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ABSTRACT The increased concern for greener and more sustainable energy has prompted the wide
development of local initiatives such as energy communities (EC) in which several users can be gathered to
reach more efficient energy usage. This paper presents an optimization method to evaluate the benefits of an
EC along two axes: 1) self-consumption of the local generation; and 2) remuneration from participation in
the balancing market, especially for the manual frequency restoration of the tertiary reserve. In the proposed
method, a compromise is built between the energy management strategy of the local EC and its flexibility
contribution to grid services. In particular, we provide a framework to define reference profiles that allows
assessing actual contribution in balancing services — i.e., upward/downward actions. A sensitivity study
on two activation parameters for the reserve provision is also performed, namely duration and level of
activation. Our results highlight the necessary trade-off to allow a profitable EC with a minimum bill and
high balancing revenues. A case study of real EC located in the south of France shows that participating in
the balancing market could result in 4.8—13.3 % cost savings, depending on the balancing price scenarios,
with most revenues coming from the upward regulation. With a 25 % activation ratio and a participation time
of only three hours per day, the obtained cost saving remains significant, at 9.5 %.

INDEX TERMS Distributed power generation, energy management, flexibility market, grid services, local
energy systems, renewable energy.

NOMENCLATURE TSO Transmission system operator.
ABBREVIATIONS SC Self-consumption.

CSC Collective self-consumption. SCR  Self-consumption ratio.

DER Distributed energy resources. SSR  Self-sufficiency ratio.

DSO Distribution system operator. RR  Replacement reserve.

EC Energy community.

EMS Energy management strategy.
KOR  Keys of repartition.
mFRR  Manual frequency restoration reserve.
PMO  Moral organizing entity.
PV Photovoltaic.
SOC State of charge. PARAMETERS
af /atd Binary parameter to represent the

occurence of balancing activation
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Ratio between activated balancing
energy and procured capacity.
Simulation time step.

Battery efficiency of individual 7.

Buying price in the
community/grid.

Selling price in the
community/grid.

Price for the capacity reserve at
time 7.

Price for the energy activated for
upward/downward regulation at
time ¢.

Electricity consumption of individ-
ual n at time ¢.

PV production of individual n at
time 7.

Subscription power of individual 7.
Minimum/maximum SOC level of
battery of individual n.

Keys of repartition applied to individual
n at time f.

Electricity bill for individual 7.
Grid/community bill for individual 7.
Total electricity bill for the whole com-
munity.

Remuneration of balancing market for
upward/downward regulation for the
community.

Final electricity bill for individual 7.
Revenue from the balancing market for
individual n.

Electricity bill in the baseline case (with-
out balancing participation) for individ-
ual .

Electricity bill (for a scenario with bal-
ancing participation) that consists of
energy arbitrage with the community
and the grid for individual n.

Objective function of EMS and balanc-
ing participation model.

Objective function of community energy
allocation through KOR.

Objective function of balancing revenue
allocation.
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I. INTRODUCTION

Power measured physically at the
home meter of individual » at time ¢.
Power exchanged contractually with
the community/grid of individual » at
time ¢.

Individual self-consumed power of
member #n at time ?.

Battery charge/discharge power of
individual # at time ¢.

Battery charge/discharge power that is
used for energy arbitrage of individual
n at time ¢.

Power allocated from community to
individual 7 at time ¢.

Collective surplus at time 7.

Capacity reserve power contributed
to the balancing market for
upward/downward  direction  of
individual z at time ¢.

Capacity reserve power contributed
to the balancing market for
upward/downward  direction  for
the whole community at time ¢.
Reserve power that is actually acti-
vated for upward/downward direction
of individual » at time 7.

Reference power profile as forecast to
measure actual balancing contribution
for the whole community at time #.
Reference power profile of individual
n at time ¢.

Reference power profile for net con-
sumer/producer n.

SOC of battery of individual » at time
t.

Binary variable for the pair
(Peter™ | preter™ ) at time 1.

Binary variable for the pair
(Pbar™, Pba™) at time 1.

Binary variable for the pair
(P P ) at time 7.

U
coll,t’> * coll,t

Shifting from fossil fuels to cleaner renewable energy in
the context of energy transition creates the need of integrat-
ing more distributed energy resources (DER), which usually
consist of small-scale electricity generation and storage tech-
nologies. In particular, the decentralization of the electricity
system is driving the growth of renewable energy closer to
the point of consumption in residential areas. Thus, con-
sumers nowadays have the posibility to be at the heart of the
energy transition with the possibility to own individual energy
assets and turn into prosumers —i.e., electricity end-users that
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can act as consumers and producers thanks to the installed
local generation. Those users can then be more independent
from the conventional electricity system by performing self-
consumption (SC) where the generated energy from DERSs is
consumed locally [1].

Furthermore, several individuals can now organize them-
selves as an energy community (EC) to create a more sig-
nificant environmental impact while sharing clean energy
locally and acting as a single entity to offer more services.
Numerous studies have investigated different benefits of ECs
such as increased energy efficiency and lower bill for com-
munity members [2]. In this context, the European Union has
published a document called the ““Clean Energy for All Euro-
peans”’, which is commonly referred to as the “Clean Energy
Package” (CEP). This package aims to promote renew-
able energy among citizens. Today, Germany, Denmark, and
the Netherlands are leading in the implementation of EC
initiatives in Europe [3], [4]. In 2015, France was the first EU
Member State to propose a scheme for local actors to invest
together in renewable projects [5].

In this paper, energy communities are analyzed through
the concept of collective self-consumption (CSC). While
traditional SC refers to a single and independent end-user
consuming the energy it produces locally, the idea of CSC
is to aggregate different production as well as consumption
profiles and take advantage of heterogeneous energy usages.
In other words, any surplus of local generation at the individ-
ual level can be self-consumed by other users in the commu-
nity, which then buy less energy from their energy retailers.
It allows exploiting the full potential of DER by clustering
the resources and reducing the degree of uncertainty coming
from domestic load and variable generation (variance effect).
The implementation of CSC in most countries is rather slow
due to the lack of an appropriate regulatory landscape [6] and
citizen awareness, but it is expected to speed up in the coming
years.

An operation of SC in France is considered collective when
there are one or more producers and one or more consumers
organized together around a legal entity called ““Personne
Morale Organisatrice” (PMO, for Moral Organizing Entity),
which serves as a community manager. The points of energy
delivery of all the community members shall be located on
the low-voltage grid [7] within a 2 km maximum geograph-
ical perimeter and a 3 MW maximum cumulative installed
generation [8]. Moreover, each member shall be equipped
with smart meters that enable data collection of energy
measurement performed by the distribution system operator
(DSO) [9].

CSC naturally leads to more efficient energy usage and
lower electricity bills as users tend to purchase less from
their conventional retailers. Additional revenue streams could
come from the participation of EC in the balancing market
to further improve the profitability of energy communi-
ties [10]. Indeed, the modern electricity network requires
more balancing between production and consumption,
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notably due to the intermittency and volatility of renew-
able energy [11]. European Network of Transmission Sys-
tem Operators (ENTSO-E) defines ‘““balancing” as actions
performed by the transmission system operator (TSO) to
ensure supply is equal to demand in and near real-time after
markets have closed (gate closure) [12]. Different balanc-
ing market frameworks in some European countries have
been described by [13] related to their characteristic and
compatibility for small actors. The resulting revenues from
grid services depend greatly on the technical and administra-
tive requirements such as minimum bid size (i.e., quantity),
symmetricity of the offer, product resolution, and activation
(occurrence and duration). However, the provision of reserve
services can be at the expense of the energy sufficiency of the
community [14]. Additionally, even though there is remain-
ing energy in storage systems after community consumption,
the amount may not be adequate to provide reserves to the
upstream grid.

In France, the balancing is divided into ancillary services
(automatic activation — i.e., primary and secondary reserve)
and balancing mechanisms (manual activation — i.e., tertiary
reserve). On the latter, there are two different market prod-
ucts: (1) mFRR, for manual frequency restoration reserve,
that can be dispatched in less than 15 min and for at least 2 h,
and (2) RR, for replacement reserve, that can be activated in
less than 30 min and for at least 1.5h [15]. We focus only on
mFRR product as it was not worth investigating two reserve
products at the same time for some reasons. It may reduce
the understanding and shift focus from the provision by the
energy community itself. Moreover, our preliminary studies
show that balancing revenues for RR product is not significant
compared to mFRR, mainly because the activation signals for
mFRR is much more frequent than RR.

The scope of the paper is to investigate the opportunities
for an EC to provide mFRR in addition to conventional
operations that maximize the self-consumption (SC) for more
efficient energy usage [3]. For instance, a residential EC can
coordinate batteries belonging to different users to provide
upward/downward reserve upon receiving activation signals.
This will result in a modified overall community power,
different from the one scheduled for conventional opera-
tions [14].

A study by [16] proposes a stochastic optimization model
for aggregated residential users with PV-battery systems to
provide flexibility in the balancing market. To perform both
the energy arbitrage (maximum SC) and frequency control
services, a study by [17] allocates a fraction of the energy
storage’s capacity (both in terms of power and energy) for
energy management strategy while the remaining is dedicated
to the reserve provision. This “partition” approach between
energy scheduling/management and balancing services has
been widely used in the literature [2]. Similarly, this concept
is applied to renewable generation (e.g., PV and wind) and
called the de-rating percentage — for instance, allocating 5 %
to 20 % of production for reserve purposes [18].
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The participation in balancing markets, particularly for
mFRR products, has been studied with regulation provided by
aggregated prosumers using controllable generation, storage,
and programmable loads [19] or by a local EC that determines
reserve capacity first and real-time operation to fulfill the acti-
vated balancing energy next [20]. The latter work estimates
flexibility in day-ahead scheduling by considering load and
PV forecasts, then updates both in real-time simulations upon
receiving activation signals from TSO.

The majority of the existing literature focuses on power
aggregation that can be offered as flexibility but ignores the
internal exchange/sharing between community members that
are at the core of the EC organization with the priority for
local energy use. In other words, the provision of flexibility
services shall be designed to maintain the EC’s performance
in terms of energy management. Moreover, it is still unclear
how the participants of an EC can individually benefit from
the integration in the balancing market.

This paper then proposes an optimization formulation that
simulates energy communities participating in the balancing
mechanism as an additional service to the main grid. It also
allows us to analyze the results both from the collective and
individual member perspectives. The main contributions of
this paper are the following:

« An optimization model for an energy community that
provides balancing grid services in the form of mFRR,
aiming to determine the best trade-off between the self-
consumption of an energy community and the revenues
from the balancing market;

« A framework to define the actual balancing contribution
of an energy community that is based on a reference
profile for verification purposes;

« An allocation strategy to distribute community energy,
followed by the sharing rules of balancing revenues
among its members;

« A sensitivity analysis on the model parameters of acti-
vation signals used for reserve provision.

The rest of this paper is organized as follows. Section II
introduces the EC framework and describes the balancing
concept as well as the proposed optimization model. The use
case is then described in Section III where results are ana-
lyzed in terms of economic performances at both community
and individual levels. Finally, Section IV concludes this paper
and provides points for future works.

Il. MODEL DESCRIPTION

A. ENERGY COMMUNITY FRAMEWORK

The regulatory landscape of typical ECs is shown in Fig. 1
where a community manager takes care of the overall com-
munity and facilitates communication with third parties.
The community manager has the important task of sending
the energy allocation ratio among members to the DSO.
In France, the CSC regulation defines this energy-sharing
ratio among community members as keys of repartition
(KOR). Those coefficients represent the share of collective
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FIGURE 1. Different stakeholders in energy communities.

energy that is distributed to each member of the commu-
nity [21]. Using the KOR and actual measurements from
the individual smart meter of each member, the DSO can
compute the part of users’ energy that is purchased or sold
from/to the community or the conventional retailer at 30 min
intervals. These KOR values then impact the final individual
bill based on the amount of community generation end-users
buy or sell relative to their local consumption or generation.

When ECs participate in the balancing market, the commu-
nity manager has additional tasks of sending the balancing
offer to the TSO and receiving activation orders from the
TSO [22]. Then, the community manager forwards the activa-
tion orders from the TSO to the prosumers in the community.
According to the French TSO, remuneration from the bal-
ancing market is settled and paid monthly. In the case of
participation from energy communities, we propose that the
balancing revenue be coordinated between the TSO and the
community manager, who will then distribute it among com-
munity members.

The architecture of a typical EC is illustrated in Fig. 2
where the output of DERs such as PV and battery, as well
as the power flows from/to the grid and community are
highlighted for each member 7 at time ¢. Note that the only
physical measurable flows are at the meter level (P}'¢"*"). The
measured value is then mathematically decomposed as the

grid (Pﬁflt) and community (P$°") contributions, as expressed

n,t
in (1). To facilitate bidirectional power flows that may occur
as exchanges with the main grid and community, we model
import power flows with positive superscript (*) while
exports with negative superscript (T) which are described

in (1).

+ _
meter — __ meter™ __ pmeter
Pn,t - Pn,t Pnt
meter __ pgd com d d+ gd
Pt =Py + Pyt with Pﬁ,t = Pﬁ,z — Py
+
com _ com™ __ pcom
Pn,t - Pn,t Pn,t

ey

The cost or revenue for every member (and thus the com-
munity as a whole) ultimately depends on the amount of
energy traded with either the community or the grid (i.e.,
through conventional retailers). This amount is determined

83669



IEEE Access

A. D. Mustika et al.: Self-Consumption and Frequency Reserve Provision With EC

— Physical flow ( Grid

—% } Contractual flow /' .
/

|“ Community }

gd+ gd—
P‘rl,L > ‘Dn,L

| Pﬁgm+. P7§i7n7

meter+ pmeter—
Pn,t > Pn,t

load
Pn,t

@

FIGURE 2. Typical energy community architecture.

with the KOR (4, ) for all members that shall be lower than
100 %, as described in (2). Those KOR are applied to the total
net production measured at the individual power meter level
(i.e., the summation of prosumers that generate energy at a
given time step) which allows computing the share for every
end-users, as expressed in (3). However, if the KOR are not
properly designed, some of the allocated power (P%”C) may
not be absorbed by the members due to the net consumption
(P +) being lower than the allocation provided by the
community, as expressed in (4). Remind that any deficit
(i.e., the demand of a user that is not covered by its share
of community generation), on 30 min basis, is supplied by
traditional energy retailers in the CSC framework (5).

Z Ane < 100 % ©)
neN
PO = g x D PR 3)
neN
Py = min (P Py )
+
Py, = prsert — peom 5)

Furthermore, the collective surplus power (Pi';;z I["S) per-

ceived by the main grid is the total net production minus the
total power exchange at the community level at a given time
step — i.e., the part of the community generation that is not
absorbed by community members, as expressed in (6). Then,
this surplus is sold to the upstream grid and distributed among
the net producers in the community based on their level of
production (i.e., prorate of production), as described in (7).
Hence, the amount of energy sold to the community (Pfl‘ftmf
is the difference between the net generation measured at the
meter and the exported energy to the grid, as shown in (8).

surplus meter™ com™
Pcoll,t - Z Py o Z Py ©)
neN neN
Pgd_ _ P:lrfe;ler_ surplus 7
mt prmeter= * Leoll 1 0
Zne/\/’ n,t
com™ __ pmeter™ gd ™
Pn,t - Pn,t - Pn,t (8)

83670

Ultimately, individual energy bills can be computed
monthly using the observed meter flows (with a 30 min time-
step resolution) and a chosen strategy for community energy
sharing (i.e., allocation through KOR with a time resolu-
tion of 30 min). For every member, the bill consists of one
payment/invoice from the upstream grid through conven-
tional power suppliers (Bﬁd) and another from the community
(BS™), as expressed in (9) and (10) where At is the used time
resolution compared to the hourly energy price. The monthly
individual bill (B,,) that considers the grid electricity price
(ng‘”), the feed-in tariff (89" ), and the internal community
prices (n""’"+, 7™y is computed following (11) to finally
assess the community bill as the sum of individual ones
in (12).

+ + - -
Bﬁd:(ngd XZP% — & xZPﬁ’dt )xAt

teT teT
)]
BL™ = (nw"“ X P peom ZP;?;"‘) x At
teT teT
(10)
B, = B + B 11)
Beotl = D By (12)

neN

B. BALANCING MARKET

This paper aims to investigate balancing mechanisms as an
additional revenue stream for the community. Rather than
ancillary services (primary and secondary reserve with auto-
matic activation), the tertiary reserve with manual activation
is considered, more precisely the mFRR product. We focus
on the mFRR as it is more rewarding compared to RR based
on preliminary studies, and observing only one balancing
product allows us to give more attention to the performance
of EC itself. In France, the TSO defines two markets and
remunerations related to those services [13]:

« Reserve capacity' — Paid for the available power (in
€/MW) through daily tender at a marginal price (7r; ).
Bids for the capacity reserve are available only in the
upward direction to mitigate the shortage of generation.
However, in the paper, this product is modeled through
a symmetric formulation (i.e., includes both upward
and downward regulation similar to typical balancing
products), leading to simpler results interpretation.

o Activated energy’ — Paid for the energy (in €/MWh)
that is activated with different energy prices for upward
(zr/""") and downward (rr; ner-d) reserve. Participants
who have been accepted in the capacity reserve market
and others who did not participate in the capacity reserve

Manual frequency restoration reserve and replacement reserve terms and
conditions by Réseau de transport d’électricité (RTE), Paris, 2022.

2Terms and Conditions relating to Scheduling, the Balancing Mechanism
and Recovery of Balancing Charges Section I, by Réseau de transport
d’électricité (RTE), Paris, 2021.
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FIGURE 3. Flows in an EC participating in the balancing market.

n,t

market can submit energy bids to the balancing energy
market.

The participation of an EC in the balancing market is mod-
eled here as the aggregated participation of all the members of
the community by considering only the residential batteries
as the source of flexibility offered to the grld (see Fig. 3) —
for both upward (Pb‘" "y and downward (P 4y regulation
at a given time step. In other words, we s1mply consider the
upward regulation as an increase in battery discharge and the
downward regulation as an increase in battery charge.

The activation signals indicate the orders sent by the TSO
for a balancing service provider (BSP) to actually utilize the
reserve previously submitted. In the implemented simulation
setup, activation signals of the reserve in terms of occurrences
and quantity are represented through two input parameters:
(1) of and af — binary values representing the occurrence
of activation in each direction at a given time step and (2)
B — a ratio between the reserve that is actually activated
and the procured capacity [23]. Thus, the activated balancing
energy (P, dpactiy for downward and upward regulation
from the batterles can be computed with (13) and (14). The
total capacity that is offered by the whole EC in the procured
reserve market is the summation of the offer by each residen-
tial battery as in (15) and (16).

P = at x B x Ph" (13)
Pir?d = afd x B x Pb‘”d (14)
o = 2 P (15)
neN
bat ,d
Peos = 2 Pt (16)
neN

Ultimately, the expected remuneration from the balancing
market is computed using (17) and (18) where a positive value

for upward energy price (r;"""") indicates that the TSO pays
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FIGURE 4. Illustration of the proposed model.

the EC, while a positive value for downward energy price
(Trf ner. d) indicates that the EC pays the TSO by convention.

coll = Z (onlz‘z (% + o) x B x """ x At))

teT

(17)

By = Z (P?()ll,t X (”tmp —af x B x " x At))
teT

(18)

C. OPTIMIZATION STRATEGY TO ASSESS COMMUNITY
CosT

The flowchart of the overall proposed method is depicted
in Fig. 4. The first optimization is intended to determine
the optimal operational trade-off for an EC between self-
consumption and reserve provision in the balancing market,
which is described in this section. It is performed at the com-
munity level to minimize all cost including energy bill within
the community and with the grid, as well as revenues from the
balancing market. Then, following CSC regulational frame-
work, the collective energy shall be allocated to each com-
munity member based on KOR computation (Section II-E1).
Lastly, the final optimization distributes the balancing rev-
enues to the members in a fair manner (Section II-E2).

For the first optimization, we model both the energy man-
agement strategy for internal community operations and the
participation of the EC in the balancing market as a sin-
gle mixed-integer linear programming (MILP) in which the
energy and power from the individual members, community,
and balancing mechanism are modeled as constraints. The
decision variables are formulated as positive semi-definite for
every household # and at every time step ¢ while the physical
degree of freedom consists of the charge/discharge of the
battery.

1) PROBLEM FORMULATION

As specified in Section II-B, the actual reserve contribution
consists of a portion of the battery capacity at each time step.
Apart from that, the batteries are also used for energy arbi-

trage purposes in the community (Pbm ECY P%I‘Eci) such
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that the total battery output for each household (P54 i phary
can be computed through (19) and (20). Hence, the physical
power measured at the meter level is formulated based on the
scheduled power flow of the EC and its contribution to the

balancing grid services as in (21) and (22).

Pry = P P (19)
Pri =Pt P (20)
prreter” — psd® | peon® | pact.d @1)
peter” — pie 4 peom” 4 P (22)

To restrict the direction of some power flows (whether
import or export, upward or downward) in the model,
binary decision variables are introduced: u}{"" for the

: metert  pmeter™ bat bat™  pbat™ bal
pair (P, P ), wy for (P, Py ), and w, for

(PZOHJ, Pi)[l’l). The last binary variable is modeled to make
sure that all members have the same regulation direction
(either upward or downward) at every time step, ensured with
constraints in (23) and (24). The import and export power
flows at the meter level — refer to (21) and (22) — are con-
strained by the subscribed power (Pff‘bs) of each household

as expressed in (25) and (26).

b bal
P?oll,t = (Z Pm‘ztx,n) X un,at (23)

neN
P = (z PM) (1) e
neN
+
P:ze;ter < P;vlubs x uzzjter (25)
P:Zf;ter’ < Pfluhs % (1 _ uzf;ter) (26)

The battery output is limited by its maximum charge/
discharge power and the operating range of state of charge
(SOC) as in (27) - (29). Besides, the SOC value at the
beginning and at the end of the simulation horizon should
be equal to ensure energy conservation, as expressed in (30).
The SOC update at the next time step follows the constraint in
(31) considering the battery’s efficiency ( ,uZ“’ ) that represents
the considered model for the storage assets. Remind that
pha ’ Pba™ refers to equations (19) and (20) that includes a
part for community energy use and another for the activated
balancing energy.

N
PAECT 4 phatd < phat bt 27
PRPEC P < Pl < (1= ) 28)
SOChs , < SOC < SOCha (29)
socky = sock , = soc (30)
b b bart b Pbatt_
n,
S0CL = SOC,) T + Pyol x " — b
n
Ar x 00 (1)
X X —
EpdL
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The next constraints are the power balance at the member
level at every time step considering the instantaneous local
load (Pilf?d) and generation (Pi‘,/). The balance expressed in
(32) also embeds the battery dedicated for community use,
which is then consumed individually (PZf‘f”) or exported to
the grid/community. Similarly, the total demand of the house-
hold comes not only from the house’s electricity usage but
also the battery charging (33). Furthermore, the last constraint
is related to the overall power balance at the community

level (34).
PRY 4 PRECT = pindse 4 pS 4 P (32)
. +
P+ PP = P P+ P (33)

>opemt = e (34)

neN neN

Based on the presented models, the objective function is to
minimize the overall cost that consists of the community cost
defined in (12) minus the balancing market revenue from (17)
and (18).

fi = min [ Beoy — (Bl + By | (35)
s.t. (19) — (34)

2) PERFORMANCE METRICS

In addition to the economic criteria, two metrics are intro-
duced to assess the performance of the community: 1) self-
sufficiency ratio (SSR) and 2) self-consumption ratio (SCR).
The metric SSR is the ratio of consumption that can be
supplied by local generations while SCR is the portion of
local generations that are absorbed locally. These metrics are
important, especially for ECs that provide balancing services
where some of the local energy will be transacted for external
usage. Mathematically, SSR can be computed by excluding
the amount of imported energy obtained from grid arbitrage
and the activated downward energy, as expressed in (36).
Similarly, the calculation of SCR is performed by excluding
the exported energy from the grid and the activated upward
energy, as shown in (37).

d+ d
Zne./\f ZZET (Pflf +Prat,ctt )

SSR=1-— (36)
Zne/\f Zte’f Pﬁ:?d
d~ .
Zne/\/ ZIGT (Pﬁt +PZ,Ctt M)
SCR=1-— 2% 37
Zne./\f ZIG’TPH,I

After the simulation for the energy management strategy
and balancing participation has been run, the next step is to
perform the cost/benefit allocation to community members.
The allocation of community energy through the KOR that
minimizes the total bill for the internal community and the
grid is executed based on previous work [24]. Then, the
remuneration from the balancing market is distributed to each
member in the fairest possible way. This topic on individual
bill calculation will be further described in Section II-E.
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D. REFERENCE PROFILE TO MEASURE ACTUAL RESERVE
CONTRIBUTION

The remuneration for the balancing energy provided is based
on the expected volume to be delivered upon receiving the
balancing order (activation) [25]. One key aspect is to mea-
sure the volume activated. Indeed, this is not obvious as the
flow at the meter level is a superposition of the community
energy usage and the activated reserve.

In particular, frameworks for balancing mechanisms usu-
ally define the activated volume as the difference between a
reference curve and the actual load (i.e., actual measurement).
Three methods can be potentially applied to define the refer-
ence profile [25].

1) Single rectangle: the reference is the average power

observed at the previous half-hour interval.

2) Demand forecast: the forecast is sent in advance (e.g.,
one day before delivery) in the form of a baseline
curve that may be updated up until one hour before the
delivery time.

3) Consumption history:

& 10-day mean variant (moving average): the refer-
ence is equal to the average value at the same time
step over the past 10 days.

¢ 10-day median variant: similar to the 10-day mean
variant but takes the median value instead of the
average value.

o 4-week mean variant: similar to the 10-day mean
variant but computed over 4 weeks of data instead
of 10 days.

o 4-week median variant: similar to the 4-week
mean variant but takes the median value instead of
the average value.

Among the three options mentioned above, the most popu-
lar in the literature is the demand forecast which is computed
through day-ahead operational scheduling [26], [27]. How-
ever, it is important to note at this stage that, in this paper,
simulations are performed in an offline mode. Rather than
proposing an actual strategy for operational planning, the
objective here is to assess the potential arbitrage between
energy management and the provision of balancing grid ser-
vices. Data are deterministic such that we suppose to have
perfect forecast data for household consumption and solar
PV production in the energy community. A more accurate
approach shall be investigated, for example, a method of
model predictive control, which is not the scope of this paper.

In the proposed optimization model, we differentiate the
power offered to the balancing market from the community
management — i.e., after the simulation is done, we take the
part of community energy management to be the reference
profile (as a forecast in the demand forecast method). This
reference profile for the whole community is expressed in
(38) which comes from the summation of individual reference
curves computed in (39).

ref ref
Coll t Z Pﬂ,t
neN

(3%)
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E. ENERGY ALLOCATION AND BENEFIT SHARING

After running the operational phase that determines the bat-
tery control in the community, this section analyzes: i) the
allocation strategy of the community energy among mem-
bers through KOR computation that affects the energy bills
considering exchanges with the upstream grid and with the
community, and ii) the sharing of the balancing revenues that

could lower the final bills.

1) ALLOCATION STRATEGY FOR COMMUNITY ENERGY

The individual bill of each member of the EC is based on
the sharing rules (i.e., KOR) of the total generated commu-
nity energy. Several options to define the KOR have been
discussed in previous work [24]. In this paper, we adopt the
KOR that minimize the total individual bills coming from the
energy trading with the main grid (through energy retailers)
and within the community, excluding the remuneration from
the balancing market, as expressed in (40).

= minB.y
s.t. (2) —(8)

(40)

Here, the KOR at each time step for every user are deci-
sion variables in the optimization formulation while the
constraints refer to the equations of KOR (A, ) described
previously in Section II-A. The reference power meter (P:f’; )
from the result of the previous optimization will be the input
parameter for the second optimization performed monthly.
The KOR is imposed on the reference profiles that act as
the net individual powers for the benefit allocation of col-

lective self-consumption — i.e., Pff;"”+ Pm“”‘”f in (3) - (8)
are replaced with P:f{ , Pref The members who act as net

consumers (positive Pr ) and net producers (positive P, f
at each time step can be determined with (41) and (42).

P;ff = max( P, 0) (41)
P = —min (P;f{ , 0) (42)

Similar to the energy allocation through the KOR concept,
the balancing revenue can be distributed among the commu-
nity members in such a way that all individuals benefit from
the collective decision to enter the balancing market, as we
will discuss in the following section.

2) ALLOCATION STRATEGY FOR BALANCING REVENUE

Individual users could participate in the balancing services
thanks to the aggregation in the EC (e.g., to reach the mini-
mum bid quantity). Remind that the community manager is
the actual balancing service provider — i.e., members cannot
bid to the balancing market individually without the exis-
tence of a community. Thus, it is reasonable to distribute the
benefits among all parties involved, including the community
manager, based on their respective contributions and respon-
sibilities. In this context, a business model can be proposed,
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for instance by assigning a percentage of collective balancing
revenue that can be used to fund the future installation of
DER. A study by [10] assigns 80 % of the total income to the
prosumers while the rest is used for community management.
However, this subject is out of the scope of this paper.

Instead, in this paper, the monthly balancing revenue is
shared among the community members only, in such a way
that everyone can at least gain something from the collective
decision to enter the balancing market. From the previous
sections, we perform simulations for a case where the com-
munity engages in the balancing market and the opposite
case — i.e., without participation in the balancing market (the
baseline case). The energy allocation (through KOR) for the
baseline case yields individual energy bills denoted as BZ“”
while the other case with participation in the balancing market
has individual bills denoted as BY"%". Note that B¥*' contains
only the energy arbitrage with the grid and the community,
and the members’ revenue from the balancing market (B2%)
is computed in this section. The final cost (B for each
member is the energy arbitrage cost (Bfl’h" ) minus the revenue
from the balancing market (BZ“I), as expressed in (43).

inal __ parbi bal
B]:l - Bn - B n

Similar to the KOR computation, the sharing of balancing
revenue is modeled as an optimization problem that maxi-
mizes the minimum bill reduction ratio in the community,
as expressed in (44). This objective is to reach the fairest dis-
tribution among the members. It is necessary to separate the
optimization for the balancing revenue from the two previous
optimization models so that each member could benefit from
the joint decision to provide grid services —i.e., not only users
who have storage systems ‘‘behind-the-meter”.

Bbase _ B/;li”al

f3 =maxmin{ 2+————
Bbase

n

(43)

Vne N } (44)

At this stage, the only decision variables are the individual
revenue from the balancing market (BZ“Z) which are posi-
tive and semi-definite. The first constraint considered in this
model is that the sum of individual revenues shall match the
collective revenue, as described in (45). Besides, the final
individual bill after the EC takes part in the balancing market
shall be less than the baseline case (i.e., without participation
in the balancing market), as shown in (46).

z By = Bl + By (45)
neN
B/:linal < BZase (46)

Ill. RESULTS AND DISCUSSION

A. CASE STUDY AND OPERATIONAL HYPOTHESES

An actual energy community located in the south of France
and operated by our industrial partner, Sween, is considered
a case study. The community consists of seven members with
different DERs combinations of energy assets: solar PV and
batteries. Table 1 describes each DER’s installed capacities
and properties in the community area.

83674

TABLE 1. DER assets of members in the community.

House PV Battery Subscription Power
(kW)  (kW/kWh) (kVA)
1 32 5/9.8 18
2 6.12 5/9.8 36
3 - 5/9.8 9
4 32 - 9
5 32 - 9
6 - - 9
7 - - 9

The retailer buying price (rp”**%) is 13.31c€/kWh
and the selling price (:"%%) is 6.5c€/kWh (flat rates).
Besides, we adopt a business model for the energy commu-
nity with different community exchange tariffs for buying
(7.5 c€/kWh) and selling (7 c€/kWh) such that it is always
more interesting for end-users to trade energy within the
community rather than with the conventional energy retailer.
The storage systems’ round trip efficiency is set at 95 % and
the initial, as well as the final value of SOC, is 50 %.

The activation signals («, &) are obtained from the half-
hourly activated energy data extracted from the French’s TSO
open-data repository [28]. If the activated energy is observed
in both upward and downward directions at the same time
step, we complement it with the frequency deviation data to
ensure that the activation signal for the EC at that time step
is only in one direction (i.e., either upward or downward).
Different scenarios of the activation signal in terms of daily
occurrences are investigated.

Furthermore, the value of 8 (ratio of activation over the
reserve capacity offered) for the tertiary reserve is based on a
study by [29] that specifies that the probability of activation
for the tertiary reserve is at 2 %. However, later in this paper,
we present a sensitivity study of this parameter.

The simulation is performed over a month with the solar
PV and load profiles at a 30 min resolution obtained from
local measurements in March 2021. Remind that the simula-
tion performed here is offline, and run to estimate the poten-
tial arbitrage between community energy management and
balancing grid services. Especially, we use three scenarios of
balancing prices taken from the French’s TSO published data.
Scenario 1 refers to the month of July, Scenario 2 to the month
of October, and Scenario 3 to the month of December 2021.
The activated energy prices over a sample day for the different
scenarios are shown in Fig. 5a, while the procured reserve
prices are described in Fig. 5b and are constant all along
the day. The balancing prices for the capacity reserve are
extremely lower than the balancing energy price (around one-
thousandth) for all scenarios such that the remuneration from
the balancing market presented in the next sections mostly
comes from the activated energy part.

Simulations consist of successive daily runs for a month
to avoid prohibitive computational time due to the introduced
binary variables in the optimization models. The optimization
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FIGURE 5. a) Balancing energy prices over a sample day, b) Procured
reserve prices for all days in the month.

problem is written in MATLAB using YALMIP [30] and
solved with Gurobi.

B. RESULTS

The results for the optimal operation of the EC are pre-
sented first in the next section. Then, an allocation strategy of
community energy among the members is performed while
adopting the concept of KOR. Similarly, we address the
sharing problem of the obtained balancing revenue such that
everyone could gain benefit from the collective contribution
to the balancing market. Lastly, we present a sensitivity study
on the two balancing parameters used in the model (!, ¢

and B).

1) COST-DRIVEN ARBITRAGE BETWEEN COMMUNITY
SUFFICIENCY AND GRID SERVICES

The EC of seven households displays an overall monthly
bill of 336 € when there is no contribution to the balancing
market (i.e., the baseline case where the community is man-
aged for energy sufficiency only — Pﬁ’,’“,”", PZf’,”d = 0 thus
B" . B‘ZU” = 0 in the objective function f;), as shown in
Fig. 6. Assuming =2 %, participating in the balancing grid
services can noticeably reduce the total bill by as much
as 16€ (4.8 %) in Scenario 1, 30€ (8.9 %) in Scenario 2,
and 44 € (13.3 %) in Scenario 3 — higher balancing prices
lead to higher revenues. It shall be noted that the collective
bill (refer to buying cost and selling income in Fig. 6 from
retailers and the community manager) increases compared
to the baseline to fulfill the EC’s need — i.e., the battery
is also used to balance the grid in the upward direction.
Indeed, this is the optimal trade-off between using the DER
resources for internal community consumption and balancing
reserve provision. Participation in the upward direction yields
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FIGURE 6. Total community bill with positive values mean cost and
negative values mean revenue.

TABLE 2. SSR and SCR for different scenarios of balancing prices.

SSR (%) SCR (%)
Baseline (no balancing) 42.1 98.6
Scenario Price 1 41.4 97.2
Scenario Price 2 40.3 95.3
Scenario Price 3 40.0 94.8

significant revenue in all the investigated balancing price
scenarios. On the contrary, very low benefits are obtained
with participation in the downward regulation. The benefit
from the balancing market depends on the balancing prices
from TSO and in this case, Scenario 3 yields the highest
collective welfare.

Table 2 describes the SSR and SCR for each scenario of
balancing prices. It can be seen that participating in the bal-
ancing market will lower both performance metrics (SSR and
SCR) for the overall community. Also, the lowest collective
cost occurred in Scenario 3, corresponding to the lowest SSR
and SCR among all scenarios simulated due to the less CSC
and more reserve provided.

Looking in detail per half-hourly time step, the participa-
tion in the balancing market over a sample day is shown in
Fig. 7a, where the community offers upward reserve most
of the time and can be activated based on the activation
signals given by the TSO. These activation signals vary over
time based on the grid’s balancing need (either upward or
downward, or not at all) that are translated into orders sent by
the TSO to appointed balancing service providers. Note that
only some of the balancing providers are called so that the
total procured reserve is always much greater than the energy
activated. At the level of a single provider (the community
here), the activation is also much smaller than the committed
reserve capacity —i.e., the reserve capacity offered multiplied
by B, the ratio of activation. For the sake of visibility in Fig. 7,
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FIGURE 7. a) Balancing capacity and activated energy and b) Reference
and measurement curve at the community level for a sample day.

we use =10 % to illustrate the portion of energy activated
compared to the capacity offered.

Fig. 7b illustrates the reference profile and measurement
at the meter for the overall community on a sample day.
The collective measurement in the figure shows the partic-
ipation in the balancing market. As mentioned earlier, the
contribution of an EC to the balancing market shall be mea-
sured concerning a reference curve. In this paper, with offline
simulation, the reference is reconstructed by neglecting the
mFRR contribution once the optimal values of the physical
and contractual flows are computed — i.e., only considering
the power exchanged arbitrarily with the main grid and the
internal community exchange, at the community level (38).
The difference between the reference and measurement curve
is the energy activated for mFRR provision in both upward
and downward directions.

In the next section, the individual economic aspects of the
participation in the balancing market are presented with a
focus on Scenario 3 since it is the most profitable among all
the balancing price scenarios previously simulated.

2) INDIVIDUAL BILL DECOMPOSITION

To differentiate between the benefits of collective energy
management and the additional revenues from the balanc-
ing market, individual bills are discussed along both axes
successively.

a: ALLOCATION OF COMMUNITY ENERGY

The optimal individual bill decomposition resulted from the
KOR computation (Section II-E1) for the baseline case and
Scenario 3 are shown in Fig. 8. It shows that the total individ-
ual bills from “Energy Arbitrage” increase by 3.6 % to 348 €
when participating in the balancing market compared to the
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FIGURE 8. Individual bill decomposition for Scenario 3 with equal
individual bill savings of 12 %.

baseline case (336 €). Later, this higher cost is compensated
by balancing revenues presented in the next section.

b: ALLOCATION OF BALANCING REVENUE

From the previous section, we have the individual bill repar-
tition from the allocation of community energy through KOR
computation for the ‘“Baseline” case (Bﬁ’l‘”e ) with a total
of 336 €. Similarly, “Energy Arbitrage” with the grid and
the community for Scenario 3 (B%" bi) has been computed in
the previous section with a total individual bill of 348 €.
Then, the result of the optimal balancing revenue allocation
to each member (Section II-E2) is shown in the third bar
plot “Balancing Services” in Fig. 8. Hence, for the presented
case study, the final individual cost (B’;lmal) can be obtained.
It returns equal cost savings (12.0 %) for all members thanks
to the proposed method that achieves fair repartition among
the participants in the community.

3) SENSITIVITY ANALYSIS ON THE BALANCING PARAMETERS
a: PARAMETER g AS THE RATIO OF ACTIVATION

One additional set of simulations is performed while varying
the parameter B (ratio between the activated energy and the
capacity offered) using Scenario 3 for the balancing prices.
As displayed in Fig. 9, the higher the value of 8, the lower
the collective bill for the whole EC — i.e., greater revenues
from the balancing market. Most of this income is gen-
erated with the increased activated energy (mostly upward
regulation) provided to the grid. While the selling income
from the energy arbitrage is constant (57-58 €) for different
values of 8, the buying energy cost increases (from 406€
for B = 2% to 508€ for B = 25 %) to charge more the
batteries in the community. At other times, this higher charg-
ing energy is then discharged for the provision of balancing
services.
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FIGURE 9. Sensitivity of the bill to the parameter g (average activation
energy per power offered).

TABLE 3. SSR and SCR for different values of 3.

B (%) 2 5 10 15 20 25

SSR (%) 400 372 32,6 282 242 206
SCR (%) 948 886 784 68.6 59.8 51.7

Table 3 shows the SSR and SCR for different values of 3.
Similar to significant reductions in the resulting collective
bills, the SSR and SCR values also decrease remarkably.
At B = 25 %, both metrics lose about half of their value
compared with 8 = 2 %.

b: PARAMETER a;’, oz;j AS THE OCCURRENCE OF
ACTIVATION SIGNALS

The last simulations investigate different scenarios regard-
ing the occurrence of the upward/downward activation
signals — represented with o', af —while using Scenario 3 for
balancing prices. We set the activation signals at certain
periods — i.e., the EC chooses to participate in the balanc-
ing market for a maximum of three hours a day, for better
understandability and higher acceptance in the viewpoint
of the community members. The sensitivity study is per-
formed in four different periods which are two peak load
times (06:00-09:00 and 18:00-21:00) and two off-peak times
(10:00-13:00 and 14:00-17:00). The activation signals are
assumed to be able to take place only during the three hours
participation period.

Fig. 10 illustrates the overall bill for different assumptions
on parameters o, o/ and using B = 25 % (the best result
in the previous section). The largest reduction in collective
billing occurs when the EC participates during off-peak peri-
ods rather than peak periods, although the difference is not
significant. The higher balancing revenue during off-peak
is due to the higher contribution in the upward direction,
where the off-peak period typically has higher upward energy
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TABLE 4. SSR and SCR for different activation signals («).

Period 6-9am 6-9pm 10am-lpm 2-5pm
SSR (%) 41.1 41.1 40.7 41.0
SCR (%) 96.9 96.6 95.8 96.4

prices compared to the peak period, as shown in Fig. 5a for
Scenario 3. During peak times, the optimal operation of the
EC is to fulfill its consumption rather than provide reserves
for the main grid. However, even with a narrow window time
participation, at 10:00-13:00, the EC can still have significant
revenues from the balancing market and achieve a total of
9.5 % cost savings compared to the baseline.

The impact of different balancing participation periods on
SSR and SCR metrics is described in Table 4. Compared
to the SSR and SCR values for the baseline (see Table 2),
assuming 8 = 25 %, participating in the balancing market
for only three hours per day returns a very marginal reduction
of those two performance metrics. Therefore, having a firm
balancing contract for three hours could reduce the risk of
bidding in the market throughout the entire day, allowing ECs
to focus solely on SC for the rest of the day.

IV. CONCLUSION

An additional revenue stream for the energy communities has
been presented in this paper by providing tertiary reserves,
especially the mFRR product. It offers the community man-
ager a) a simultaneous optimization formulation of the energy
management strategy and its participation model to the
balancing market, b) an analysis of the benefit allocation
to the individual members, and c) a sensitivity study on
the balancing parameters. It breaks new ground by dealing
with the issue from a bottom-up perspective to determine
the optimal trade-off between the community’s needs and
its contribution to grid services. Furthermore, with offline
simulations, a constant parameter of activation ratio is defined

83677



IEEE Access

A. D. Mustika et al.: Self-Consumption and Frequency Reserve Provision With EC

and historical data of activation signal simplify the computa-
tion. Different assumptions on these parameters could reflect
the real activation that depends on TSO’s need (unknown
for the balancing provider). The model is implemented in a
real project of an energy community located in the south of
France that consists of seven members equipped with differ-
ent combinations of solar PVs and battery storage systems.
The results show that the community can expect savings of
4.8-13.3 % compared to the total cost in the baseline case. The
majority of the balancing revenues come from the upward
regulation. Moreover, the EC can participate only 3 h a day
in the balancing market and still obtain 9.5 % of savings.
Although illustrated on a French case, the proposed opti-
mization method is not restricted and can be replicable for
other EC worldwide. Future works will address the real-time
operation of EC in the balancing market considering forecast
data and establish the reference profile to compute the actual
contribution from the energy community.
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