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Abstract: Community energy projects have gained popularity in recent years, and encouraging
citizens to form local energy communities (LEC) is considered an effective tool for raising awareness
about renewable energy. Since no single universal method exists for operating LECs, this study
investigated the impact that different business models and asset dispatch methods have on LECs’
economic and energy-related indicators. We carried out a case study, which included the development,
modelling, and simulation of seven scenarios using mixed-integer linear programming (MILP). To
measure and compare the prospective performance of the LECs in each scenario, six key metrics
were evaluated and assessed. The authors find that simple, rule-based control systems might be
well suited for LECs with a limited number of controllable assets that aim to provide increased
levels of self-consumption of up to 3%. We also conclude that when the LEC utilises an energy
cooperative business model, the selected asset dispatch method provides only minor differences
in LEC performance, while for prosumer communities, the importance of selecting a suitable asset
dispatch method is higher. We also conclude that LECs have the potential to significantly increase
their economic performance by more than 10% by acting as aggregators and providing grid services
directly to system operators.

Keywords: local energy community; asset dispatch; optimisation; energy management; battery
energy storage; renewable energy sources; power system flexibility

1. Introduction

Increased penetration of renewable energy sources (RES) is changing the structure [1],
planning [2] and modelling [3] of the energy system. In this context, flexibility [4] or power
smoothing approaches [5] aim to address the technical challenges arising due to the difficult-
to-control nature of electricity generation from local RES. On a higher level, various local
energy generation and distribution solutions, such as local energy communities (LECs),
need to be analysed as well, where additional challenges arise in the fields of the economic
validity of the local system and the desire of consumers to get involved in the creation of
such a system. One of the ways to overcome these challenges is to use LEC optimisation
methods [6]—Economic Load Dispatch (ELD) optimisation associated with appropriate
business models [7,8]. Several authors have addressed these two aspects very extensively.

Regarding ELD, the authors in [7] developed an algorithm for stochastic load schedul-
ing for local energy systems, thus providing an opportunity to model the future load
and generation structures and to carry out further planning and development measures.
Other publications have addressed ELD modelling with various optimisation methods:
Ref. [8] by using two-stage stochastic mixed-integer programming with cost, balance, and
flexibility constraints, where the cost could be reduced by up to 5%, Ref. [9] by proposing
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dynamic ELD, including demand response activities, variable renewable energies and
storage systems, but Ref. [10] describes ELD as isolated local energy system by using Parti-
cle Swarm Optimisation. When looking at business models, a review of the literature on
energy communities in [11] gives insight into energy community business model structures,
aspects, and pros and cons from the consumer perspective. Authors of [12] reviewed
emerging energy community-related business models, strengths, and barriers to energy
community development.

Although recent publications provide innovative solutions for ELD, as well as for the
analysis of business models and the possibilities of their use in specific LEC layouts, a lack
of connection between ELD and business models can be observed. There is a significant
research gap on the impact of relevant business models on ELD optimisation measures and
their results on social and economic welfare.

To fill this gap, this paper aims to determine the mutual influence of business models
and ELD optimisation on LEC economic and energy-related indicators (self-consumption,
self-sufficiency, levelized cost of energy and revenues). Furthermore, results of ELD
optimisation for different business models are provided with the help of case studies.

The paper is organised as follows: Section 2 describes power system asset dispatch
methods and provides an overview of LEC business models, Section 3 includes the de-
scription of the conducted case study and studied object, Section 4 provides a detailed
description of the modelled and simulated scenarios, Section 5 includes the discussion, and
Section 6 summarises relevant conclusions.

2. Power System Asset Dispatch and Energy Community Business Models
2.1. Power System Asset Dispatch

In this study, the ELD problem is extended to enable objectives aside from economic
costs and to include different types of dispatchable power system assets (e.g., energy storage
systems). Power system asset dispatch is considered a general minimisation problem with
constraints and can be written in the following form:

min f(x), subject to g(x) =0, h(x) <0, D)

where f(x) is the objective function, g(x) and h(x) are, respectively, the set of equality and
inequality constraints, x is the vector of control and state variables [13]. There are general
constraints applied in this study:

o  The battery energy storage system (BESS) cannot charge and discharge simultaneously.
e  The power balance equation is described as an equality constraint (2):

Ppcc,out =+ PBESS,C + Pprosumer = Ppcc,in + PBESS,d + PPV,prod/ ()

where Ppccout is the active power exported from the LEC, Pgrss . the active power consumed
by the BESS for battery charging, Ppyysumer the aggregated active power consumption of all
prosumers, Py i, the active power imported to the LEC, Ppgss 4 the active power produced
during BESS discharging operation and Ppy 4 the total active power produced by LEC
photovoltaic generation plant (PV). However, there will always be some power loss, which
is neglected by this equation.

The objective function varies based on the applied asset dispatch method. In this
study, three different asset dispatch methods are investigated based on this general
minimisation description:

e  Maximisation of LEC self-consumption (LSC): If energy import from the grid can
be minimised, the cost of buying additional energy is reduced. This minimisation
of energy import means maximisation of self-consumption. For this minimisation
method, the assets are shared equally in the community.

e  Minimisation of levelized cost of energy (MLC): Shifting the import of energy to times
with lower electricity prices reduces the cost of buying additional energy. Thus, this
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method’s minimisation goal is directly based on the imported electricity price instead
of the electricity amount.

e  Peer-to-peer energy trading (P2P): Like in the LSC method, minimising energy im-
port to the LEC reduces the cost of buying additional energy. However, the P2P
method considers the prosumers individually. There is a trading within the commu-
nity where the prosumers try to reach their goals individually, maximising the energy
matching within the community, which maximises self-consumption and minimises
energy import.

2.2. Business Models Applied in Local Energy Communities

According to the authors of [14], new regulations and arrangements for electricity
markets are necessary to encourage people to engage more in community initiatives and
regional energy and power markets. Various business models may be applied in LECs.
A comprehensive review of different LEC business models has been given in [12]. The
following subsections give an overview of business models relevant to this study.

2.2.1. Energy Cooperatives (EC)

Energy cooperatives are one of Europe’s most common energy community types [15].
According to the European Federation of citizen energy cooperatives, over 1900 energy
cooperatives across the European Union member states have at least 1.25 million active
customers [16]. Energy cooperatives are created through citizen-led initiatives where end-
users fund the installation of local generation systems [17], as shown in Figure 1. Energy
cooperatives can be run with many different organisational forms and financing models.
Some are run as companies with profit-making in mind, where the shareholders finance
medium to large-scale PV or wind power plants. Others can be non-profit organisations
that finance local production of renewables to cover the self-consumption and the sale of
surplus [18].
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Figure 1. LEC organised as Energy Cooperative.

Energy cooperatives may be given the right to act as a sort of local distribution
system operator (DSO) responsible for managing their low-voltage network. This operation
enables them to exempt cooperative members from some of the use-of-system tariffs
while incentivising self-consumption through dynamic pricing schemes and other billing
conditions [19]. The roles that energy cooperatives may take are not standardised on
the European legislative level and, thus, may depend on the regulations and network
codes from country to country. For example, in Portugal, energy communities may be
allowed to take over the responsibility of the DSO for the local community grid, while in
the Netherlands, it is explicitly forbidden [20].
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2.2.2. Prosumer Communities (PC)

Energy prosumer communities are often established by prosumers acting as decision-
makers, investors, and customers. They cooperate to take advantage of favourable financing
circumstances when buying assets in bulk and to acquire dimension for participation in
flexibility markets, benefiting from collective energy efficiency (EE) initiatives or participat-
ing in local energy markets (LEM) [12]. In contrast to energy cooperatives, where end-users
cooperate in acquiring medium to large-scale on-site generation, the prosumer community
business model consists of individual small-scale prosumers in local communities, as de-
picted in Figure 2. These prosumers can act as decision-makers, investors, and customers.
The source of revenue comes from trading their flexibility on LEMs, EE initiatives, and
participation in flexibility markets [19]. Residents of the community sign a long-term
public purchase agreement (PPA) with energy providers to sell the excess generation and
purchase the leftover deficit energy. Members of the community can also trade energy
among themselves (LEM or P2P trading), which relieves them of the obligation to pay fees
associated with medium- and high-voltage distribution and transmission networks outside
of their own grid [21].

~———— e
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Figure 2. LEC organised as Community of Prosumers.

An example of community prosumerism includes the city of Litoméfice in the Czech
Republic, where the local municipality and households financed a project that involved
installing PV systems and energy efficiency measures to reduce the community’s energy
consumption from the main grid [12].

Prosumers are individuals who generate, utilise, and modulate their own renewable
energy [19]. They include residential, commercial, and industrial entities [19]. The difficul-
ties faced by energy systems are widely perceived as being resolved through prosumerism.
In the light of this, the implementation of distributed energy systems (DES), in which
energy is generated and consumed locally, is led by prosumers, lowering greenhouse gas
emissions and assuring local value creation.

The advantages of energy “autarky” are emphasised by proponents, where various
energy vectors, such as electricity, heating, transportation, and valuable work, may be
obtained locally from sources such as solar, wind, geothermal, waste, and biogenic sources
in increasingly closed-loop, circular systems. As a way to counteract the erratic nature of
renewable energy sources, these scenarios also include demand-side behavioural changes
such as storage and flexibility service offering and time-of-use (TOU) prices.

The necessity of new business models has been emphasised by several authors as a
means of easing the transition to decentralized and prosumer-driven energy systems. These
models may make it easier for people to use more renewable energy on their own, trade
electricity locally, maintain the stability of the grid, and switch to other energy sources for
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heating and transportation. Limited number of studies have highlighted the various forms
of value that such business models may produce as well as how they may be managed [22].

As per Ref. [23], the energy prosumer comprises two entities: the prosumer subject
and its resources. The prosumer subject can be described as an owned who is proactive
or its delegated manager (autonomous agent). The prosumer subject is responsible for
formulating its strategic goals, e.g., emphasise renewable energy rather than minimise
energy cost. The prosumer subject comprises of a well-informed agent, prosumer ob-
jectives, and requirements, and the prosumer assets are its financial assets, goods, and
technology system.

Asset dispatch in CP energy communities can be performed with the following methods:

Peer-to-peer energy trading;
Maximising self-consumption;
Minimising levelized cost of energy.

2.2.3. Community Flexibility Aggregation (CFA)

Due to its limited size and lack of flexibility, a single household does not offer sufficient
flexibility for any significant grid enhancement and may find it difficult to engage in
markets. When prosumers join, additional value may be created by aggregating their
demand, supply, and energy flexibility. Thus, aggregation allows the prosumers to combine
their resources, which allows them to gain more substantial leverage in negotiations with
retailers and last-resort traders.

In addition to on-site RES, residential prosumers can find value in the intelligent
management of smart appliances. These devices can broadly be divided into three cate-
gories [24]. Thermostatically controlled loads (TCLs) include space heating systems with
smart thermostats and domestic water heaters (DHW). TCLs can be controlled within spe-
cific temperature ranges according to the prosumer’s comfort requirements [25]. Shiftable
appliances include wet appliances such as dishwashers, clothes washing machines, and
drying machines. The usage of these devices can be shifted when there is a surplus of
PV power or a cheaper electricity price. Storage devices such as battery systems can store
surplus energy as electricity for later usage. In future electricity grids, electric vehicles
(EVs) constitute a large share of local community energy demand that could be intelli-
gently controlled. In the case of vehicle-to-grid (V2G) technology, the EVs can also provide
bidirectional energy flow support and be considered a sort of mobile battery system [26].

The aggregation of residential community flexibility has many benefits. However, the
real-world implementation would require consent from all aggregation participants and
citizens might not have the technical skills or resources to implement this. In addition,
cyber-physical infrastructure would become vital to facilitate the proper activation of
devices and logging information related to billing purposes. Other aggregation challenges
include legislative hindrances, such as the lack of clearly defined roles of the participant
and the lack of definitions of flexibility services [27].

Communities formed with the purpose of aggregating power system flexibility aim
to use demand side management (DSM) incentives to collectively and directly participate
in flexibility services procured by system operators. CFA can also be realised through
an aggregator that pools demand flexibility to reach sufficient volumes to make offers
in reserve, balancing, or ancillary markets [28] or to an electricity retailer to balance its
portfolio to avoid deviation penalties [29]. Residential demand flexibility is likely to become
more appealing to businesses thanks to energy communities [30], while the author of [31]
states that residential demand flexibility has already become economically feasible for LECs.

Compared with PC, the CFA business model does not expect all members to include
energy production, as shown in Figure 3. Thus, their uptake is considered less costly and
with lower complexity, meaning the technological infrastructure for such communities is
easier to establish. For CFA-based LECs that are made up of residential dwellings, the
flexibility pool consists of larger electricity consumers, e.g., heat pumps, electric vehicle (EV)
chargers, and air conditioning (AC) units. The initiative for forming these communities
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might stem from aggregators [12] or property developers. A key enabler for forming such
systems is the uptake of consumer devices that feature built-in functionality to participate
in DSM incentives, e.g., OpenADR certified products [32], which reduce the integration
cost of flexible loads.
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Figure 3. LEC organised as Community for Flexibility Aggregation.

LEC business models require different approaches for solving asset dispatch. A
mapping of analysed asset dispatch methods that apply to more common LEC business
models is provided in Table 1.

Table 1. Asset dispatch methods that apply to different LEC business models.

LEC Business Model P2pP LSC MLC
EC 4 v
PC v v v
CFA v

A case study is carried out to understand the economic performance of different asset
dispatch methods under different business models.

3. Case Study and Object Description

Six scenarios are studied corresponding to the combinations of LEC business models
and asset dispatch methods (Table 1). A benchmark simulation, which incorporates asset
dispatch in the form of a robust rule-based controller for controlling a BESS, is also carried
out for comparison. The topology of an actual segment of an electricity distribution system
of a residential area in Riga is used. The generalised topology of the electric power system
is depicted in Figure 4. To prevent possible breaches of privacy, the metering data used
in the study is not collected from the same system. Instead, residential consumers and
PV production plants’ individually collected and anonymised metering data is mapped to
the LEC power system nodes. The dataset used for the study has a time step of 1 h and a
range of 3 years. The distribution grid used in the case study includes one common grid
connection point (point of common coupling—PCC) and 53 nodes, from which 38 are plain
consumers, and 15 are prosumers.

Additionally, a generic prosumer (denoted as Py) is included in the system. The generic
prosumer incorporates a larger (rated at 50 kW) PV production unit and a grid-scale BESS
(rated at 75 kW, 200 kWh). The ownership and operation of prosumer P, vary between
different scenarios.
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Figure 4. Topology of the LEC power system used in the case study.

Based on the collected data, a set of control and state variables is synthesised for
each consumer and prosumer node. A summary of the connection capacity and available
flexibility for each node is provided in Table 2. We use a simplified approach to incorporate
power system flexibility. The following estimations and simplifications are applied:

e  Each prosumer node is characterised by the amount of flexibility it has available
(Table 2), which should be treated as synthesized sample values;

e  Since the timestep of the simulation is 1 h, the flexibility is described as available
energy;

Each prosumer can provide up or down-regulation with a duration of 1 h;

For up-regulation (decreasing output energy), for each prosumer, the rebound is con-
sidered with a duration of 2 h, during which a total of 30% more energy is consumed
than what was used for flexibility activation;

e  For down-regulation (increasing output energy), for each prosumer, the rebound is
considered with a duration of 2 h, during which a total of 30% less energy is consumed
than what was used for flexibility activation;

e  Flexibility activation in both directions is always available for each prosumer, except
during rebound.

A more accurate presentation of prosumer flexibility and its activation, including
data about actual system requirements for purchasing flexibility, is in the scope of future
research. For the utilisation of flexibility, a set of state space variables was generated, which
is used to indicate how much of the magnitude can be utilised for each specific time-space.
The control variables remain the same throughout all studied scenarios.

Mixed-integer linear programming (MILP) is used to evaluate the different scenarios.
For the six scenarios, a deterministic setup is created using a one-year segment of the input
data, PV production data for the year 2018 acquired from the EU Science Hub using the
PVGIS Online tool [33] and Nord Pool Spot Market prices for years 2021 and 2022 [34].

The simulations aim to evaluate the differences between the potential of LECs that
operate with different business logic and utilise different methods for asset dispatch. Six
key indicators are used to assess LEC performance: self-consumption, self-sufficiency,
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levelized cost of energy (LCOE), import cost, export revenue and revenue from monetising
available power system flexibility.

Table 2. A general summary of control and state variables for LEC nodes used in the case study.

Node Connection Flexibility Node Connection Flexibility Node Connection Flexibility
Capacity (kW) (kWh) Capacity (kW) (kWh) Capacity (kW) (kWh)
1 11 0.2 19 11.0 0.2 37 11.0 1.3
2 11 0.0 20 21.0 1.8 38 13.0 0.0
3 11 0.6 21 11.0 0.8 39 13.0 0.8
4 11 0.0 22 11.0 0.5 40 13.0 1.3
5 11 0.0 23 11.0 0.2 41 11.0 0.5
6 11 0.0 24 11.0 0.0 42 11.0 0.5
7 11 0.0 25 13.0 0.0 43 21.0 1.3
8 11 0.2 26 11.0 0.2 44 11.0 1.1
9 11 0.2 27 11.0 0.5 45 26.0 4.5
10 16 1.6 28 16.0 2.5 46 11.0 0.0
11 16 0.6 29 16.0 1.6 47 11.0 0.5
12 11 0.0 30 11.0 0.2 48 11.0 0.0
13 11 0.2 31 11.0 0.2 49 11.0 1.3
14 16 0.5 32 11.0 0.0 50 11.0 0.5
15 16 0.8 33 11.0 0.6 51 11.0 0.8
16 16 4.5 34 11.0 0.0 52 13.0 0.0
17 16 3.1 35 11.0 0.5 53 13.0 0.8
18 16 1.6 36 11.0 0.6 Px 75.0 160.0

The self-consumption, denoted as SC, is calculated by Equation (3) as the ratio of PV
generation used on-site to the total PV production.

Y produced PV energy — Y exported pv energy

5C= Y produced PV energy

®)

The self-sufficiency of the LEC, denoted as SS, is considered as the share of prosumer
demand, which is covered by on-site generation and is calculated using Equation (4).

o ZEprosumer - EPCC,imp

SS A
ZEPTOSLHWET ( )

In a general form, the LCOE can be defined as:
LCOE — sum of costs over lifetime -

sum of energy produced over lifetime,

but this definition is typically applied to generation units only. In the concept of this work,
the focus is on the LCOE for an entire LEC, which means Equation (5) is adapted separately
for each investigated scenario. A detailed description of the calculation of the LCOE is
provided with the description of each scenario. The cost of importing energy is calculated
by Equation (6).

Cimport = EPcc,imp’(pe + tariff), (6)

where Ep iy denotes the energy imported through the PCC, p, is the price of energy at
the Nord Pool Spot Market and tarif f the summarised capacity-based value for system
operator tariffs and taxes specific to the environment. Nord Pool Spot Market prices for the
year 2021 for Estonia (EE) market region are used. The case study uses a simplified approach
for considering grid tariffs and relevant taxes, where a constant value of 0.025 €/kWh is
used throughout the study. The energy export revenue is considered a negative cost and is
calculated using Equation (7).

Cexport - EPCC,exp *Pe, (7)
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where Epcceyxp denotes the energy exported through the PCC. Based on the existing tariff
structure of Estonia, energy export is not taxed with grid tariffs and respective taxes. We
use a simplified approach for assessing the value generated through flexibility incentives
to manage the complexity of this work. We have purposely simplified the commonly
applied method for incentivising flexibility, where the generated revenue comprises two
components: separate remuneration for availability and activation. This study calculates
the revenue generated through flexibility incentives using Equation (8).

Cprosmer,flex - Pflex'Eprosumer,flex, 8)

where pg,, denotes the price of flexibility activation and Eposumer, flex the energy used for
flexibility activation. We have neglected input data about actual flexibility activations from
the grid, and in this study, we use a simplified notion that the grid is willing to purchase
flexibility activation at each time step. Improving the modelling of flexibility remuneration
and considering actual activations is the subject of future work. Following is a detailed
description of each scenario.

4. Modelling and Simulation of Optimisation Scenarios

The following subsections present the formulation of the optimisation problems. Let
the set of time horizons be H = {1,2,... H}, where H is the length of the optimisation hori-
zon and t the index of the time step. Let the set of prosumers be p = {1,2,...,53}, where
the index of a prosumer is j. To manage computational requirements, the optimisation is
performed with a 1-week time horizon, and all weeks of the year are simulated sequen-
tially, with the results of the previous weeks used as input for the subsequent simulations.
Optimisations for scenarios 1 to 5 are performed in this manner. The last, 6th scenario uses
a 1-day horizon, and all scenarios utilise a 1h timestep.

4.1. Benchmark Scenario

A rule-based controller for the PV and BESS of P, was developed to provide a com-
parative benchmark. The operational algorithm for controlling the BESS in the benchmark
scenario is presented in Figure Al (Appendix B). The control of the BESS in the benchmark
scenario is based on energy flows through the PCC and the BESS’s state of charge (SOC).
The control is implemented such that the BESS aims to maximise self consumption. If the
local generation produces more energy than is consumed by the LEC loads, excess energy
is stored in the BESS until the SOC reaches 100%, upon which the excess energy is exported
to the grid. However, if the local generation is not sufficient to cover LEC demand, the
BESS is discharged to cover the deficit until the SOC drops to 20%, upon which the deficit
is covered by importing energy from the grid. The equations below are used to determine
the SOC of the BESS:

E t
Eppss(t) = Eppss(t — 1) + pcEpEss,e(t) — BE;Sd’d()/ )
soc(r) — Leess(t) (10)
EBESS, max

where Eppss denotes the energy stored in the battery, Egrss . the energy consumed by
the BESS during charging, Eggss . the energy produced by the BESS during discharging,
ue charging efficiency and p, the discharging efficiency; SOC denotes the battery state
of charge and Epgss mqyx describes the nominal capacity of the battery. The developed
algorithm is designed to prohibit energy arbitrage by the BESS, and only excess PV energy
can be exported through the PCC to the grid. Thus, Equation (3) can be reformulated as:

_ ZEPV<t) - EEPcc,exp(t)

5C Y Epy(t)

(11)
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The LCOE for the benchmark scenario is calculated using Equation (12).

Cinv + Caint + Cimport - Cexport
1P prosumer

LCOE = ) (12)

where, C;,p, Chuaint, stand for the cost of investment and maintenance of the PV and BESS
systems, respectively. The PV’s investment cost is 556.99 € /kWp with a maintenance cost of
5.57 €/kWp per year [15]. The investment cost of the BESS is 1876.00 € /kW + 469.00 €/kWHh,
with a maintenance cost of 10.00 €/kW per year [13].

The results of the benchmark scenario indicate that the LEC has a high self-consumption
rate of 92.9%. The self-sufficiency of the LEC was 25.2%, while the LCOE was calculated to be
0.134 €/kWHh. The accumulated cost of importing energy for one year was 51,404 €, and the
revenue from selling energy to the grid was 640 €. The total operation cost (the import less the
export and flexibility revenues) was 50,764 € for the simulation period (1 year). To compare
the performance of different scenarios, the results of all simulations are compiled in Table 3.

Table 3. Summary of simulation results with 2021 Nord Pool Spot Prices.

Parameter Benchmark EC+LSC EC+MLC PC+P2P PC+LSC PC+MLC CFA+MLC
Self-consumption [%] 92.86 92.77 92.02 92.77 92.87 91.03 85.35
Self-sufficiency [%] 25.20 25.01 24.79 28.25 25.18 25.23 24.10
LCOE [€/kWh] 0.1338 0.1338 0.1329 0.1278 0.1328 0.1307 0.1192
Import cost [€] 51,404 51,478 51,165 51,522 51,082 48,665 47,085
Export revenue [€] 640 691 902 690 686 1043 2941
Flexibility revenue [€] - - - - 466 581 3682
Total operation cost [€] 50,764 50,787 50,263 50,832 49,930 47,041 40,462

4.2. Scenario 1: LEC as Energy Cooperative to Maximise Self-Consumption (EC+LSC)

In this scenario, the LEC is formed as an Energy Cooperative, where all 53 prosumers
are equal members, and the assets of Py are treated as community owned, where all profits
and losses are shared among community members. The goal of the LEC is to maximise
self-consumption, while the power output of the BESS is the only manipulated variable.

For this scenario, the optimisation variables include the charging and discharging
energies of the BESS (Eggss, and Epgss 4), the energy output of the BESS (Eggss), and the
imported and exported energy through the PCC (Ep,imp and Epcc,exp). The maximisation
of self-consumption of the LEC can be defined as maximising the share of locally produced
energy that is consumed locally. In scenario 1, only the energy produced by the local PV
systems can be exported. Thus the objective function can be formulated as to minimise the
exported energy:

. H
min EPcc,exp :Zt:l EPcc,exp (t)- (13)

The optimisation task in this scenario is subject to different constraints. The defined
BESS has a capacity of 200 kWh, with a minimum SOC value of 20%.

40 kWh < SoCpggs(t) < 200 kWh. (14)

The energy state evolution of the BESS can be described by an equality constraint
Equation (15). The BESS is assumed to start the first timestep in a depleted state of 20% SOC.

E t
SOCpEss(t) = SOCpgss(t — 1) + Eggss ¢ (t)-pc — %Zd()- (15)

The charging power of the BESS is limited by inequality constraints Equation (16),
Equations (17) and (18), where Eggss ¢ max and Eggss 4 max denote the maximum allowed
charging and discharging power of the BESS (75 kW), which is considered the maximum
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amount of energy the BESS can absorb or release in 1 h. Additional auxiliary binary
variables . and {; are introduced to forbid simultaneous charging and discharging.

0 < Eess,c < EBEss,c,maxCes (16)
0 < Eggss,a < EBEssdmax-Cds (17)
Cce+Ca <1, (18)

Even though the throughput limit of the PCC is not considered in this work, the
constraints Equations (19)-(21) were implemented to forbid the simultaneous import and
export through the PCC using auxiliary binary variables {;,, and (o,. A large constant of
10 MWh was used as an energy limit.

0 S EPcc,imp S 10/ 000'€in, (19)
0 < EPcc,exp < 10/ 000'Cout, (20)
gin + gout < 1/ (21)

In this scenario, the idea was to entirely utilise the locally produced PV power. Thus
additional constraints Equations (22) and (23) were implemented to forbid energy arbitrage
through charging and discharging the BESS from and to the grid.

gd + gout <1, (22)

Cetlin <1, (23)

An energy balance constraint Equation (24) was included to ensure that there would
be a balance between the produced/imported energy and consumed/exported energy.
The demand of prosumers is denoted with Epypsumer and the combined PV production of
grid-scale PV and the prosumer PV-s is given with Epy .

EPcc,exp + EBESS,C + Eprosumer = EPcc,imp + EBESS,d + EPV/ (24)

The LCOE for this scenario is calculated using Equation (12), the same as for the
benchmark scenario. The results of the EC+LSC scenario show that maximising the self-
consumption resulted in 92.8% of PV energy being consumed locally (self-consumption),
while the self-sufficiency of the LEC was 25.0%. The levelized cost of energy was 0.134 €/kWh,
while the accumulated cost for importing energy for one year was 51,478 €, revenue from
selling to the grid 691 €, and total operation cost 50,787 €.

4.3. Scenario 2: LEC as Energy Cooperative to Minimise Levelized Cost of Energy (EC+MLC)

The second scenario uses the same Energy Cooperative business model utilised in
the EC+LSC scenario but minimises the LCOE. Like the previous scenario, the only ma-
nipulated variable is the power output of the BESS, but the optimisation includes a price
component. The algorithm attempts to shift the discharging of the battery to times of
high electricity price to lower the cost of consumed energy. The optimisation variables
and constraints remain the same as used in the EC+LSC scenario, while the optimisation
objective is subject to change. The LCOE for this scenario is calculated using Equation (12),
the same as for the benchmark scenario. The only influenceable parts of the LCOE equation
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are energy import and export cost components. Therefore, the optimisation objective of
this scenario can be formulated as Equation (25).

min LCOE =Y /| Cipnport () — Cexport (1) (25)

where Cjy 0+ denotes the cost of imported energy and Cexport the revenue of exported
energy (presented as negative cost).

The results of the EC+MLC scenario show that the maximisation of LCOE resulted in
92.0% self-consumption and 24.8% self-sufficiency. The LCOE of the LEC was 0.133 €/kWHh,
while the accumulated cost for importing energy for one year was 51,165 €, the revenue
from PV energy export 902 €, and the total operation cost 50,832 €.

4.4. Scenario 3: LEC as Prosumer Community to Facilitate Peer-to-Peer Trading (PC+P2P)

The third scenario uses peer-to-peer (P2P) trading in a prosumer community. The LEC
comprises 54 prosumers (all 53 prosumer nodes and the node denoted as Py), which have
formed a community to facilitate intra-community P2P trading. All prosumers are assumed
to act selfishly to meet their individual goals. In this scenario, the demand flexibility of
prosumers and consumers is also considered. The flexibility is monetised through an
abstract aggregator which resides outside of the LEC and remunerates flexibility activation
with a constant p e, value of 0.01 €/kWh. The objective in this scenario is to maximise the
matched energy production with consumption within the LEC. This objective is based on
the hypothesis that matching energy inside the LEC increases economic feasibility since
energy import is reduced. Thus, the cost of grid tariff is lower.

Additional optimisation variables need to be incorporated into the optimisation due
to the inclusion of prosumer flexibility. The flexibility-aware prosumer load is denoted as
Eprosumer,flex- The prosumer flexibility activations are considered with a binary variable
Pros e, Two binary variables are declared to represent the state of rebound for each of the
rebound hours, Rebound;, and Rebound,. Additional constraints need to be included in the
addition of prosumer flexibility. The flexibility and rebound aware load of prosumers can
be formulated with Equation (26).

Eprosumer,flex (]/ t) = EPVOSWHGY (]/ t) + Epiex (]) 'Prosflex (]r t) — Erebound (]) : (26)
Reboundy (j, t) — Epepound (j)-Rebound;(j, t),

where Epj,,(j) and E,epound (j) are the energies of activated flexibility and their subsequent
rebound (as shown in Table 2 and described in Section 3). To prevent the activation of
flexibility from resulting in negative demand for the prosumers, the following constraint
is included:

Eprosumer,flex (]/ t) >0, (27)

The rebound activation must happen directly in the subsequent timesteps of the
flexibility activation. Therefore constraints Equations (28) and (29) are included. It is
assumed that there is no rebound event in the first 2 h of the simulation year.

Reboundy(j,t +1) = Prosfe.(j, t), (28)

Reboundy(j,t +1) = Prosfe.(j, t), (29)

Due to the nature of a weekly optimisation horizon, it is assumed that the flexibility
cannot be activated during the last 2 h of each week. This is because the optimisation
algorithm is unaware of the demand of prosumers and the PV production of next week.
Therefore, activating flexibility on the final 2 timesteps could result in an unfeasible solution
for the next week. Flexibility activation during the rebound process is prevented with
constraints Equations (30) and (31).

—1 < Prosfie,(j, t) + Reboundq (j,t) <1, (30)
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-1< Prosﬂex(j, t) + Rebound,(j, t) <1, (31)

The energy balance constraint used in previous scenarios was modified to include the
flexibility and rebound-aware prosumer load. The resulting constraint is formulated by
Equation (32).

EPcc,exp + EBESS,C + Eprosumer,flex = EPcc,imp + EBESS,d + Epv, (32)

In P2P trading, the goal is to maximise the matched energy production and consump-
tion within the LEC. This is implemented using Equation (33), where the optimisation goal
is to minimise the absolute difference between imported and exported energy through
the PCC.

. H
min EPcc,dif :(thl |EPcc,imp(t) + EPcc,exp(t) |)/ (33)

The LCOE for this scenario is calculated using Equation (12), the same as for the
benchmark scenario. The results of the PC+P2P scenario show that maximising the self-
consumption resulted in self-consumption of 92.8% and self-sufficiency of 28.3%. The LCOE
energy was 0.128 €/kWh, while the accumulated cost for importing energy for one year was
51,522 €, the revenue from selling to the grid 690 €, and the total operation cost 50,832 €.

4.5. Scenario 4: LEC as Prosumer Community to Maximise Self-Consumption (PC+LSC)

Like the EC+LSC scenario, this scenario aims to maximise the LEC’s self-consumption,
using the Prosumer Community business model described in the PC+P2P scenario. Since
prosumers are assumed to act selfishly, they all attempt to maximise their individual self-
consumption. The prosumers do this by timing their consumption to coincide with the period
when PV is produced though their energy flexibility. The energy flexibility of consumers is
not considered since they have no on-site generation to shift their demand. The prosumer Py
is considered different and aims to maximise the self-consumption of the entire LEC.

The simulation is performed in two steps: first, the operation of every prosumer is
optimised individually; second, the operation of Py is optimised using the results from the
first step. For the second step, the optimisation variables and constraints remain the same
as for the PC+P2P scenario. For the first step, the only difference is the energy balance
constraint Equation (34), which does not include the BESS component.

EPcc,exp + Eprosumer,flex = EPcc,imp + EPV,prosumer- (34)

The optimisation goal Equation (35) remains the same as for the EC+LSC scenario,
which also aims to maximise LEC self-consumption. However, it is used separately for
each prosumer.

. H
min Epyosumer,exp = 21‘:1 EPcc,exp(t)- (35)

The calculation of the LCOE for comparing LEC performance includes the flexibility
component Equation (8), which incentivises prosumers to use their flexibility.

Cinv + Caint + Cimport - Cflex - Cexport

LCOE = (36)

Z EPVOSMWZCT

The results of the EC+LSC scenario show that maximising the self-consumption in a
Prosumer Community resulted in self-consumption of 92.9% and self-sufficiency of 25.2%.
The LCOE energy was 0.133 €/kWh, while the accumulated cost for importing energy for
one year was 51,082 €, and the revenue from selling to the grid was 686 €. The revenue
generated by providing flexibility was 466 €, and the total operation cost was 49,930 €.

4.6. Scenario 5: LEC as Prosumer Community to Minimise Levelized Cost of Energy (PC+MLC)

This scenario is like the EC+MLC scenario that attempts to minimise the LCOE of the
LEC. However, in this scenario, the optimisation is carried out for a Prosumer Community
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described in the PC+P2P scenario. For this case, the prosumers are assumed to minimise
their individual LCOE. Like the EC+LSC scenario, the optimisation is performed in two
steps: first, for the 53 prosumer nodes, and second, for the prosumer P,. Compared to the
EC+LSC scenario, new optimisation variables are included that describe the flexible energy
of the prosumers: Eosumer, flex,up @A Eprosumer, flex,down,- The objective function Equation
(37) is extended from the EC+MLC scenario to include the component of revenue generated
from flexibility Equation (38), and it is applied to individual prosumers.

. H
min LCOEprosymer = thl Cimport(t) - Cexport(t) - Cprosumer,flex 37)

Cprosumer,flex = Eprosumer,flex,down'pflex - Eprosumer,flex,up'Pflexz (38)

The goal of the prosumer Py is still to minimise the LCOE of the entire LEC using the
objective function Equation (25) described in the EC+MLC scenario.

The results of the PC+MLC scenario show that minimising the LCOE in a Prosumer
Community resulted in self-consumption of 91.0% and self-sufficiency of 25.2%. The LCOE
energy was 0.131 €/kWh, while the accumulated cost for importing energy for one year
was 48,665 €, and the revenue from selling to the grid was 1043 €. The revenue generated
by providing flexibility was 581 €, and the total operation cost was 47,041 €.

4.7. Scenario 6: LEC as Collective Flexibility Aggregation to Minimise Levelized Cost of Energy
(CEFA+MLC)

The final scenario considers a LEC which operates under a Collective Flexibility
Aggregation business model. In this scenario, the flexibility of the 53 prosumer nodes and
the prosumer Py is controlled by an aggregator, which resides inside the LEC. We consider a
hypothetical setup where the DSO procures flexibility (up- and downregulation) with a step
of 100 kW in 1 h blocks. To paraphrase it, the LEC operates as an aggregator and provides
flexibility directly to the DSO. The activation of flexibility is rewarded with a constant
Pfiex value of 0.02 €/kWh. The remuneration of flexibility is double than considered in
the PC+LSC and PC+MLC scenarios since there is no aggregator between the LEC and
the system operator. The LEC aims to minimise its LCOE. Due to the computational
requirements of this scenario, the optimisations are performed within a 1-day time horizon.

The previously used optimisation variables for prosumers were decoupled to represent
the direction of energy flow: pros iy up, Pr0S fiex,down, reboundy y,,, rebounds,y,,, reboundy gomn,
and reboundy 4,y Additionally, new optimisation variables were included in determining
the binary activation of aggregated flexibility (AGG fex,up and AGGyiex down) and the re-
bound of aggregated flexibility (AGGyep,up,1, AGGrep,up2s AGGrebdown,1 and AGGyep,down,2)-
The energy of the BESS of Py was decoupled into energy used during the period when
no flexibility was activated (Eggss. and Epgssy) and the period when flexibility was
used (Epgss, flex,c and Epgss fiex,a)- The energy of aggregated flexibility was denoted as
(AGGflex,pwr,up and AGGflex,pwr,down)-

Additional constraints Equations (39) and (40) were included for the aggregated
control to ensure the flexibility of prosumers is only activated during aggregation.

PTOSfiex,up (j/t) < AGGflex,up(t) (39)

PTOSflex,down (]r t) < AGGflex,down (t) (40)

The addition of constraints Equations (39) and (40) allows only a part of the prosumer
portfolio to be activated if needed, so not all the prosumer flexibility has to be used
simultaneously. To prevent the activation of aggregated energy flexibility during the
rebound process, the constraints Equations (41)—(44) were included.

AGGflex,up + AGGreb,down,l <1 (41)
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AGGflex,up + AGGreb,down,Z <1 (42)
AGGflex,down + AGGreb,up,l <1 (43)
AGGflex,down + AGGreb,up,Z < 1 (44)

The energy of aggregated flexibility was determined with equality constraints Equa-
tions (45) and (46).

AGGflex,pwr,up(t> = EFlex(j)'prOSflex,up(j/t) + EBESS,flex,c(t> (45)

AGGflex,pwr,down (t) = EFlex (]) 'prosflex,down (]/ t) + EBESS,flex,d (t) (46)

In this scenario, the aggregated flexibility can only be activated with 100 kW steps,
which provides the LEC only two options: up- or downregulation of 100 kW of aggregated
flexibility. The constraints Equations (47) and (48) were introduced to implement this.

AGG fiox puorup = AGG 1z up-100 KW (47)

AGGflex,pwr,down = AGGflex,down'loo kW (48)

Due to the nature of the optimisation horizon of 1 day, it was necessary to prohibit
the activation of aggregated flexibility during the 23rd and 24th hour of each day since the
optimisation algorithm is not aware of the feasibility of the rebound effect at the beginning
of the next day. Thus, AGGyer,up(23) = 0, AGGfiex,up(24) = 0, AGGriex,40wn(23) = 0, and
AGGflex,down (24) =0.

The energy balance constraint used in previous scenarios was modified to include the
flexibility component of the BESS system and is formulated as Equation (49):

EPcc,exp + EBESS,C + EBESS,flex,c + Eprosumer,flex = (49)
Epce,imp + EBess,a + EBEss, flex,d + Epv-

The goal of scenario 6 is to minimise the LCOE. Therefore the previously used LCOE
minimisation objective is modified to include the fixed aggregated flexibility activation
incentive Equation (50) and is formulated as Equation (51).

Caca,fiex(t) = 0.02:AGG fex purdown (t) — 0.02: AGG ey, prorup (t) (50)

. H
min LCOE = thl Cimport(t) - Cexport(t) + CAGG,flex(t)/ (51)

The results of the CFA+MLC scenario show that minimising the LCOE in a LEC that
utilises a Flexibility Aggregation business model resulted in self-consumption of 85.4% and
self-sufficiency of 24.1%. The LCOE energy was 0.119 €/kWh, while the accumulated cost
for importing energy for one year was 47,085 € and the revenue from selling to the grid
2941 €. The revenue generated by providing flexibility was 3682 €, and the total operation
cost was 40,462 €.

5. Discussion

For this study, six scenarios and a benchmark case were simulated to investigate a
LEC’s potential performance. The same LEC setup was used in each simulation, but the
different business models and methods for asset dispatch in Table 1 were applied. To
evaluate the performance of different scenarios, the simulation results are analysed using
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the indicators in Sections 3 and 4. The relative difference in the performance of simulated
scenarios compared to the benchmark scenario is provided in Figure 5.

[ Self-consumption @ Self-sufficiency LCOE X Total operation cost
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Figure 5. The relative difference in the performance of simulated scenarios compared to the bench-
mark scenario; self-consumption, self-sufficiency: higher is better; LCOE, total operation cost: lower
is better.

The results of the benchmark scenario indicate that rule-based control of prosumer Py
provides considerably good results, as it provided the second highest self-consumption and
third highest self-sufficiency rate compared to other scenarios while providing satisfactory
economic performance. It can be concluded that if the sole aim of the LEC is to provide high
levels of self-consumption, satisfactory results can be obtained using simple, rule-based
control systems. Many state-of-the-art BESSs already provide an energy management sys-
tem (EMS) to execute similar control as described in Figure A1, resulting in an inexpensive
solution with relatively low computational requirements.

For the EC business model, insignificant differences exist between the simulation
results of the maximisation of local self-consumption and the minimisation of LCOE. This
is mainly due to the limited options for the LEC to influence its behaviour. Increased
self-consumption also lowers the LCOE, which results in minimal differences between
utilised asset dispatch methods.

An interesting observation is that the results of the EC+LSC scenario provided a
lower self-consumption value than what was obtained for the benchmark scenario. This is
caused by constraints Equations (22) and (23), which prohibit the BESS from charging and
discharging to the grid. When simulating the EC+LSC scenario without these constraints,
the resulting self-consumption reaches a value of 93.13 %, which would result in the highest
self-consumption rate, but the number of BESS charge and discharge cycles would also
increase significantly. We analysed the BESS charge and discharge operations for both cases
(the charging and discharging to the grid allowed and prohibited) of the EC+LSC scenario.
A summary of general properties describing the studied cases is provided in Table 4, while
the BESS utilisation analysis is provided in Appendix B. When charging and discharging to
the grid is prohibited, the number of cycles is reduced, while charge and discharge cycles
are deeper. When charging and discharging to the grid is allowed, the number of cycles is
increased by over 30%, and each cycle’s depth is significantly lower than for the alternative
case. The number of battery cycles affects their life cycle. Hence prohibiting the charge
and discharge to the grid remained the preferred case in this study. We acknowledge that
by modelling the impact of battery depletion into the optimisation algorithm, it would
also consider the number of cycles and their depth of discharge. The improvement of the
optimisation algorithm to consider the mentioned effects is the subject of future work.
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Table 4. Analysis of BESS charging and discharging cycles during the EC+LSC scenario for the cases
of charging and discharging to the grid prohibited and allowed.

Case Description Charging and Discharging to Charging and Discharging to

Grid Allowed Grid Are Not Allowed
Nr of cycles 332 250
[%C;}flalgggsl\ggillac?ty] 21.59 53.84
(e of BESS capacity] 333 19.43
(o of BESS capacity] 1786 5238
(0 of BESS capaciiy] 391 29.6

The simulation results for the PC business model have a higher variance than the EC.
This indicates that for LECs operated as PCs, the significance of choosing the suitable asset
dispatch method is higher than for LECs operated as ECs. One scenario that stands out is the
PC+P2P, which produced the highest ratio of self-sufficiency and the best LCOE for the PC
business model. The PC+P2P scenario provided a better LCOE than the PC+MLC scenario
while having only 0.1% less self-consumption than the PC+LSC scenario. This can be
explained by the nature of the simulation, where the optimisation algorithm aims to match
energy production and consumption inside the LEC by utilising flexibility, which results
in similar self-consumption rates and total operational cost as the benchmark scenario,
but significantly higher self-sufficiency, which lowers the LCOE. Simulating the P2P asset
dispatch with improved flexibility characterisation is a point of interest for future studies.
Additionally, simulating and comparing operational P2P algorithms to the results obtained
in this study are in the scope of future research.

When comparing the performance of the LSC asset dispatch method, the self-cons-
umption values between the benchmark, EC+LSC and PC+LSC scenarios fall within 0.1%.
The PC+LSC scenario produced the best values for LCOE and total operation cost, which
can be accounted for by utilising flexibility. This indicates that different business models
have an insignificant effect on maximising the self-consumption of the LEC.

The findings of the MLC asset dispatch method indicate, as predicted, that the use
of power system flexibility has a considerable influence on the overall operating cost and
the levelized cost of energy (LCOE). The lowest LCOE was achieved for the CFA+MLC
scenario, where the LEC takes the role of the aggregator and provides grid services directly
to the system operator. Since this work aimed to quantify the potential of different LEC busi-
ness models and asset dispatch method combinations, the implementation and increased
operation costs for the LEC to operate as an aggregator were neglected. The calculation
of flexibility remuneration considering actual activations and providing detailed financial
calculations for integrating and operating a virtual power plant by the LEC is the subject of
future work.

The same simulations were run using 2022 Nord Pool Spot Market pricing to further
investigate how the Spot Market affected the simulation findings. The respective benchmark
and results of the simulations with 2022 Spot Prices are summarised in Table 5. The average
energy prices on the Nord Pool Spot market in the EE price region were 0.087 € /kWh in
2021 and 0.192 €/kWh in 2022, corresponding to a price increase of 120.7%. Comparing
benchmark values, self-consumption and self-sufficiency remain the same, while the LCOE
increases by 49.5% and the total operation cost by 74.4%. Figure 6 displays the difference
between the results of simulations that used 2021 and 2022 Nord Pool Spot market prices.
The values displayed in Figure 6 are relative value differences, compared to respective
benchmark values, between the results of simulations with different Nord Pool Spot market
prices. As expected, the main differences are between LCOE and total operation cost, while
the decrease is most notable for LECs utilising the MLC method for asset dispatch. For
those LECs that utilise the MLC method for asset dispatch, it can be observed that the ratio
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of self-consumption is also decreasing. This means that under relatively high market prices,
the LECs utilising the MLC asset dispatch method need to account for significantly reduced
self-consumption.
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Figure 6. Differences between scenario simulation results (compared to benchmark) with different
Nord Pool Spot market data. Simulation results with 2021 and 2022 Nord Pool Spot market prices
are compared. Self-consumption, self-sufficiency: negative values show better performance with
2021 Nord Pool Spot market prices than with 2022 prices and vice versa; LCOE, Total operation cost:
positive values show better performance with 2021 Nord Pool Spot market prices than with 2022
prices and vice versa.

Table 5. Summary of simulation results with 2022 Nord Pool Spot Prices.

Parameter Benchmark EC+LSC EC+MLC PC+P2P PC+LSC PC+MLC CFA+MLC
Self-consumption [%] 92.86 92.77 91.01 93.03 92.86 89.86 80.08
Self-sufficiency [%] 25.20 25.01 24.57 28.21 25.18 24.90 22.58
LCOE [€/kWh] 0.2000 0.2005 0.1964 0.1909 0.2000 0.1910 0.1680
Import cost [€] 90,421 90,908 89,595 90,384 90,492 85,052 84,869
Export revenue [€] 1889 2040 3112 1942 1991 3644 13,171
Flexibility revenue [€] - - - - 466 591 4136
Total operation cost [€] 88,532 88,868 86,483 88,442 88,035 80,817 67,562

Overall, it can be noted that the best PC+MLC and CFA+MLC scenarios give the best
results from an economic point of view. However, the self-consumption and self-sufficiency
are reduced in most cases. The PC+P2P and PC+LSC scenarios show lower improvements
from the economic point of view, however, self-sufficiency and self-consumption never
show significantly lower results compared to the benchmark case. Thus, the preferred
combination depends on the overall goal for the LEC.

6. Conclusions

This study investigated the impact that different LEC business models and asset
dispatch methods have on the performance potential of LECs. A benchmark and six
scenarios were developed, modelled, and simulated using MILP. For each scenario, six key
parameters were calculated and evaluated in order to estimate the prospective performance
of the LECs and to benchmark their performance against other LECs. The key conclusions
are stated below.
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1. If the LEC aims to provide high levels of self-consumption, while there exists a limited
number of controllable assets, simple, rule-based control systems provide a solution
with low computational complexity that is easy to implement.

2. The utilisation of flexibility increases the LEC’s economic performance, but different
asset dispatch methods provide different rates of self-sufficiency.

3. When the LEC is utilising an energy cooperative business model, the selected asset
dispatch method provides only minor differences in LEC performance.

4. For LECs operated as prosumer communities, the significance of choosing the suitable
asset dispatch method is higher than those operating as energy cooperatives.

5. The LEC’s business model has an insignificant effect on maximising its self-consumption.

6. For LECs operated as prosumer communities, the P2P asset dispatch method can
provide a lower LCOE than other asset dispatch methods while realising that potential
through operational P2P algorithms remains to be verified.

7. The LEC has the potential to significantly increase its economic performance by taking
the role of the aggregator and directly providing grid services to system operators.

8.  Increased energy prices reduce the self-consumption of the LECs that utilise the MLC
asset dispatch method.

As a result of this work, we have quantified the potential of different LECs, the
outcomes of this work will serve as a benchmark for evaluating the effectiveness of various
operational optimisation and control techniques, which is the subject of future work.
Secondly, the aim is to improve the presentation of prosumer flexibility availability and
delivery, where data about power system flexibility requirements, activations and respective
remuneration is included. The calculation of flexibility remuneration considering actual
activations and providing detailed financial calculations for integrating and operating a
virtual power plant by the LEC is the subject of future work, as well as simulating the P2P
asset dispatch with improved flexibility characterisation. Another focus lies in improving
the optimisation algorithm to consider the degradation of the battery based on BESS usage.
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Appendix A

A rule-based controller for controlling the BESS in the benchmark scenario is presented
in Algorithm Al. If production exceeds consumption at the PCC, the BESS is charged
until the SOC reaches 100%, upon which the excess energy is exported to the grid. If
consumption exceeds production at the PCC, the BESS is discharged until the SOC reaches
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20%, upon which the deficit is imported from the grid.

Algorithm A1: benchmark scenario

Input: Eprosumerr EPV ,S0C
Output: Egggs, Epc, SOC

1 if Epy > Eprosumer then
2 if SOC < 100 then
3 if Epy — Pyrosumer > 75 kW then
4 Eggss = 75 kW
5 Epcc = Eppss + Eprosumer — Epv
6 calculate SOC
7 else
8 Eggss = Epv — Eprosumer
9 Epec =0
10 calculate SOC
11 end
12 else
13 Eggss =0
14 Epee = Eprosumer — Epy
15 calculate SOC
16 end
17 else
18 if SOC > 20 then
19 if Eprosumer — Epy > 75 kW then
20 Eggss = =75 kW
21 Epcc = Eprosumer + Eggss
22 calculate SOC
23 else
24 Eppss = _(Eprosumer - EPV)
25 Epee =0
26 calculate SOC
27 end
28 else
29 Eppss =0
30 Epee = Eprosumer — Epy
31 calculate SOC
32 end
33 end
Appendix B

A BESS utilisation analysis was carried out to evaluate the usage of the BESS with and
without permission to use the grid for unlimited charging and discharging. In Figure A1,
the BESS'’s capacity for each charging and discharging operation is depicted as a histogram.
When no restrictions on using the grid apply, the BESS is used to perform cycles with
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lower capacities. Although battery manufacturers use the number of cycles to characterise
battery lifetime, for some battery types, the impact of cycles on battery degradation is lower
when these cycles are executed at higher SOC levels. To evaluate at which SOC levels the
BESS is operated, the SOC at the end of each charge and discharge cycle is depicted in
Figure A2. For both scenarios, the SOC of the battery is mostly around 20% at the end of
the discharge cycles, which indicates that the battery of the BESS is operated mainly at the
lower SOC levels.

It is concluded that applying the constraints for charging and discharging to the grid
reduces the number of BESS cycles while the capacity of individual cycles increases.

Cycle capacities: Charging and discharging to grid allowed Cycle capacities: Charging and discharging to grid not allowed
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Figure A1. Comparison of BESS’s capacity for each charging and discharging operation: (a) Charging
and discharging to grid allowed; (b) Charging and discharging to grid not allowed.

Battery SoC: Charging and Discharging to grid Battery SoC: Charging and discharging to
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Figure A2. BESS SOC values at the end of each charge (SOC High) and discharge (SOC Low) cycle:
(a) Charging and discharging to grid allowed; (b) Charging and discharging to grid not allowed.
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