, which makes this type of generation
attractive in terms of efficiency and cost [46]. For the analysis and simulation, the ability
of cooperative participants to establish sources with a capacity from 0 to 1000 kW with
increments of 250 kW was assumed.

Taking account of the location criterion when establishing the cooperative was also
intended to take advantage of the agricultural character and potential of the regions,
particularly in the context of the stability of the generation profile based on biomass and
biogas sources. For the simulation, the capacity limitations of these sources were assumed
to be from 0 to 600 kW, with increments of 200 kW. The presence of generation sources of
both stochastic (PVPP, wind) and stable (biomass, biogas) generation in energy cooperatives
will result in a flattening of the profile and a reduction in generation differences between
seasons of the year or times of day.

Additionally, an assumption was adopted indicating that, in the selection of generation
sources for the optimal balance of demand in the cooperative, one member has at most two
energy generation sources, which does not exclude a situation where not all members have
them and are thus energy producers.

The discount nature of the operation of the energy cooperative and its members
means that the loss of some energy on its introduction into the distributor’s network
and its subsequent consumption should be balanced by a slight increase in the installed
capacity of the source. For the simulation, it was assumed that the total annual energy
production of each member of the cooperative could not exceed 120% of the annual energy
demand. This assumption ensures that each member of the cooperative is fully balanced
at an individual level and the surplus that occurs further allows the development of
self-sufficiency at an aggregated cooperative level. As energy prosumers, cooperatives
benefit from a discount model that allows them to manage temporary energy surpluses and
shortages. Improving cooperation with the DSO [30] and the efficiency of this mechanism,
as well as and increasing real-time energy self-consumption, are further enabled by real
energy storage. The addition of real energy storage (batteries) to the model is one of the
key elements of the study described in this paper.

3.2. Characteristics of Energy Cooperatives and Energy Storage Used in the Study

The sample of energy cooperatives used in the study was constructed using actual
measurement data and customer and generation profiles for each type of renewable energy
source. The purpose of selecting the participants of the cooperative was to reflect:

• The location character—the simulation was made for participants in two southern
voivodeships (administrative divisions) of Poland, Małopolskie and Śląskie, and the
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selection took account of different locations of municipalities within the voivodeships.
The selection of two different voivodeships was also intended to reflect potentially
different insulation levels and thus the efficiency of generation.

• A different level (scale) of electricity demand—this resulted in cooperatives with a
demand ranging from 762 MWh/year to 9759 MWh/year. Within this criterion, par-
ticipants were also selected taking account of the diversity of their individual energy
demands. The cooperative consisted of participants with negligible consumption,
oscillating around one MWh/year, up to 3.5 GWh.

• The nature of participants’ business activities—the selection of participants reflected
the division in Polish law according to PKD codes (Polish Classification of Activities)
relevant to typical agricultural activities, i.e., crop, vegetable, cereal production, raising
of poultry, pigs and cattle, as well as services for the agricultural sector. The complete
classification is shown in Table 1.

• The electricity consumption profile of each member of the cooperative—the full range
and variety of possible tariffs applicable in Poland for the members of energy coopera-
tives was taken into account. All analytical scenarios included entities belonging to
one-, two- or three-zone tariffs, thus mapping the diverse nature of energy consump-
tion. The affiliation of differently profiled members to specific cooperatives is shown
in Table 1.

• Moreover, for the simulations and research, and in order to generalize the results
and reflect the energy effects seen from the perspective of minimizing the sum of
energy taken from the network and unused energy within the network storage (virtual
network deposit), reference models of one hundred energy cooperatives were con-
structed, each with a variable population size from 10 to 50 members with increments
of 10.

Table 1. Characteristics of each analytical scenario.

Cooperative 1 Cooperative 2 Cooperative 3 Cooperative 4 Cooperative 5

Voivodship Śląskie Małopolskie Małopolskie Śląskie Śląskie

Number of members of
the cooperative 11 15 11 15 16

Profile of agricultural
activity 1 and number of

members (pcs)

01.46.Z; (3)
01.13.Z; (3) 01.11.Z; (4) 01.11.Z; (2) 01.13.Z; (4)

01.19.Z; (1) 01.11.Z; (2)

01.47.Z; (5) 01.13.Z; (1) 01.13.Z; (2) 01.43.Z; (1) 01.13.Z; (2)
01.19.Z; (4)
01.47.Z; (3)

01.19.Z; (1)
01.47.Z; (1) 01.47.Z; (3) 01.19.Z; (3)

01.50.Z; (3) 01.50.Z; (5) 01.49.Z; (1) 01.47.Z; (6)
01.50.Z; (5) 01.50.Z; (2)

01.62.Z; (1)

Voltage (LV/MV) and
number of members (pcs)

LV (4) LV (10) LV (10) LV (8) LV (9)
MV (7) MV (5) MV (1) MV (7) MV (7)

Tariff group 2 and
number of members

(pcs)

C11 (2) C11 (4) C11 (4) C11 (6) C11 (6)
C12 a (1) C12 b (1) C12 a (1) C21 (2) C21 (2)
C22 b (1) C21 (3) C12 b (2) B21 (3) C22 a (1)
B21 (1) C22 a (2) C22 a (2) B23 (4) B21 (1)
B23 (6) B21 (3) C22 b (1) B22 (2)

B23 (2) B11 (1) B23 (4)

Consumption
[MWh/year]: 9757 3559 762 3383 5922

Total 52 0 3 6 1
min 887 237 69 214 328

average 3574 1045 312 1258 1542
max
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Table 1. Cont.

Cooperative 1 Cooperative 2 Cooperative 3 Cooperative 4 Cooperative 5

Capacity 3 [kW]: 3810 1815 550 1635 2605
PVPP: 200 200 200 200 200
SWPP 3750 500 0 1000 1250
WPP 400 800 0 400 1600

BMPP 600 200 0 400 600
BGPP

Energy storage 4 [MWh]
min_s 250 50 50 250 250

expert level 4660 1824 608 1216 2432
optimal level 6000 900 300 6000 6500

max_s 25,000 25,000 3500 15,500 15,000
Production [MWh/year] 8760 3515 750 3635 6255

1 Agricultural activity profile: 01.11.Z—growing of cereals, leguminous crops and oil plants for seeds, except rice; 01.13.Z—growing of
vegetables and melons, roots and tubers; 01.19.Z—growing of other non-perennial crops; 01.43.Z—raising of horses and other equines;
01.46.Z—raising of pigs; 01.47.Z—raising of poultry; 01.50.Z—mixed farming; 01.62.Z—support activities for farm-animal production.
2 Tariff group: The first character (C, B) refers to the tariff type, C—low voltage, B—medium voltage; the second character (1 or 2) refers
to the installed capacity level, 1—up to 40 kW, 2—above 40 kW; the third character (1, 2 or 3) indicates the number of time zones;
the fourth character, if any, indicates how to account for the time zones, a—division into peak and off-peak, b—division into day and
night. 3 PVPP—photovoltaic power plant; SHPP—small hydro power plant; WPP—wind power plant; BMPP—biomass power plant;
BGPP—biogas power plant. 4 min_s—minimum energy storage capacity; expert level—energy storage capacity —expert recommendation;
optimal level—energy storage capacity — optimal value; max_s—maximum energy storage capacity.

For the simulation and research, sample energy storage facilities (batteries) [47] with
real parameters and operation profiles were mapped in the structures of cooperatives. The
parameters of a minimum and maximum battery capacity and computational step were
selected for each cooperative. For modeling, it was assumed that the change in the nature of
the storage operation (charging/discharging) could occur at hourly intervals. Furthermore,
it was assumed that unlimited charging and discharging is possible throughout the 24 h
period. Recommendations from an energy storage expert were also used in the analyses.
The expert selected capacity parameters and charging and discharging powers based on
the demand-supply profile of each of the five simulated cooperatives and at the request of
the research team. A summary of the parameters is shown in Table 2. This data served as
a comparative element for the energy storage (battery) capacities determined during the
optimization process, used further in the analysis, and presented in Table 1.

Table 2. Energy storage parameters.

Designation of
the Cooperative

Storage
Type

Capacity
[kWh]

Charging Power
[kW]

Discharging Power
[kW]

CP1 TPS-E 4660 540 675
CP2 TS HV 70 1824 360 450
CP3 TS HV 70 608 120 150
CP4 TS HV 70 1216 240 300
CP5 TS HV 70 2432 480 600

3.3. The Optimization Model

The results presented in this paper were obtained on the basis of data from a simulation
of a dedicated mathematical model. The mixed-integer programming technique [48] was
used for modeling [49]. GLPK software was used for modeling, particularly the shared
high-level GMPL language (this is an open-source software) [50]. COIN-OR/CBC software
(also an open-source software) was used to solve the individual optimization tasks [51].
The basic assumptions of the model are discussed below, and parts of the model in the
GMPL language are illustrated.

The input data for the model comprised a two-year horizon data in an hourly granula-
tion. The calculation sessions used real data from several dozen consumers from different
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billing tariffs. The real two-year generation profiles of the following electricity sources
were used: a small hydro-power plant, a wind-power plant, a photovoltaic power plant,
wastewater- and biomass-based biogas plants.

As the research progressed, the model described in the authors’ earlier joint paper
was developed [17] by adding an actual electricity store (battery) to it which, through
appropriate parameterization, offered the possibility of being used in two scenarios. The
first scenario assumed that the cooperative had no electricity storage (i.e., it had a storage
with a maximum capacity of 0 kWh). The task was to select the optimum production
mix for the pre-set demand, minimizing the energy not taken from the virtual network
deposit and purchased from the network. The energy demand, depending on the calcu-
lation scenario, was created by individual consumers or aggregated consumers within
predefined cooperatives. The energy mix is to be understood as the vector of discrete
factors scaling the generation profiles of the energy producers considered. The coordinates
of this vector are fixed during the optimization period. The business process modeled
connected the consumers with the sources on a proprietary basis (the consumer was the
source owner/prosumer). The first scenario is consistent with that already analyzed in the
research team’s previous article [17]. After solving the task without the real storage (with
0 kWh capacity storage), tasks were solved where the use of batteries was possible for the
generation structure obtained in the first scenario. Properly produced energy could be a
discrete multiple of the profile adopted.

The energy balance equation in the GMPL modeling language is presented
in Algorithm 1.

Algorithm 1.

subject to def_EnergyBalance{h in Hours}:
EnergyDemand[h]
=
BuyFromNetwork[h]
+
sum{e in EnergySources} Production[e,h]
+
PickUpFromNetwork[h] - SendToNetwork[h]
+
PickUpFromBattery[h] - SendToBattery[h]
;

EnergyDemand[h] is the energy demand at hour h; BuyFromNetwork[h] is the energy
purchase at hour h; Production[h] is the energy production at hour h; SendToNetwork[h] is
the energy sending at hour h and PickUpFromNetwork[h] is the energy collected at hour h;
SendToBattery[h] is the energy sending at hour h to the real battery; and PickUpFromBattery[h]
is the energy collected from the real battery at hour h.

The model assumes that it is not possible to simultaneously send energy to the real
battery and collect energy from it in the same hour h. The relevant model equations are
in Algorithm 2:

Algorithm 2.

subject to constr_SingleComponentBatteryFlow{h in Hours}:
SendToBatteryIndicator[h] + PickUpFromBatterylndicator[h] < = 1;

The SendToBatteryIndicator[h] and PickUpFromBatterylndicator[h] variables are binary
variables indexed by the hours of the optimization horizon, which takes the value 1 for
non-zero values of the corresponding real variables and the value 0 for zero flows.

The algorithms modeling the operation of a real storage of energy produced by
prosumers are in Algorithm 3:
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Algorithm 3.

subject to def_EnergyBattery{h in Hours}:
Battery[h] =
if(h=1) then
0
else
(
Battery[h-1]
-
PickUpFromBattery[h]
+
SendToBattery[h]
);

In the analyses, it was assumed that, for h = 1, i.e., at the beginning of the optimization,
the battery was not charged, i.e., Battery[0] = 0.

The optimization objective function was the sum of two components—energy taken
from the network and energy produced but not consumed. In Algorithm 4, the optimization
was to minimize the following objective function.

Algorithm 4.

minimize objective:
sum{h in EndsOfBillingPeriods}
Storage[h]
+
sum{h in Hours}
BuyFromNetwork[h]
;

The EndsOfBillingPeriods set covered the last hours of billing periods.
The optimization covered a two-year horizon and the results presented refer to the

first year of optimization.

4. Results and Discussion

The effect of energy storage can be considered on multiple levels. Given the availability
of the actual metering data, the authors simulated the effect of energy storage separately
for the specific five energy cooperatives and five energy cooperatives of different sizes,
for which a random selection of members was made to obtain reference scenarios and
conclusions. The results of the storage effect were shown in the volumetric dimension. The
omission of financial aspects introduces universality into the approach, as it avoids the lack
of offer transparency and avoids comparisons with electricity market prices specific to a
particular country.

4.1. Simulation Results for Dedicated and Reference Agricultural Energy Cooperatives

A simulation was carried out in which the capacity of the energy storage operating
within the cooperative was increased from 0 kWh to 50 MWh, with increments of 100 kWh
to 1000 kWh, 500 to 10,000 kWh and 1000 kWh to 50,000 kWh. Each time, the charging
power as well as the discharging power was assumed to be equal to 10% of the total
capacity expressed in kW.

As a result of the simulations of the behavior of five agricultural energy cooperatives,
it is possible to evaluate and analyze the results for specific configurations, taking into
account the construction and operation of a real energy storage with the capacity and
making it possible to achieve half of the maximum optimization effect. The rationality
of choosing the storage capacity, obtaining the desired measurability of the storage effect
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and the impact on the Demand Side Management (DSM) is also dictated by the results of
available studies [52,53]. An illustration of the results is shown in Figure 1.

Energies 2021, 14, x FOR PEER REVIEW 11 of 22 
 

 

 
Figure 1. Simulation results of the optimization effect of the sum of energy taken from the network and energy remaining 
in the virtual network deposit after the billing period, depending on the battery capacity for individual energy coopera-
tives. 

The results allow the following conclusions to be drawn: 
• As energy storage capacity increases, the optimization product, which is the sum of 

energy taken from the network and unused energy within the network deposit at 
the end of the billing period, decreases nonlinearly. 

• The increase in the number of members of the cooperative does not directly relate to 
the dynamics and profile of dependency of the optimization effect as a function of 
storage (battery) capacity. This is exemplified by the results for CP1 and CP4, for 
which the sequence characteristics are very similar, despite differences in coopera-
tive sizes, energy consumption levels and generation-source capacity levels. 

• Noteworthy is the fact of different dynamics of the optimization effect in the context 
of different structures of energy generation within cooperatives. The highest dy-
namics of the optimization effect is observed for cooperative CP3, where the gener-
ation is based on PV only. As capacity increases in profile-stable generation sources, 
the dynamics decrease, e.g., CP2. 

• Regardless of the number of cooperative members, it can be observed that, for small 
storage capacities, the optimization effect increment is the largest. On this basis, it 
can be concluded that there is no justification for increasing the storage capacity 
beyond a specified inflection point of the curve, which is particularly evident in the 
case of CP3 or CP2. 

• The average improvement in the optimization effect relative to the scenario without 
the energy storage varies and, depending on the size of the cooperative, ranges from 
about 15% for CP2 to about 35% for CP1. 

Figure 1. Simulation results of the optimization effect of the sum of energy taken from the network and energy remaining in
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The results allow the following conclusions to be drawn:

• As energy storage capacity increases, the optimization product, which is the sum of
energy taken from the network and unused energy within the network deposit at the
end of the billing period, decreases nonlinearly.

• The increase in the number of members of the cooperative does not directly relate
to the dynamics and profile of dependency of the optimization effect as a function
of storage (battery) capacity. This is exemplified by the results for CP1 and CP4, for
which the sequence characteristics are very similar, despite differences in cooperative
sizes, energy consumption levels and generation-source capacity levels.

• Noteworthy is the fact of different dynamics of the optimization effect in the context of
different structures of energy generation within cooperatives. The highest dynamics of
the optimization effect is observed for cooperative CP3, where the generation is based
on PV only. As capacity increases in profile-stable generation sources, the dynamics
decrease, e.g., CP2.

• Regardless of the number of cooperative members, it can be observed that, for small
storage capacities, the optimization effect increment is the largest. On this basis, it can
be concluded that there is no justification for increasing the storage capacity beyond a
specified inflection point of the curve, which is particularly evident in the case of CP3
or CP2.
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• The average improvement in the optimization effect relative to the scenario without
the energy storage varies and, depending on the size of the cooperative, ranges from
about 15% for CP2 to about 35% for CP1.

• Half of the average optimization effect can be obtained for the following energy
storage capacities:

# 6000 kWh; CP1; half of the average effect: 16.5%;
# 900 kWh; CP2; half of the average effect: 8.5%;
# 300 kWh; CP3; half of the average effect: 14.9%;
# 6000 kWh; CP4; half of the average effect: 9.3%;
# 6500 kWh; CP5; half of the average effect: 8.9%.

The next stage of the analysis assumed a simulation of the effect of a real energy
store for reference scenarios reproducing a random drawing of cooperative structures
while maintaining the criterion of a specified number of members. For each such reference
cooperative, a simulation was carried out in which the capacity of the energy storage within
the cooperative was increased from 0 kWh to 50 MWh, with increments of 100 kWh to
1000 kWh, 500 to 10,000 kWh and 1000 kWh to 50,000 kWh. Each time, the charging power,
as well as the discharging power, was assumed to be equal to 10% of the total capacity,
expressed in kW. The results are shown in Figure 2.
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The simulation results are illustrated in Figure 2, which shows the percentage of the
cooperative objective function depending on battery capacity. Solid lines represent the
average effect of the measurement points obtained. The condition obtained reflects the
effect of providing the cooperative with an energy storage relative to the condition before
its installation (capacity: 0 kWh, objective function 0%). The results for cooperatives with
different numbers of members are marked with points in different colors. The solid line
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corresponds to the average measurement points for cooperatives with a specified number
of members.

The results allow the following conclusions to be drawn:

• As the energy storage capacity increases, the optimization product, which is the sum
of energy taken from the network and unused energy within the network deposit at
the end of the billing period, decreases nonlinearly.

• The increase in the number of members of the cooperative affects the dynamics and
profile of dependency of the optimization effect as a function of the storage capacity.
The higher the number of cooperative members, the milder and shallower is the effect
for small capacities and the deeper it is for large storage capacities. The differences
between the average level of the optimization effect for the maximum storage capacity
analyzed reach 10%.

• Regardless of the number of cooperative members, it can be observed that, for small
storage capacities, the optimization effect increment is the largest. On this basis, it can
be concluded that there is no justification for increasing the storage capacity beyond
the established inflection point of the curve.

• The average improvement in the optimization effect relative to the scenario without
the energy storage varies and, depending on the size of the cooperative, ranges from
about 30% for 50 cooperative members to about 20% for 10 cooperative members.

• The application of a real energy store makes it possible to limit the sum of energy
introduced into the network deposit and the energy lost at the end of the billing
period by a value within the range of 10.93% to 41.83%. However, achieving this
effect would require the use of storage systems with large power and capacity, which
is currently not economically justified. It was therefore assumed that the optimum
storage capacity would reflect the achievable half of the maximum optimization effect,
and the average benefit values for this scenario are shown in Figure 3.

• The analyses and simulation results show that the real energy store should only
have an on-demand role. The operation of an energy cooperative based on the
discount model and the temporary deposition of energy in the operator’s network
enables effective volumetric balancing in the long term. Both storage environments,
i.e., the real one (energy storage) and the virtual one (virtual deposit) within the
operator’s network, are complementary, which makes it possible to significantly
improve the volumetric balance that simultaneously burdens the distribution network
and maximizes self-consumption. The proposed approach is one of the possible
ways to benefit from the storage system. The results of alternative studies show the
importance of the predictions made and the optimized target function [54].

In addition, a detailed analysis of the cooperative size scenarios presented in Table 1
and Figure 2 allows the following conclusions:

• Half of the average optimization effect can be obtained for the following energy
storage capacities and set size scenarios:

# 2000 kWh; size: 10 members; half of the average effect: 10.6%;
# 5000 kWh; size: 20 members; half of the average effect: 11.0%;
# 6500 kWh; size: 30 members; half of the average effect: 11.4%;
# 8000 kWh; size: 40 members; half of the average effect: 13.8%;
# 8500 kWh; size: 50 members; half of the average effect: 15.8%.

• In the context of the potential benefits of energy storage, the use of high-capacity
storage systems is not justified. Half of the optimization effect is obtained for storage
capacities between 4% (for cooperatives with 10 members) and 17% (for cooperatives
with 50 members) of the maximum capacity analyzed.

• As the number of members of energy cooperatives increases, the average value of the
benefit identical to minimizing the sum of the purchase of energy from the network, as
well as the condition of the network deposit at the end of the billing period, approaches
the maximum possible effects of optimization.
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• The increase in size also results in a smoothing of the dependence profile of the opti-
mization effect as a function of storage capacity. For a cooperative with 50 members,
the dynamics of changes in characteristics in a range between 0 and 8500 kWh are
significantly lower than for a cooperative with 10 members and a range between 0
and 2000 kWh.

• The benefit of applying real storage systems is greater in the case of the dominance of
wind and PV sources; this conclusion will be justified using data-mining techniques
in Section 3 of this article.
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4.2. Results and Evaluation of the Volumetric Effect of Energy Storage

The simulation of the energy storage process was carried out according to two sce-
narios. Respectively, they assumed the evaluation of the impact of real energy storage in
CP1 – CP5 agricultural energy cooperatives and reference models of one hundred energy
cooperatives with population sizes from 10 to 50 members. Due to the dynamic develop-
ment of the storage sector and the potential difficulty in rationally estimating the current
and appropriate level of capital outlays on storage construction, the analyses focused
exclusively on the volumetric effect of storage. The results for both scenarios are presented
in Tables 3 and 4.
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Table 3. Volumetric effects of real energy storage in cooperatives (CP).

CP1 CP2 CP3 CP4 CP5

Consumption [MWh/year]: 9757 3559 762 3383 5922
Capacity [kW]: 3810 1815 550 1635 2605
Production [MWh/year]: 8760 3515 750 3635 6255
Energy storage—optimal level of capacity [kWh] 6000 900 300 6000 6500
Volumetric storage effect [MWh/year]
Reduction in energy consumption from the network 348.7 41.3 23.3 31 38.6
Reduction in energy consumption subject to the
capacity fee 151.1 23.7 13.8 20.6 19.7

Increase in self-consumption 522.4 61.6 35 46.1 57
in relation to consumption [%]
Reduction in energy consumption from the network 3.6 1.2 3.1 0.9 0.7
Reduction in energy consumption subject to the
capacity fee 1.5 0.7 1.8 0.6 0.3

Increase in self-consumption 5.4 1.7 4.6 1.4 1

Table 4. Volumetric effects of real energy storage in reference cooperatives with varying numbers of members (Mxx).

CP_M10 CP_M20 CP_M30 CP_M40 CP_M50

Consumption [MWh/year]:
Min 512 2567 4561 8440 11,810
Average 2792 6248 9743 13,440 16,569
Max 6217 11,224 16,920 18,920 20,122
Reduction in energy consumption from the network
[MWh/year]: 23.9 24 52.6 65.7 61.7

Min 36.3 122 188.7 314.8 411.5
Average 114.2 301.3 425.1 519.4 556.8
Max
In relation to consumption [%]: 4.7 0.9 1.2 0.8 0.5
Min 1.3 2 1.9 2.3 2.5
Average 1.8 2.7 2.5 2.7 2.8
Max
Reduction in energy consumption subject to the
capacity fee [MWh/year]: 12.5 13.9 22.9 43.9 35

Min 16.7 45.7 70.4 123.7 172.1
Average 30.2 128 147.2 176.5 277.3
Max
In relation to consumption [%]: 2.4 0.5 0.5 0.5 0.3
Min 0.6 0.7 0.7 0.9 1
Average 0.5 1.1 0.9 0.9 1.4
Max
Increase in self-consumption [MWh/year]: 38.9 112.2 444.5 545.8 694.9
Min 54.4 182.4 282.4 470.3 615.2
Average 85.6 260.9 288.6 250.3 337.6
Max
In relation to consumption [%]: 7.6 4.4 9.7 6.5 5.9
Min 1.9 2.9 2.9 3.5 3.7
Average 1.4 2.3 1.7 1.3 1.7
Max

The analysis of the results allows the following conclusions to be drawn:

• The reduction in the average percentage level of energy consumption subject to
the capacity fee increases with the size of the reference cooperative from 0.6% for
10 members to 1.0% for 50 members.

• The increment in the average level of self-consumption increases with the size of the
reference cooperative from 1.9% for 10 members to 3.7% for 50 members.
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• The average level of reduction in energy consumption from the network increases
with the size of the reference cooperative by 1.3% for 10 members and by 2.5% for
50 members.

• The maximum difference in reduction levels of energy consumption from the network
in relation to demand ranges from 0.5% to 4.7%.

• The analysis of the results for cooperatives CP1-CP5 does not provide unambiguous
conclusions and regularities because it refers to specific, individual cases characterized
by a different production and consumption structure and the level of the storage
capacities analyzed.

4.3. Application of Decisions Trees to Assess the Effect of Energy Storage

Based on the analysis of the profitability of specific cooperatives CP1-CP5, it was
not possible to draw conclusions on regularity. For this reason, the focus was on serial
randomized experiments. The results of serial experiments, in which the composition of
cooperatives was randomized, were analyzed using decision trees [55] available in the
R-Project software [56]. The relevant information was obtained in two modeling scenarios.

The first scenario assumed that the variable modeled was the average effect of the
savings achieved after using a battery with a capacity equivalent to the half of the effect,
discretized to three values: WeakImpact, MediumImpact and StrongImpact. In the experi-
ment, random cooperatives with varying numbers of members achieved different types
of percentage savings. In terms of savings achieved, cooperatives were flagged with the
WeakImpact flag if the benefit of the battery use ranked in the lower 1/3 of all possible
percentage savings achieved during the series of calculations. The StrongImpact flag was
used to designate cooperatives for which 1/3 of the highest savings were achieved, and all
others were marked with MediumImpact.

The following variables were used as explanatory variables: the number of members
of the cooperative (NumberOfMembers, which could assume one of the following values
10, 20, 30, 40, 50), the percentage total share of wind and photovoltaic sources (marked as
WindAndPV) and other sources (marked as OtherEnergySourceThanWindAndPV).

Figure 4 shows a decision tree describing the class of savings size depending on the
type of sources used and the number of cooperative members. The set of observations
was divided into eight segments by the decision-tree algorithm. The leftmost branch
of the tree was considered to explain the reading method. It ends with a green leaf
marked MediumImpact. In the classification process, observations for which the number of
cooperative members was less than 35 and, at the same time, fewer than 25 were included in
this segment. In addition, the share of wind and photovoltaic sources in the production was
at least 70%. This leaf accounted for 22% of all observations. In all, 75% of the population
of this leaf constitute MediumImpact class elements, and 7% and 17% are StrongImpact
and WeakImpact class elements, respectively.

The rightmost leaf was marked WeakImpact. In the classification process, observations
for which the number of cooperative members was greater than or equal to 35 and in which
the share of sources other than wind and photovoltaic in the production was at least
28% were included in this segment. This leaf accounted for 13% of all observations. The
elements of the MediumImpact class constitute 6% of the population of this leaf, and the
elements of the StrongImpact and WeakImpact classes constitute 38% and 56%, respectively.
The set of decision rules of the tree visualized in Figure 4 is recorded in Table 5.
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Figure 4. Decision tree quantifying the magnitude of potential benefits after the implementation
of a battery corresponding to the “half effect” relative to the distribution of sources and number
of members.

Table 5. Decision-tree rules quantifying the magnitude of potential benefits after the implementation
of a battery corresponding to the “half effect” relative to the distribution of sources and number of
members. The color scheme used in column two corresponds to that of the leaves in Figure 4.

NumOfMembers < 35 and NumOfMembers ≥ 25 and
OtherEnergySourceThanWindAndPV ≥ 25.5 Weak Impact

NumOfMembers < 35 and NumOfMembers < 25 and
WindAndPV < 69.5 and NumOfMembers ≥15 Weak Impact

NumOfMembers ≥ 35 and OtherEnergySourceThanWindAndPV > = 27.5 Weak Impact

NumOfMembers < 35 and NumOfMembers ≥ 25 and
OtherEnergySourceThanWindAndPV < 25.5 and WindAndPV ≥ 78.5 Medium Impact

NumOfMembers ≥35 and OtherEnergySourceThanWindAndPV < 27.5 Medium Impact

NumOfMembers < 35 and NumOfMembers < 25 and
WindAndPV < 69.5 and NumOfMembers < 15 Strong Impact

NumOfMembers < 35 and NumOfMembers ≥ 25 and
OtherEnergySourceThanWindAndPV < 25.5 and WindAndPV < 78.5 Strong Impact

NumOfMembers < 35 and NumOfMembers < 25 and
WindAndPV ≥ 69.5 Strong Impact

The second modeling scenario did not include the size of cooperatives in the explana-
tory variables. Relevant rules are more aggregated than those shown in Figure 4 but are
more easily interpretable in business terms. They show that the greatest effect from using a
real battery can be obtained if the percentage production from wind and PV sources is in
the 72% to 83% range (StrongImpact). This is illustrated in Figure 5. The MediumImpact
level is reached when the percentage of production share from wind and PV sources is
greater than 83% (other sources generate no more than 17%), and the effect is the lowest
when the share of production from wind and PV sources is less than 72% (other sources
generate at least 28%).
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It seems that a good approximation of the dependencies obtained is the statement
that the maximization of the effect from the application of batteries takes place when the
production mix is 75% for wind and PV sources and 25% for other sources. This conclusion
seems reasonable, given that sources considered other than PV and wind have a more
stable generation profile. Thus, the sources with unstable profiles interact more effectively
with real energy storage systems.

5. Conclusions

1. Both the analyses of five specific energy cooperatives and the simulations designed
to represent the reference nature of cooperatives confirm that, in each case, the
installation of real energy storage systems allows only for a partial minimization of
the volume of energy taken from the network during the hours and days when the
capacity charges are in force. Depending on the scenario analyzed, an improvement
in the average level of volume reduction from 0.6% to 1.0% was achieved, and the
maximum value was 2.4%.

2. The results confirm that oversizing the storage capacity has no or a negligible effect.
Obtaining half of the effect as the aim of optimization was already possible at the
capacity of a few or several percentage points of the maximum capacity analyzed.

3. The use of real energy storage systems makes it possible to reduce the level of en-
ergy taken from the network and not from one’s own production. The maximum
differences of reduction levels of energy consumption from the network in relation to
demand range from 0.5% to 4.7%. In addition, the regularity indicating that the in-
crease in this effect corresponds to the increase in the size of the reference cooperative
seems to be important.

4. The ability to change the nature of the use of the storage operation in the hourly inter-
val (charging/discharging) further makes it possible to improve the self-consumption
rate, which varied between 1.9% and 3.7% for 10 and 50 cooperative
members, respectively.

5. Based on the volumetric results, it can be concluded that the construction of a real
energy store cannot be treated as a “universal” and appropriate tool for improving
the efficiency of cooperatives.

6. The study also makes it possible to evaluate the optimization effect, taking into
account both the real energy storage and the nature of generation. The storage effect is
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maximized when up to 75% of the generation is from wind and photovoltaic sources,
and only 25% from hydro, biogas and biomass sources.

7. The real storage of energy within energy cooperatives, integrating the already op-
timally selected participants, does not result in a significant improvement in the
objective function. The reduction in energy intake from the network and the increase
in self-consumption always occur but, in the authors’ opinion, the scale of the phe-
nomenon is not satisfactory. The storage analysis should be carried out individually
for each configuration of the cooperative. This conclusion indicates that the main
purpose of the article, which was to present the results of the assessment of the actual
impact of energy storage on operational efficiency, was fairly presented. Energy stor-
age is therefore an interesting area for further in-depth exploration and research, and
sensitivity analyses should take into account (i) different charging and discharging
time regimes; (ii) mapping investment outlays and operating costs as a function of
time; (iii) leveled cost of electricity (LCOE); (iv) predicted improvement in storage
efficiency due to advancing technology, quantum batteries [57,58] and propensity to
change social behavior [59]; and (v) the fact that effect and prices in the dual market
for energy and capacity seem to be particularly valuable. These topics will be the
subject of further research by the authors.
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39. Jeżyna, B.; Lis, M.; Mesjasz-Lech, A. The DSR scheme in the capacity market of industrial enterprises in Poland—Participation
determinants. Energies 2020, 13, 5462. [CrossRef]
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