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Local energy communities require tools to select their most fitting community members, power-
sharing strategy and technologies for their goals. This work aims to develop a model and a methodology
to optimise local energy communities. We evaluate the presence of a battery energy storage system
with different capacities and ownership options. Besides, we test two different sharing strategies
like static and variable coefficients. Finally, we characterise local energy communities’ demand by
comparing residential and commercial loads and varying the number of consumption points. We apply
the method to a case study consisting of a 100 kWp photovoltaic installation in Valencia simulated
with an hourly resolution for a whole year. We use real consumption data from households and
commercial buildings and the current administrative requirements, obtaining the flows and status
of each component within the local energy community at every moment. We assess each alternative’s
economic performance, autarchy degree, and the amount of avoided greenhouse gasses emissions.
Results indicate that a local energy community well optimised can fulfil economic, environmental
or self-consumption goals. Results only advise installing a storage to increase the degree of self-
consumption. Moreover, we obtain the best financial and environmental results in large communities
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1. Introduction

Local Energy Communities (LECs) are legal entities that effec-
tively control their members, are locally rooted and whose goals
must be to provide environmental, economic and social benefits
rather than financial profits. LECs can be simulated and optimised
considering energy storage, different participants typology and
sharing strategies. This article develops a mathematical model to
simulate a LEC and a methodology to optimise them. This work
glimpses LECs’ impact on the Energy Transition (ET).

LECs offer several benefits to the success of the ET (Lowitzsch
et al, 2020) involving all the pillars of sustainability. On the
economic side, LECs allow the members to reduce their energy
expenses (Roldan Fernandez et al., 2021) to the point of fighting
against energy poverty (Gjorgievski et al.,, 2021; Hewitt et al,,
2019; Heras-Saizarbitoria et al., 2018). Besides, LECs represent
a new source of funding for renewable energy projects (Brum-
mer, 2018; Soeiro and Dias, 2020) to increase the share of clean
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energy technologies in the system. On the technical side, LECs
bring power generation closer to the consumption points, re-
ducing power losses on the electricity system (Roldan Fernan-
dez et al, 2021) and increasing competition (Rib6-Pérez et al.,
2019). It also leverages the potential flexibility of the end-users
of energy (Ribo-Pérez et al, 2021). Moreover, it increases the
resilience of the grid, and the users without over-investing in
grid expansions (Gui and MacGill, 2018; Vibrant Clean Energy,
LLC, 2020; Perez-DeLaMora et al., 2021). On the social side, LECs
promote participation and democratic control of the electricity
system (Brummer, 2018; Hewitt et al., 2019; Capellan-Pérez et al.,
2018; Perez-DeLaMora et al., 2021) for social sectors that cur-
rently do not have the space or funding needed for an individual
installation (Stewart, 2021). Therefore, LECs have great potential
in urban environments as cities consume two-thirds of the en-
ergy supply and reduce 70% of CO, emissions (C40, 2020; UN
Habitat, 2020). Moreover, LECs increase awareness of sustainable
issues (Brummer, 2018; Heras-Saizarbitoria et al., 2018) and build
community cohesiveness and energy-related knowledge among
the members of the community (Brummer, 2018; Soeiro and Dias,
2020).

Although all their benefits, there are still many challenges to
creating and operating a LEC. First, it is uncertain how to design
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Nomenclature CELL Cost of electricity sold to the grid at
moment t [€]
Indices CtV Cost of variable term of electricity from
c Allocation coefficients set index 5 the grid at moment ¢ [€]
.. E; Energy stored at BESS at moment ¢
t Time index [h] [kWh]
J léoad curv? tlll: dex ind LT Lower price threshold [€/kWh]
5 .easons'o € yegr “? ex PAj, t Power allocated to curve j at moment ¢
e Simulation scenarios index (kW]
n Year of operation index [yr] pP¢ Power charged to BESS at moment ¢t
Sets [kW]
. . pEP Power discharged to BESS at moment ¢
C Set of all sets of allocation coefficients (kW]
E Set of all 51rr.1ulat10n scenar10§ PtB‘PUR Power charged to BESS purchased from
J Set of all points of consumption the grid at moment ¢ [KW]
N Set of years of operations PjDr Power demand by curve j at moment t
S Set of all seasons of the year ’ (kW]
T Set of all time periods PP Power demand by the LEC at moment ¢
Parameters [kw] .
pPoR Power purchased from grid at moment
cC Annual cost of electricity purchased t
from the grid [€/yr] prv Power generated by the PV system at
chow Annual cost of power term of electricity moment t [kKW]
of the gflfl [€]yr] P! Power consumed by curve j directly
d Market discount rate from the PV system at moment t [KW]
EE, Energy storage capacity of the BESS Ds Price percentile at season s
[kV\'/h]. pSELL Power sold to the grid at moment t [kW]
EF® Emission factor of BESS [gCO,/kWh] uT Upper price threshold [€/kWh]
EFCGRID Emission factor of electricity from the b€ BESS charging efficiency
. grid [gCO,/ ;<Wh] ] . neP BESS discharging efficiency
EF Emission _factor —of PV generation ok Price of purchased electricity at moment
telec Electricity inflation index et Price of sold electricity at moment t
L Number of commercial load curves [€/kWh]
R Number of residential load curves )
oM Operation and maintenance annual ex- Metrics
penses [€/yr] GHG GHG emissions avoided by the LEC
pB< Maximum charging power of the BESS during its lifeti
MAX uring its lifetime [tCO;]
. [kW] . . GHGE GHG emissions associated to the BESS
Pyjax Maximum discharging power of the use annually [tCO,/yr]
be BESS [kW] GHGCRID GHG emissions associated to the pur-
P Annual tota} demand of the commercial chases from the grid annually [tCO, /yr]
. load curve j [kWh/yr] GHGY GHG emissions associated to the PV
P Annual total demand of the residential generation annually [tCO, /yr]
load curve j [kWh/yr] NPVINV NPV of investment at year n [€]
POW; Contracted power in the load j [kKW] NPV#EC NPV of LEC at year n [€]
PR Nominal power of the PV system [kKW] NPVOM NPV of OM at year n [€]
pT¢ Number of commercial points of con- NPV,fAV NPV of savings at year n [€]
sumption Y% Annual billing savings generated by the
PTR Number of residential points of con- LEC [€]
sumption SC Degree of self-consumption of the LEC
prT Number of total points of consumption
RATIOR Portion of the total demand coming Acronyms
row frgm residential loads BESS Battery Energy Storage System
I Price of contracted power [€/kW] CEC Citizen Energy community
Variables ET Energy Transition
) EU European Union
CF; PV capacity factor at moment ¢ GHG Greenhouse Gases
CPUuR Cost of electricity purchased from the IRR Internal Rate of Return
grid at moment ¢ [€] LEC Local Energy Communities
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NPV Net Present Value

PV Photovoltaic

REC Renewable Energy Communities
RES Renewable Energy Sources
Subscripts

0 Original situation

LEC After LEC implementation

a LEC to achieve economic, self-dependence or environmental
goals. Besides, LECs do not know which composition of users
is more suitable for their interests. Moreover, regulations are
constantly changing, arising different energy allocation strategies
that need evaluation to optimise the LEC performance. In this
work, we answer the following research objectives:

(1) How can we model a LEC mathematically to optimise them
considering current regulatory requirements and technology op-
tions.

(2) Which is the best demand configuration regarding the
number of participants and the residential or commercial con-
sumption.

(3) What are the best energy allocation strategies among the
users taking into account the use of static and variable ex-post
coefficients.

For this purpose, we have developed a mathematical model
to define and simulate LECs and a methodology to optimise
them economically using a single-solution-based meta-heuristic
method. Afterwards, we have identified various design variables
to analyse the possible LEC configurations. These variables com-
prise different allocation strategies, residential and commercial
demand profiles, numbers of LEC members and the presence or
not of a Battery Energy Storage System (BESS). We have applied
this method to a case study of a LEC organised around a photo-
voltaic (PV) installation of 100 kW in an urban area of Valéncia,
Spain.

We have organised the rest of the paper as follows, Section 2
discusses the current literature around energy communities and
their modelling, Section 3 presents the methodology and the
mathematical formulation to optimise and assess the community
performance. Section 4 describes the Case Study analysed. Sec-
tion 5 shows the results from the different simulations and dis-
cusses them and their implications. Finally, Section 6 concludes
by summarising the main findings of the paper.

2. Related work
2.1. LEC concept and regulation

Until recently, the concept of LEC embraced projects of a
very different nature because LECs were being developed with
no specific regulation for them (Hewitt et al,, 2019). After the
completion in 2019 of the Clean Energy for all Europeans Pack-
age, the concept of energy communities got introduced in two
different Directives. “Citizen Energy Community” (CEC) from the
recast Electricity Market Directive and “Renewable Energy Com-
munity” (REC) from the Renewable Energy Directive are similar
concepts but have some key differences (Council of European
Energy Regulators, 2019). Their members must effectively control
the community, and their main objective must be to provide
environmental, economic and social benefits rather than financial
profits. However, while CECs work under no geographical limita-
tion, the members of a REC must be located in the proximity of
the renewable energy project owned by the community. On the
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other hand, CECs are limited to the electricity sector, but RECs can
be active in all energy sectors, provided that they use only RES.

In Spain, transposition took place by the Royal Decrees
2442019 and 23/2020 (BOE, 2019, 2020). Under this framework,
the distance between the power generation system and LEC
members must be less than 500 m. LECs can share their generated
power using static or variable allocation coefficients. LECs using
static coefficients allocate their generated power every hour with
the same sharing ratios. In turn, LECs using variable coefficients
can assign different percentages to each user on each hour. It
is also relevant to consider that renewable installation will have
access to a net metering surplus compensation while the installed
nominal power is lower than 100 kW.

2.2. LEC modelling

Previous work has modelled each of the components involved
in the LEC model and has served as a basis for developing our
mathematical model. Some previous works have model PV in-
stallations to achieve exact results (Vinod et al.,, 2018; Ma et al,,
2014; Luo et al., 2020), others used simulation software to obtain
PV results (O’Shaughnessy et al.,, 2018; Maturo et al., 2021) or
collected data directly from a PV installation (Olaszi and Ladanyi,
2017).

Regarding stationary batteries, various publications study how
batteries work alongside a PV installation (Olaszi and Ladanyi,
2017; Angenendt et al., 2018; Zhang et al., 2017; O’Shaughnessy
et al,, 2018). Other publications have researched the communal
use of batteries (Lokeshgupta and Sivasubramani, 2019; Parra
et al., 2017; Barbour et al., 2018; Koskela et al., 2019; Roberts
et al,, 2019).

About collective self-generation, there is also interest in the
scientific literature to model and optimise its operation (Ye et al.,
2017; Leithon et al., 2018, 2019). Besides, energy communities
are the focus of numerous works. Some research has focused on
developing tools to design LEC (Lyden et al., 2018; Doroti¢ et al.,
2019), others have studied the impact of different regulations
for the LEC (Chakraborty et al., 2018; Manso-Burgos et al., 2021)
or the effect of LECs on a national grid (Fina et al., 2020). On
top of that, many studied LECs by modelling and simulating
them. Awad and Giil (Awad and Giil, 2018) developed a model
to simulate the energy demand of a community and a method
to design a LEC that maximises self-consumption and minimises
cost. They applied this model to homes of different energy effi-
ciencies to study how buildings affect the design of sustainable
communities. Then, they compared the LEC with the deployment
of PV installations in each household. They conclude that col-
lective self-consumption is more cost-effective than individual
self-consumption. Lilla et al. (2019) studied the power-sharing
process in a LEC. They modelled day-ahead scheduling of a LEC
to minimise grid cost. They evaluated centralised and distributed
programming processes, obtaining similar results. Grzanic¢ et al.
(2021) developed a method and mathematical model to allocate
and bill energy among users of a LEC in two stages. The first
step is a commonly used method in the literature, but it is
sometimes detrimental to some users. The second step serves to
compensate these users fairly. Maturo et al. (2021) investigated
the performance of several schemes for energy-independent com-
munities considering technologies such as anaerobic digestion,
cogeneration or district heating and cooling.

However, to the best of our knowledge, no other work has
modelled and optimised a LEC considering as many variables
as we do. First, we compare the impact of different sharing
strategies. Besides, we evaluate the different number of members
and demand characterisations. Moreover, in this work, we also
consider the integration of BESS in the LEC. Combining these
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Table 1
Cases in which scenarios are classified.

Energy Reports 8 (2022) 10395-10408

Case Grid-connected PV installation BESS Allocation strategy
Only P Yes Yes No

PV + BESS Static coeff. Yes Yes Yes Static coefficients
PV + BESS Variable coeff. Yes Yes Yes Variable coefficients

variables allows us to compare each alternative’s benefits and
impacts. We believe these questions are relevant, need to be ad-
dressed together, and have not been adequately studied enough
by previous work. On top of that, we will apply the model and the
methodology to a case study in Valencia, Spain. Being Spain one of
the countries with more solar potential in Europe, it is relevant to
study a solar-based LEC there and evaluate the potential benefits
for the region.

3. Methods
3.1. Methodology

We have developed a method, as shown in Fig. 1, to find the
best configuration of a LEC. The method follows a meta-heuristic
approach as it consists of trial and error until it finds the best
single solution. Nonetheless, we define the parameters and the
values to try beforehand. Hence, the method starts by defining
the case study and the scenarios. For the case study, we need to
know various specifications developed in Section 4.

We consider several design variables regarding the allocation
strategy, the LEC consumption characterisation, and the BESS
specifications to define the scenarios. We obtain the different
scenarios to evaluate by combining all the possible values for
these design variables. Afterwards, we divide the scenarios into
three groups (see Table 1) based on the allocation coefficients
employed and the availability of a BESS.

A set of coefficients ¢ is needed to allocate the generated
power among LEC members each hour. A set of coefficients are
values that add up to 1 and establish the energy sharing among
the community. For instance, the LEC with five loads can equally
assign 0.2 for each load or 0.1, 0.3, 0.4, 0.1 and 0.1; both are valid
sets of coefficients. For static coefficients, this set ¢ will be the
constant for all the hours of the year. Therefore, we apply each set
¢ in each hour before trying the next set. Once all sets c are tested,
we identify the set that generates the most significant bill savings
as optimal. In turn, the set of coefficients ¢ can be different on
each hour of the year for variable coefficients. Therefore, on each
hour, all the sets c are applied. Thus, we select an optimal set of
coefficients for each hour.

Moreover, we determine a threshold p; to limit BESS discharge
to the hours when the grid is more expensive (more on this
in Section 3.2). This threshold is a percentile that ranges from
0 to 100, in steps of 25. We optimise this threshold for each
season to adapt to the stationary solar resource and electricity
consumption.

The optimisation problem changes depending on the sce-
nario’s case. Fig. 2 shows how we solve each hour of a scenario
with no BESS available. The generated power is allocated based
on the corresponding coefficients to each energy user. Comparing
the allocated power with the demand, we determine how much
energy is self-consumed and whether there is a power surplus or
a deficit. As there is no BESS, the grid balances these mismatches
by buying or selling the corresponding electricity.

On the other side, Fig. 3 shows how we solve each hour of a
scenario with a BESS available and variable allocation coefficients.
The method is identical to the previous one with no BESS system
until we determine the power surplus or deficit. We store sur-
pluses in the BESS, and if the BESS is full, we sell it to the grid.
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Fig. 1. Methodology employed to optimise a LEC.
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PV power
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Allocation
coefficients

M
Demanded Allocated
power power
)

Demanded >
Allocated

{ Yes No l

Self-consumption

Self-consumption

= Allocated = Demanded
Deficit Surplus
M
Balance with
the grid

Fig. 2. LEC power allocation for case with only PV.

When there is a power deficit, the options are discharging the
BESS or purchasing power from the grid. To make this decision,
we compare the grid price to the upper threshold (UT), and when
the price is higher, we cover the deficit by discharging the BESS.
This upper threshold is renewed daily, based on the grid prices
of the day and the percentile p; (see Section 3.2). Afterwards, we
compare the grid price with the lower threshold (LT). We use this
threshold to establish which price is low enough to charge the
BESS directly from the grid (see Section 3.2). Finally, we balance
deficits and surpluses with the grid.

In turn, Fig. 4 shows how we solve each hour of a scenario
with a BESS available and static allocation coefficients. The main
difference with the previous method is that the BESS gets charged
from the PV system by an allocation coefficient of its own. The
share of the PV system generation to the different elements
(loads and BESS) is not allowed to vary over time using static
coefficients, and the LEC needs to consider a coefficient for the
BESS. Therefore, the LEC sells the surplus energy to the grid. On
the other hand, dealing with a power deficit is similar to that em-
ployed with variable coefficients, but the sharing is proportional
to the allocation coefficients established for the LEC. Thus, we
discharge the maximum power that does not generate a surplus.

3.2. Energy management strategy

When a BESS is available, we do not discharge the stored
energy at any instant with an energy deficit. However, we fol-
low a strategy to maximise economic savings and thus increase
BESS’s value. This strategy aims to discharge the storage system
when higher electricity prices. We consider retail prices for this
arbitrage strategy, as it is the price consumers of the LEC will have
to pay. To this end, we define an upper price threshold UT above
which the BESS is allowed to discharge. We define UT in Eq. (1)
as the p; percentile of the day’s prices; thus, it changes daily.
Moreover, ps can change every season to adjust the stored energy
to the price peaks. Thus, the discharge will be more restricted in
winter than in summer because of the lower solar resource.

UT:HPUR,t'Pp5 Vte[t,t+24],se$ (1)

Energy Reports 8 (2022) 10395-10408

On the other hand, we define a lower price threshold, LT, to
detect low electricity prices. We obtain LT as the 25th percentile
of the last 15 days’ electricity prices, Eq. (2). If the grid price is
lower than this threshold, we charge the BESS from the grid.

LT = HPUR,[ - Pys Vt € [t — 168, t] (2)
3.3. Mathematical model

We include the mathematical model of a LEC in this section,
starting by defining the different components participating in the
LEC. Then, we describe the constraints of the system. Finally, we
explain the optimisation problem.

The objective function of the optimisation, Eq. (3), is to max-
imise the energy bill savings of the members of the LEC.

max SV = Clo — C%|ec (3)

3.3.1. Modelling of components
e LEC electric load
LEC’s electric demand at any moment, PrD, corresponds to the
sum of the electric demand of each point of consumption j,
Eq. (4).

J
PP=) P, VteT (4)
i=1

We apply the model to residential and commercial de-
mands. We use Egs. (5) and (6) to obtain the number of
residential and commercial consumption points. We obtain
them using the annual demand of each load curve (PJ.D’R,

PJ.D'C), the residential consumption ratio (RATIOR) and the
number of residential and commercial load curves used
(LR, L%). To obtain Eq. (6), we simplified from a system of
equations considering all these variables.

prT = PR 4 PTC (5)
T L pD.C
R _ Pr Zjﬂpj (6)
T 1€ IR DR, 100 1€ D.C
® Zj=1 P (amor — D + ZJ':l P
e PV system

We estimate the hourly generation of the PV system, Eq. (7),
from the capacity factors and the nominal power.
PPV =Pl CF,  VteT (7)

nom

e BESS
Eq. (8) defines the energy stored at the BESS at any mo-
ment. It is the energy stored previously plus the change that
occurred during the moment ¢:
PB,D
EP =EP , + PP Pt — nﬁt VieT (8)
e Grid
The annual cost of electricity is the sum of the variable term,
which depends on the amount of purchased electricity at
each hour, and the price of the contracted electricity term,
which depends on the contracted power of each consump-
tion point. The cost of the contracted power is the sum of the
cost for each consumer, Eq. (9). The variable term, Eq. (10),
is the price difference between the purchased and the sold
energy at each hour.

T T J
cC=> "¢+ =3¢+ 1" pow )
t=1 t=1 j=1

CY = CPUR _ CSELL — pPUR A PUR _ pSELL AL 7SELL g e T

(10)
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v

Allocated
power

J
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No

|

Self-consumption
= Allocated

l

Deficit

BESS ch

arge

(
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Lower threshold

!

Self-consumption
= Demanded

l

Surplus

Balance with

the grid

Fig. 3. LEC power allocation for case with BESS and variable coefficients.

3.3.2. Constraints

e System energy balance
The energy sources of energy must match at any moment
the energy sinks, Eq. (11). Additionally, Eq. (12) forces a net
balance over the year for the BESS.

(PP +PEP 4 PPU AL = (PP 4+ PP+ P YAt Ve e T (11)

ES = EB (12)

e Energy sharing

10400

Eq. (13) establishes that the power allocated, P4, to each
curve j is equal to the corresponding share, ¢, of the gen-
erated power, PV, ¢; are the allocation coefficients. Eq. (14)
indicates that, at each moment, the allocation coefficients
add up to the unity. Depending on the values of these al-
location coefficients, the LEC will face more or fewer power
surpluses, affecting the final results. We have added Eq. (15)
to simplify the optimisation. According to this constraint, in-
dividual coefficients can only take positive values multiples
of 0.1 (as 0.1, 0.2, 0.3...). This constraint acceptably limits
the optimised result’s accuracy but dramatically reduces the
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Fig. 4. LEC power allocation for case with BESS and static coefficients.

computational requirements.

PL=P"q: VteTje].ceC (13)
J
Y gi=1 VteT,ceC (14)
j=1
¢ =0.1N" VceC,je] (15)

The power self-consumed for each curve j at any moment
is the lower value between the demanded and the allocated
power, Eq. (16).

PlY =min(P{,,P})) VteT.je] (16)

e BESS constraints
Eq. (17) prevents the simultaneous charging and discharg-
ing of the BESS. Meanwhile, Egs. (18)-(20) set constraints
for the charging power, discharging power and the energy
storage capacity of the BESS.

PEPPEC =0 vteT (17)

0<PMC <Pl VteT (18)
0<pPP <Pl VteT (19)
0<EP<EE,  VterT (20)

Eq. (21) constrains the BESS discharge to the periods when
grid price is higher than the upper threshold UT and bat-
teries have energy stored. Similarly, Eq. (22) constrains the
BESS charge purchasing electricity from the grid for the
periods when grid prices are lower than the lower threshold
LT and batteries are not fully charged.

PP =0 [ <ur
{Pf”’ -0 [>T VteT (21)
PP =0 mMR > LT
{Pf”’”“ -0 PR < VteT (22)
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o Billing constraints
Eq. (23) establishes that the contracted power of LEC mem-
bers does not change. This approach is conservative and
simplifies the assessment of results.

C"%]o = "W gc (23)

In turn, Eq. (24) indicates that, in the present situation,
consumers do not sell any renewable electricity surplus to
the grid.

CGHo=0 VterT (24)

3.4. Metrics

We have evaluated the results of this work according to the
three pillars of sustainability. We employ different metrics to
evaluate economic sustainability. We use the Internal Rate of
Return (IRR) to compare different alternatives regardless of their
investment difference. The Net Present Value (NPV) serves to
reflect the economic progression of the LEC over the years. We
employ the annual savings (SV) for cases with BESS available
due to the impact of battery replacement on LEC’s economic
performance. To evaluate social sustainability, we have used the
degree of self-consumption to measure social participation in the
electricity system. Besides, we measure the greenhouse gas (GHG)
emissions avoided by the LEC for environmental sustainability.

e Financial evaluation
We calculate the NPV of the LEC as indicated in Eq. (25).
We evaluate the different components of the LEC's NPV
following Eqgs. (26)—(28).

NPVIEC = NPv2AY — NPYOM — NPV (25)
NY% 1+ fetec \"
NPV = 1-— ¢ vneN 26
" d— ielec 1+ d ( )
OM 1 \"
NPVOM = |1 —— VneN 27
o= () | @
INV,

NPV;NV _ vaﬁ‘q + vne N (28)

(144d)y
We obtain the IRR as the market discount rate, d, that makes
the NPV of the LEC at the need of the project lifetime,
Eq. (29).

IRR=d <= NPV{“ =0 (29)

e Degree of self-consumption
To know the degree of self-consumption, we consider the
expression Eq. (30). The degree of self-consumption mea-
sures the amount of energy covered by the LEC out of the
total energy demand.

T J B,D B,PUR
Sty (S Y+ PP — PP

i PP

e GHG emissions avoided
Eq. (31) is employed to account for GHG emissions avoided
by the LEC. The avoided emissions are evaluated based on
the current situation. We use Eqgs. (32)-(34) to calculate the
emissions corresponding to the different technologies.

Ne (30)

GHGY = (GHG™®"|y — GHG™P|;c — GHG™ — GHGP) N

(31)
T
GHG™P =~ (P/"® At) EFR"” (32)

t=1
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Table 2
Scenarios variables and their possible values.
Variable Values

Allocation coefficient Static or variable

Points of consumption 50, 100 or 150 points
Residential consumption 25%, 50%, 75% or 100%
BESS Available or not available
BESS capacity 100 or 300 kWh

BESS Ownership Private or communal

BESS Static Coefficient 0.1, 0.2 or 0.3
BESS Loads
" Inverter
L)
-_—
~
A

PV System Grid

DC Bus AC Bus

Fig. 5. LEC simplified layout.

T
GHG™ = " (P{" At) EF™Y (33)

t=1
T

GHG" =" (PtB’CAt> EF? (34)

t=1
4. Case study

4.1. Studied scenarios

We have defined seven design variables and their possible val-
ues to evaluate the best LEC configuration (Table 2). We consider
using static or variable coefficients as allocation strategies. We
characterise the demand possibilities with sizes of the LEC from
50 to 150 points of consumption and residential consumption
ratios from 25% to 100% of the total energy demand.

The BESS is optional, and where it is available, the capacity can
be 100 or 300 kWh, in line with the results of Parra et al. (2017).
Besides, the ownership of the BESS can be private or communal.
Private ownership means that each point of consumption installs
a BESS in his household, whilst communal ownership implies
that only the required batteries for the LEC get installed in a
centralised facility. Besides, we compare generation shares of 0.1,
0.2 and 0.3 to charge the BESS when using static coefficients.

In the end, combining all these values, we obtain 144 scenarios
that allow us to study the relative impact of each variable.

4.2. LEC specifications

We locate the LEC over a public building in the city of Valencia,
Spain and present its simplified layout in Fig. 5. It comprises a PV
system, loads of the electricity end-users and the grid as backup.
Besides, it can count with a BESS depending on the scenario.

We display PV system constant parameters for all scenar-
ios in the Table 3. LEC can compensate for renewable surplus
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Table 3
PV system characteristics.
PV system parameter Unit Value
Nominal power (PV) kW, 100
Annual generation kWh 124,186
Installation cost e 132,822
Inverter cost e/u 3,654
Inverter lifespan yr 10
PV O&M e/kW,/yr 20
Project lifespan (N) yr 20
Table 4
BESS system characteristics.
PV system parameter Unit Communal Individual
Total energy capacity (E%,,) kWh 13.1 33
Depth of discharge % 94.7 87.9
Round-trip efficiency (%) % 95 95
Life cycles # 6,000 6,000
Battery price e/u. 5,589 2,524
BESS O&M %/e/yr. 15 15

by the simplified method as nominal power is 100 kW (BOE,
2019). The installation cost accounts for the entire initial invest-
ment for the PV system; we use the inverter cost only for the
device replacement. We used the software PVSyst (PV Syst Pho-
tovoltaic Software, 2021) to generate the hourly capacity factors
of the PV installation. Then, we obtain the solar generation by
applying Eq. (7).

We use Li-ion batteries as the storage technology because it is
the technology most widely used (IEA, 2021). Depending on the
scenario, the BESS can have communal or individual ownership.
Individual BESS should be more modular than communal BESS.
Thus, we display BESS’s main parameters for both alternatives in
the Table 4. LEC replaces batteries at the year in which the life
cycles are exhausted. The operation and maintenance costs (BESS
O&M) are directly proportional to the investment cost in the BESS.

As the billing regulation has changed in 2021 and 2020 was
an extraordinary year in terms of energy consumption due to
the health emergency of COVID-19, we decided to use 2019 as
the case study year to obtain more representative results. Nev-
ertheless, the feed-in tariff began in April 2019. Hence, we had
to extrapolate the hourly purchase prices for January, February
and March. We obtained them using a linear correlation between
the grid price and feed-in tariff for the rest of the year with a
coefficient of determination (R?) of 97%.

LEC loads are composed of residential and commercial con-
sumers. We based consumers’ data on historical data from real
consumers obtained at the Distribution System Operator web-
page, Iberdrola’s i-DE (i-DE, 0000), which is the distributor in
the region. As in the case of the grid prices, the hourly demand
corresponds to 2019. We have considered three residential and
two commercial hourly demand profiles. Each of the points of
consumption corresponds to one of the five demand profiles
following Egs. (5) and (6).

4.3. Metrics rates

We need to define economic and environmental rates to eval-
uate the LEC’s performance. Regarding the financial metrics (Ta-
ble 5), as it is hard to predict accurately, we have defined different
rates to obtain different scenarios. This way, we perform a sen-
sibility analysis of the financial results. The main result uses the
reference rates, and we use the optimistic and pessimistic rates
to obtain the range of possible outcomes.

In turn, we use emission factors from the Spanish or the
European context, Table 6.
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Table 5
Financial rates under reference, optimistic and pessimistic perspectives.
Rate Reference Optimistic Pessimistic
Electricity inflation index (iepc) 0.000 0.020 —0.020
Discount rate (d) 0.020 0.010 0.060
Table 6
Emission factors of the different technologies employed.
Technology Emission factor (gCO,/kWh)
Spanish Electric Grid (EF°RP) (REE, 2020) 190
PV System (EF™) (Victoria and Gallego-Castillo, 2019)20
BESS (EFB) (Le Varlet et al., 2020) 60
Table 7

Hours with surplus production per year on average according to residential
consumption with no BESS available.

Residential consumption 25% 50% 75% 100%
Hours 3,582 3,173 3,082 4,234
5. Results

We group the results by the presence or lack of a BESS in
the LEC. For each group, we present the results of the three
metrics focusing first on the economic impact of the allocation
coefficients and demand configuration. Then, we assess the im-
pact of different variables on the degree of self-consumption and
the volume of GHG emissions avoided. Finally, we compare the
metrics depending on the technologies that generate the most
significant LEC investment differences.

5.1. Only PV cases

The initial investment for the only PV cases is the PV instal-
lation cost and the replacement of the inverters. Besides, the
design variables that affect the economic outcome of the scenario
are the number of consumption points supplied, the residential
participation and the type of allocation coefficient used. Thus, we
show the results for static and variable coefficients in Fig. 6.

LEC obtains its best economic performance in large communi-
ties (150 points) because as the demand increases, the surpluses
reduce. Avoiding surpluses improves LEC’'s economy because the
compensation price is lower than the purchase price. Therefore,
it could be interesting to know the number of consumption
points required to avoid surpluses. Nonetheless, as the com-
munity grows, it can generate disaffection as the savings for
each individual get reduced, and the number of people involved
hinders participation. Thus, energy communities can benefit from
growing, but the LEC must consider the possible threats.

On the other hand, LEC obtained its best financial results
with a 75% residential participation in energy consumption be-
cause this aggregation ratio of residential and commercial de-
mands generates fewer surpluses than the rest of the possibilities
(Table 7).

Fig. 7 presents the NPV evolution outlook under the different
rates of electricity inflation and market discount for the scenario
with variable coefficients, 150 points of consumption and a 75%
residential participation. This Figure indicates that, for an op-
timised configuration, the LEC is profitable even in the worst
scenario. The central value corresponds to the reference rates,
and the best and worst values correspond to the optimistic and
pessimistic rates.

Regarding the degree of self-consumption, Fig. 8 shows that
the degree of autarchy increases in smaller LECs. This result is
sensible as smaller LECs share the generated electricity among
fewer users and, therefore, each consumer receives more energy
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Fig. 8. Average self-consumption degree heat map in scenarios with only PV.

than in bigger LECs. Besides, self-consumption increases with low
residential participation because their demand meets generation
less often than commerces (namely because of weekdays).

Nevertheless, to improve the carbon footprint of the LEC, Fig. 9
indicates that it is better to go for a high number of members with
relatively high residential participation. This result concurs with
the financial results. The electricity consumed from the power
grid is the most expensive and polluting; therefore, reducing
electricity purchases reduces the GHG emissions associated with
energy use.

Consumption points
50 100 150 1CO,eq

25% [

50 % -

5%

Residencial consumption

100 % -

Fig. 9. Average GHG emissions avoided heat map in scenarios with only PV.

5.2. PV + BESS cases

Cases with PV and BESS are affected by the variables that
already affected the previous case (allocation coefficients, size
of community and residential consumption) and, on top of that,
by the BESS capacity, ownership and its static coefficients when
applicable.

Considering the financial results, the alternatives with private
BESS present higher investment costs than communal BESS (Ta-
ble 8). An improvement in the economic performance does not
compensate for this investment increment, and thus, there is
no scenario in which a private BESS is cost-effective. Nonethe-
less, communal BESS only in 1 out of 96 scenarios has an IRR
higher than 1%. Therefore, BESS are not advisable from an eco-
nomic standpoint; nonetheless, the rapid prices decline of batter-
ies (Ritchie, 2021) and the new regulations of the Spanish electric
system (Manso-Burgos et al., 2021) is expected to make BESS
economically feasible.

Taking a look into the annual savings, Fig. 10 indicate that
large communities obtain the best results. The results displayed
in this section are averages for the different domestic consump-
tion rates to evaluate the variables regardless of the community
composition. The 100 kWh BESS performs better with static co-
efficients while, with variable coefficients, the best results are
obtained with 300 kWh BESS. The flexibility that variable coeffi-
cients offer to the LEC is essential to understanding this outcome.
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Consumption points
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Fig. 10. Average annual savings heat m

Table 8
Total investment (NPV'NV 20 yr.) increment of BESS options compared to the
configuration with no BESS available in average.

Case

Only PV

Communal BESS (100 kWh)
Communal BESS (300 kWh)
Private BESS (100 kWh)
Private BESS (300 kWh)

Investment increment

64%

158%
268%
453%

Table 9
Average results obtained in scenarios with PV and BESS.

Allocation IRR Annual cycles BESS lifespan (yr.)
Static coefficients —4.3% 47.1 25.1
Variable coefficients —54.8% 102.5 123

Variable coefficients can profit from the full potential of the extra
energy storage capacity and compensate for the increase in the
investment.

As in the previous case, variable coefficients improve LEC's
annual billing saves, Eq. (3), in all cases. Small LECs benefit more
from the variable coefficients because their surplus generation
is more significant than large LECs surpluses. Therefore, large
LECs have less storage capacity to profit from variable coefficient
flexibility.

However, we have employed the annual billing savings be-
cause IRR results get distorted by the battery replacement and
do not offer consistent results. When evaluating the obtained
IRR, the allocation coefficients employed impact significantly the
results. As the optimisation objective is to maximise the annual
savings, using variable coefficients implies a more intensive use
of the BESS, thus reducing its lifespan and worsening the project’s
economic performance at the end (see Table 9).

We offer Fig. 11 to illustrate the impact of employing static or
variable coefficients. These Figures represent identical scenarios
in everything but the allocation coefficients employed. Notice
that each NPV drop corresponds to an investment carried out by
the LEC, pointing at the battery replacement year. LEC does not
replace the batteries when using static coefficients, and it may
be profitable in an optimistic scenario. However, using variable
coefficients, LEC battery replacements in years 9 and 18 sink
the LEC profitability. Therefore, the LEC should develop a BESS
conservation strategy to profit from the potential of using variable
coefficients.

When using static coefficients, LEC decides how much energy
diverts to the BESS. We have tested values ranging from 10 to
30%, obtaining the best results by allocating only 10%. Besides,
IRR results are best with 75% residential consumption.

Concerning the degree of self-consumption, Fig. 12 indicates
that it does not increase with the increase in the BESS capacity
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ap in scenarios with PV and communal BESS.

considering individual ownership. Each point of consumption
counts with its storage facility resulting in the users counting
with the same number of batteries for a 100 kWh or a 300 kWh
BESS requirement. In turn, increasing collective BESS capacity
increases the degree of self-consumption as more generation
surplus can be stored.

The employment of variable coefficients instead of static co-
efficients increases the degree of self-consumption sensibly. Be-
sides, communal BESS provides higher levels of autarchy than
individual BESS, even if it is oversized. This trend is because some
users saturate their private BESS and sell the surplus to the grid
while other users’ BESS is not complete yet.

Considering the avoided GHG emissions on each configuration,
Fig. 13 shows that static coefficients significantly reduce the
potential of LECs to improve their environmental impact. Both
configurations with individual BESS and variable coefficients are
free to charge and discharge their BESS. This capacity reduces the
use of electricity from the grid and, consequently, increases the
reduction of GHG emissions. On the other hand, evaluating the
impact of residential participation, the best results are obtained
with a 75% residential consumption as it is the configuration that
better matches demand with generation.

However, the BESS would have a more significant environ-
mental impact if we restrict the charging of the BESS to the
storage of surpluses, avoiding charging the BESS from the grid.
Charging the BESS from the grid increases the energy purchased
and, therefore, the carbon footprint. First, in the current config-
uration, there are many moments (on average, 2,894 h for static
coefficients and 983 h for variable coefficients per year) in which
the BESS does not store the surplus because it is already full.
Second, the purchased energy from the grid to charge the BESS
will suffer losses due to BESS efficiency. Hence, if LEC's primary
goal is to reduce its carbon footprint, it should not charge the
BESS using electricity from the grid, assuming the worsening of
its economic performance.

5.3. Cases comparison

The best alternative for each variable will depend on the
goal pursued. Table 10 shows which is the best option for each
variable depending on the community goal. The best alternative
is the same for economic and environmental objectives because
the electricity purchased from the power grid is the most ex-
pensive and polluting. Therefore, the optimum LEC configuration
is a large community with high residential participation and
no BESS. On the other hand, when the goal is to increase LEC
self-consumption, small communities with low residential par-
ticipation increase the degree of self-consumption; also, we only
advise a BESS for achieving autarchy.
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Fig. 11. NPVC evolution outlook for a case with PV and BESS.
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Fig. 13. Self-consumption degree heat map in scenarios with PV and BESS.

Table 10
Best alternative for each variable depending on the LEC's goal.

Variable Economic Self-consumption GHG avoided
Allocation coefficients Variable Variable Variable
Points of consumption 150 50 150
Residential participation = 75% 25% 75%

BESS Not available Available Not available
BESS Ownership Communal Communal Communal
BESS Capacity 100 kWh 300 kWh 100 kWh

Fig. 14 compares the average IRR obtained in the case of
installing just the PV installation, PV with individual BESS or PV
with a communal BESS. We decided to divide the scenarios into
these cases because these variables significantly impact the LEC
investment. This Figure shows that BESS are not profitable under
these circumstances and, thus, it is not advisable for the LEC from
an economic perspective.

‘ 8.0 % ‘-Average IRR|
[IMax IRR

5.5 %

1.3%

8.7 %

Internal Return Rate
T
'

L L L
Only PV PV + BESS (Private) PV + BESS (Communal)

Fig. 14. IRR results comparison.
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52 %

46 %
37 % n

34 %
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Only PV PV + BESS (Private) PV -+ BESS (Communal)

Fig. 15. Self-consumption degrees comparison.

Following, Fig. 15 compares the self-consumption degree of
the different situations. BESS increases LEC’s autarchy, especially
under communal ownership, because the LEC centralises the
management of BESS storage capacity. At the same time, each
point of consumption depends on its available capacity using
private BESS.

Finally, Fig. 16 compares the amount of avoided emissions
through the LEC lifespan under each configuration. BESS does
not improve the environmental performance of the LEC, probably
due to the electricity bought from the grid at low prices. That
electricity has the combined environmental impacts of the grid
and the BESS, increasing the carbon footprint of the energy.
Moreover, the electricity purchased from the grid increases with
communal BESS. To increase the avoided emissions using a BESS,
the LEC could not charge the BESS using electricity from the grid,
assuming the worsening of its economic performance.
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Fig. 16. Total GHG emissions avoided comparison.

6. Conclusions

LECs require tools to select their most fitting community
members, power-sharing strategies and technologies for their
goals. Consequently, this work develops a model and a method-
ology to optimise LECs. In it, we evaluate the presence of a
BESS with different capacities and ownership options. Besides,
we have tested two different sharing strategies, static and vari-
able coefficients. Finally, we have characterised LECs’ demand by
comparing residential and commercial loads, varying the number
of consumption points and the participation of the loads in the
consumption. Previous literature has modelled LECs, but none
considered as many variables and scenarios.

We applied the method to a case study in Valencia, Spain,
resolving 144 scenarios with an hourly resolution for a whole
year. We used actual consumption data from households and
commercial users, obtaining the flows and status of each com-
ponent within the LEC at every moment. We assessed the results
using three metrics to evaluate each alternative’s economic per-
formance, autarchy degree, and the amount of avoided GHG
emissions.

Even in the most pessimistic scenarios, an optimised LEC can
fulfil economic, environmental, and self-consumption goals. Vari-
able coefficients improved LEC performance regardless of the
goal. However, LEC needs to develop a management strategy to
ensure an optimal BESS performance with variable coefficients.
Besides, as electricity purchased from the grid is the most ex-
pensive and polluting, we obtain the same optimal configuration
regarding LEC's economic and environmental performance. In this
sense, the results only advise installing a BESS to increase the de-
gree of self-consumption as they are not cost-effective nor reduce
the carbon footprint of the LEC. Moreover, we obtain the best
financial and environmental results in large-sized LECs with a
75% residential consumption. Nonetheless, the best configuration
for increasing autarchy is a small LEC with reduced residential
participation.

LECs allow the participation of a broader population as the
physical and economic constraints are less restrictive than in the
individual self-generation. Moreover, LECs profit from the full
potential of the available space for RES generation. Nonetheless,
energy communities’ growth is slower than in particular gener-
ation installations. This work shows that LECs are feasible and
profitable when properly optimised. Furthermore, new simula-
tions can be performed around the best values of the variables
to obtain more precise results. However, there is still room for
improvement as the results obtained in this work are optimised
to improve the economic performance of the LEC. We could
aim to maximise autarky or reduce GHG emissions, obtaining
better results in those indicators. There is also the possibility
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of reaching a compromise solution to ensure economic perfor-
mance while maximising environmental or self-consumption re-
sults. Other areas of improvement include research on demand-
side response programmes, different storage systems, strategies
to manage them, and the electrification of thermal loads and
private transport. Hence, this research alone is not enough to
explore all options of LECs and the mathematical model devel-
oped here. Future research should tackle some of the barriers
that LECs face, such as sharing costs and benefits, the human
organisation within the community, or the impact of regulations
and administrative procedures. Researchers need to observe this
topic from all perspectives to unlock the full potential of LECs.
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Appendix

All case studies have been solved by a stochastic method using
MATLAB. The data treatment was also carried out in MATLAB. We
have used an AMD Ryzen 7 5800H computer at 3.20 GHz and
16 GB of RAM. Each simulation takes from a couple of minutes to
around 20 min, depending on the number of optimised variables.
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