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Abstract 

Background  Energy communities (ECs) have emerged as a solution to support governments mitigating climate 
change and comply with decarbonization goals, while introducing end-users on the energy value chain. In this para-
digm, citizens have an active role in reducing electricity demand from the utility grid, by generating, sharing and/or 
trading locally generated renewable energy, such as solar energy. However, the economic and environmental outputs 
of energy communities are dependent on a variety of factors, such as technology features (renewable energy genera-
tion, existence of flexible equipment and/or energy storage systems), types of participants (consumers and prosumers 
with different electricity intensity and load profiles), and electricity sharing/trading agreements. As such, assessing 
the impact these will have on delivering benefits to the energy community and its participants is of paramount 
importance.

Methods  This work models different energy communities’ design typologies in Lisbon, Portugal considering different 
types of consumers with heterogenous electricity demand profiles and willingness to participate, multiple technol-
ogy deployment scenarios (solar systems installation, batteries, and electric vehicles), and electricity trading (collective 
self-consumption versus peer-to-peer trading).

Results  Results demonstrate community electricity cost savings are up to 42%, with self-sufficiency rate up to 12.5%, 
which is considerably low due to the participation of high demanding sectors (such as industry or retail). At partici-
pants’ individual level, electricity costs savings can reach 48% and 53%, for residential consumers and prosumers, 
respectively, while for high-demanding participants are slightly lower: 43% for hotel, 44% for retail, 13% for industry 
and 5% for university. Individual self-sufficiency rates register highest results for the residential prosumers (35% for PV 
prosumers, 28% for PV + electric vehicles and 54% with PV + batteries) while for other participants results fall between 
6% (retail) and 26% (industry).

Conclusions  We conclude that for ECs deployment, individual PV self-consumption assets are not sufficient, thus 
greater PV sizes and higher adoption rates should be considered, according to consumer and prosumers shares. The 
share/trade of PV surplus, paired with competitive aggregation tariffs results in positive economic and environmental 
outputs, for the majority of both consumers and prosumers.
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Background
More than 80% of the world’s energy is still produced via 
fossil fuels [1]. European cities are responsible for 80% of 
the overall EU energy consumption, while its buildings 
account for 40% of total energy use and 36% of Europe’s 
CO2 emissions [2]. Cities have an increasingly impor-
tant role regarding energy consumption, as by 2050, it is 
expected that 66% of the world population will be living 
in urban areas [3]. Aiming to address the needed energy 
transition and comply with the Paris Climate Agreement, 
distributed renewable energy sources (DER) have been 
emerging in the last decades, representing already 36.6% 
of the renewable electricity installed capacity worldwide 
[4].

In this context, the Clean Energy Package for All Euro-
peans [5], with the 2018/2001 RED II and 2019/944 
ED directives, introduced the possibility of establish-
ing Renewable Energy Communities (REC) and Citizen 
Energy Communities (CEC), respectively. While the first 
one focuses on renewable energy, the second refers only 
to electricity and has as primary goal to deliver envi-
ronmental, economic or social benefits for its members. 
Independently of the differences on their legal form [6], 
Energy Communities (ECs) allow, in a broader sense, 
consumers, producers and prosumers (consumers that 
are simultaneously producers) to be aggregated in a com-
mon virtual electricity meter, in such way that the energy 
produced within the community can be distributed, 
shared or traded, between the participants. ECs might 
increase the public acceptance of renewable energy pro-
jects, while potentially providing advantages to citizens 
by improving energy efficiency and lowering electricity 
bills [7].

At the same time, the idea of local electricity mar-
kets (LEM) has also evolved together with energy com-
munities, allowing for users’ aggregation, sharing and/
or trading local energy generation and granting better 
retail tariffs [8]. In this context, peer-to-peer (P2P) elec-
tricity markets have emerged as one LEM architecture, 
consisting of a common platform, operating as a mar-
ketplace, where participants can perform direct energy 
transactions, without the requirement of an intermedi-
ary. It allows them to choose trading preferences, such 
as to whom they want to buy or sell energy, or at which 
price. As such, prosumers might generate higher profits 
when compared to solely injecting PV surplus in the grid, 
while consumers may purchase cleaner energy at possibly 
lower costs than they would from electricity utilities or 
retailers [9].

However, energy communities’ outputs depend on a 
variety of factors as their design and inherent motivations 
of participants, such as cleaner energy supply, regulatory 

incentives, energy autonomy, grid stability, or reducing 
electricity related costs [10]. Consequently, ECs’ individ-
ual and community economic and environmental gains 
might differ according to the LEM model implemented 
and to the type and number of participants, as well as 
the featured technologies (DER, flexibility, etc.). It is thus 
important to explore the design of energy communities, 
which pricing mechanisms or combinations of types of 
participants work best, to reveal the impact of energy 
communities on the needed decarbonization path.

Energy communities and peer‑to‑peer studies
Gui and MacGill analyse how clean ECs can, and will, 
operate in the future, by categorizing them in three 
typologies: Centralized, Distributed, and decentralized 
[10]. Taking a P2P EC as example, Sousa et al. categorized 
P2P market types in three: full P2P market, community-
based market, and hybrid P2P market [11]. However, 
P2P electricity markets designs can also be categorized 
by the existence or not of an intermediary/aggregator. 
The aggregator gathers all the bids/offers from different 
peers and provide price signals to customers within the 
community. Yet, it should also allow customers to access 
more advantageous grid prices (as wholesale market 
prices or premium tariffs). This function is possible due 
to the aggregator’s scale and capacity to manage loads 
on the community, thus providing grid services, which 
can be competitive when compared to the tariffs offered 
by electricity retailers. The minimization of community 
and individual costs, as also the increase of community 
self-sufficiency and self-consumption rate, are used fre-
quently as Key Performance Indicators (KPI) to assess the 
outputs of ECs.

Several research works have been done regarding the 
aggregation of consumers in energy markets. Zepter 
et al. proposed the integration of prosumers in wholesale 
electricity markets using two-stage stochastic linear pro-
gramming, aggregating participants in local P2P markets 
[12]. Ottesen et  al. implemented also a two-stage sto-
chastic mixed-integer linear program (MILP) on an EC 
market where the aggregator purchases and sells electric-
ity of prosumers considering flexible properties through 
short-term decision-support models [13]. Results show-
case that system flexibility increases with an aggregator 
bidding in the day-ahead market. In the same line, Iria 
et  al. proposed a smart bidding strategy considering an 
aggregator of small prosumers operating also in the day-
ahead market [14], with two-stage stochastic model. They 
report achieving 24% net costs savings compared with 
centralized market supply.

The pricing mechanism is also a matter of concern 
in a P2P energy trading market, as it aims for most 
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participants to economically benefit from joining such 
markets. Several studies assess which pricing schemes 
would benefit participants the most, not only at individ-
ual but also at community level. A strategy where trad-
ing participants are randomly matched, and where sellers 
establish a minimum selling price while buyers set a max-
imum buying price is implemented in [15]. Following 
the matching, the difference between the minimum and 
maximum prices is the profit of the energy transaction 
within the auction. A P2P energy trading algorithm that 
maximizes the prosumers’ profits through dynamic pric-
ing model, based on the supply and demand ratio (SDR) 
of PV electricity traded among prosumers, was designed 
by [16]. Kang et al. use a P2P pricing mechanism based 
on SDR and the optimization of social welfare [17], using 
an iterative double auction mechanism, and come to the 
same conclusion that not all prosumers will obtain the 
same level of profits in a P2P energy trading scheme.

To assure social welfare within the community [18], 
proposed two distinct user-centric pricing schemes con-
cerning P2P energy trading in a residential microgrid, 
using an auction algorithm. The pricing procedure needs 
to be aligned with different demands, namely: economic 
efficiency (when compared to the usual grid trading), 
truthfulness and fairness (the accuracy of market-clear-
ing price is given every 30  min), as well as customer 
incentives (to encourage the participation of distinct cus-
tomers). Results demonstrate that, with P2P energy trad-
ing, savings from 5 to 15% are attained, with larger profits 
being provided for households with larger PV capacities.

ECs outputs will also be different when in presence of 
different technology features to “play” in the LEM, such 
as DER, flexible equipment, or energy storage systems. 
Neves et  al. explored the interaction of a heterogene-
ous sample of consumers and prosumers, with distinct 
DER and demand flexibility, in a P2P platform versus an 
aggregator [19], to assess which energy trading scheme 
suited best each participant. In their work, participants 
can trade between peers at an agreed cost, while all com-
munity participants are exposed to wholesale market 
prices through an aggregator. A MILP model was applied 
to minimize the annual electricity costs, demonstrating 
annual savings for the P2P scenario up to 29% and 10%, 
respectively, for consumers with and without flexibility, 
while prosumers can save up to 113% and 83%, respec-
tively, with and without flexibility. Long et al. proposes a 
two-stage aggregated control P2P optimization, obtain-
ing savings of 12% for individual consumer’s electric-
ity bills when comparing to the centralized grid market 
scenario [20]. Further, it showcases increases of 10–30% 
and roughly 20% in overall community self-consumption 
and self-sufficiency, respectively. The work from [12] dis-
played results for three different LEM cases: one where 

only energy storage systems are used, with savings in 
electricity bills up to 20%; another one, considering P2P 
energy trading, results in savings up to 34%; and a sce-
nario implementing both energy storage systems and 
P2P, where savings reach 59%. In [21], a MILP optimiza-
tion problem was formulated for residential PV and bat-
tery systems in a P2P energy trading market, in order 
to calculate the participants’ economic benefits. Results 
vary according to the type of participant considered: con-
sumers can lower their costs by 4–9%, prosumers with 
PV solar systems have savings between 7 and 16%, pro-
sumers with batteries may obtain savings in the range of 
3–9%, while prosumers with both PV systems and batter-
ies have their costs reduced by 3–19%. On the other hand 
[15], reports self-consumption rates of 38% and 52% for 
an energy community, respectively, without and with 
energy storage.

Contribution to the literature
Most studies focus on the comparison between LEM and 
the centralized grid scheme, with residential consum-
ers and prosumers being the most analysed case stud-
ies. Results differ according to the local markets’ setups, 
with factors such as pricing mechanisms, DER imple-
mentation, existence of flexibility, consumer and pro-
sumer electricity demand profiles, and energy trading 
shares, making it difficult to extrapolate clear dependen-
cies on types of participants, and technology availability 
influence. To this purpose, in this work an EC model is 
designed taking into account distinct electricity load pro-
files, considering not only prosumers but also residential 
consumers and other high-demanding consumers, such 
as industries, universities or large retail units, each com-
bined with different technology features, such as solar PV 
panels, electric vehicles (EVs) or battery energy storage 
systems (BESS) in different shares. Different local energy 
market setups are also tested, such as collective self-con-
sumption with aggregation or P2P.

The EC model was implemented in Areeiro parish, in 
Lisbon, Portugal, using publicly available data and con-
sidering the existent infrastructure in that geographical 
area, i.e. the buildings’ geometry and rooftop characteris-
tics, parking spots, etc. As such, the modelling framework 
can be applied to other parishes or similar geographical 
units, allowing for a systematized assessment framework 
of ECs’ economic and environmental gains. The innova-
tive contribution of this work is to simultaneously quan-
tify ECs’ energy, environmental and economic gains 
associated with different sets of ECs’ configurations, as a 
way to better understand its influencing parameters for 
the success of ECs and inform policymaking on the path 
for decarbonization.
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The work is organized as follows: section  Methods 
presents the EC modelling methodology, the case study, 
and the different studied scenarios, while section Results 
showcases the results. In section Discussion the results’ 
discussion is made, and finally in section Conclusions the 
conclusions and limitations of the work are drawn.

Methods
In this work an energy community model is designed to 
test different types of energy markets (such as P2P or 
CSC aggregation), considering participants from dis-
tinct economic sectors (both prosumers and consumers 
from residential, industrial, retail, accommodation, edu-
cational, and the electric mobility sectors), with differ-
ent demand patterns and technological characteristics. 
The EC results are assessed by energy and economic Key 
Performance Indicators (KPI), having chosen the Areeiro 
parish, in Lisbon, Portugal, as case study.

Figure 1 presents the methodology flowchart of the EC 
modelling.

To model the EC, we first start by detailing the mod-
elling components, according to the existent technology 
features: solar PV generation (section  Solar photovol-
taic systems), electricity demand—that includes battery 

energy storage system (BESS) (section  Battery energy 
storage systems modelling) and the electric vehicle (EV) 
(section  Electric vehicles charging), and finally the EC 
energy trading model (section  Local energy market 
model). For the modelling, we define the EC bounda-
ries, and characterize and collect data for the case study 
area (section Case study characterization). According to 
collected data, we define types of EC participants and 
define different scenarios (section  Scenario’s definition) 
to assess the impact of these multiple influencing features 
on the EC outputs.

The EC model was developed and implemented in 
MatLab [22], and the outputs assessed in economic and 
environmental terms, using the following KPIs:

•	 Economic: net present value (NPV) and internal rate 
of return (IRR). Annual individual and community 
electricity costs/savings were also assessed; and,

•	 Environmental: self-sufficiency rate (SSR) and sur-
plus rate (SR), calculated according to [23]. Equiva-
lent CO2 emissions savings were also computed, as 
well as the investment per ton of CO2 eq saved.

Fig. 1  Methodology flowchart
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Technology features
The technology features refer to the technologies with 
which participants are available to participate in the 
community energy trading. Thus, in this study, we have 
chosen to implement solar PV systems, battery energy 
storage systems (BESS), and electric vehicles (EVs), 
whose functioning algorithms are detailed next.

Solar photovoltaic systems
Prosumers with PV panels can cover part of their elec-
tricity demand using privately generated renewable 
energy, as seen in Eq. (1):

(1)�EN (t) = EdemandN (t)− EproducedN (t);

{

�EN (t) > 0 → EPV
demandN (t)

�EN (t) < 0 →

∣

∣

∣
EPV
surplusN

(t)
∣

∣

∣

,

where EdemandN (t) is the initially demanded electricity 
by participant N at hour t, and EproducedN (t) is the hourly 
generated energy by PV solar panels. If �EN (t) is posi-
tive, it represents the imports from the grid, the EC or 
from a battery, and if negative, its absolute value repre-
sents the PV surplus injected either into the main grid, 
the EC or used to charge a battery.

Battery energy storage systems modelling
Battery energy storage systems (BESS) are assumed to 
be coupled with PV systems, being a private investment 
of each prosumer. As such, to avoid wearing by multiple 
charging/discharging from the community, we consider 
the prosumers would only charge BESS using their PV 
surplus, doing first an energy balance at prosumer level, 
and only after, providing their PV surplus to the commu-
nity (or demanding energy from the community). This 
assumption took in account that the BESS sizing is made 
considering only the prosumer needs, thus its capacity to 
serve the community will be limited.

The modelling of the battery was divided into two stages: 
battery discharging—when the prosumer is demanding 
electricity and there is enough energy in the battery to 
allow a discharge; and battery charging—when the PV pan-
els are producing more energy than the user requires, and 
the battery is not at maximum capacity. The battery state 
of charge (SOC) at hour t, BatN (t) , always obeys to Eq. (2):

(2)

BatN ,min ≤ BatN (t) ≤ BatN ,max;
BatN ,min = BatN ,nom × 0.2

BatN ,max = BatN ,nom × 0.9
,

where BatN ,min is the minimum SOC, BatN ,nom is the 
BESS nominal capacity of prosumer N, and BatN ,max the 
maximum SOC.

BESS discharging will occur when Eq.  (1) is positive, 
and if SOC > BatN ,min . Thus, for prosumer N, the dis-
charge ( DischargeN (t) ) will be given by Eq.  (3), by the 
minimum energy between the total electricity available 
in the battery ( Ebat,N (t) ) and the electricity demanded at 
time t, after PV self-consumption ( EPV

demandN
(t) ), account-

ing with the efficiency of discharge ( ηdischarge) . The elec-
tricity supplied by the grid after the battery’s discharge 
for self-consumption ( EPV+BESS

demandN
(t) ), is given by Eq. (4):

On the other hand, BESS charging will be observed 
when Eq. (1) is negative, meaning charging occurs when 
there is PV surplus, and SOC < BatN ,max . If the available 
storage capacity in the battery is larger than the surplus 
(Eq. (5)), then all the PV surplus will be charged (Eq. (6)). 
The eventual surplus energy that BESS cannot store will 
be injected into the grid (Eq. (7)):

Electric vehicles charging
In the proposed methodology, the work from [24] was 
used to characterize the EV charging profiles, depending 
on the owner’s capacity to charge these vehicles. How-
ever, it was assumed only prosumers would possess EV 
charging capabilities since these would be among the 
early adopters for electric mobility.

(3)







DischargeN (t) = min

�

Ebat,N (t),
EPV
demandN

(t)

ηdischarge

�

Ebat,N (t) = min
��

BatN (t − 1)− BatN ,min

�

× ηdischarge,Ebat.N .MAX

�

,

(4)
EPV+BESS
demandN

(t) = max
(

EPV
demandN

(t)− DischargeN (t), 0
)

.

(5)

Ebat,N (t) = min

((

BatN ,max − BatN (t − 1)

ηcharge

)

,Ebat.N .MAX

)

,

(6)
ChargeN (t) = min

(

EPV
surplus,N (t)× ηcharge,Ebat,N (t)

)

,

(7)
EPV+BESS
surplus,N (t) = max

(

EPV
surplus,N (t)− ChargeN (t), 0

)

.
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Given that EV charging profiles differ according to 
weekdays and weekend days (Fig. 9 in the Appendix), the 
hourly electricity demand profile of an EV ( EEV ) was cal-
culated according to Eq. (8):

where RE(t) is the hourly percentage of recharged energy, 
Av distance is the average distance travelled (48 km dur-
ing weekdays, and 56  km during weekend days), Ed is 
the energy consumption per distance travelled, equal-
ling to 0.151 kWh/km [24]. The charging profiles will dif-
fer depending on the participants’ characteristics, such 
as time of use, occupancy rate and the dimension of the 
parking lot. Hence, for the cases where EVs are consid-
ered, the participants’ electricity load profile with EV, 
EEV
demandN

(t) , will be given by Eq. (9):

where VVehicles,N is the number of vehicles that the partic-
ipant’s N parking lot can fit, ORN is the member’s average 
yearly occupancy rate, EV rate is the rate of EV per total 
number of vehicles in Portugal.

Apart from EV owners, we also consider the public EV 
charging stations (existent in the streets) as an EC partic-
ipant. Their electricity load is given by [25] and the load 
profile portrayed in Fig. 8.

Local energy market model
The possibility of energy sharing and trading is previewed 
in the RED II and ED EU directives that allow some 
degree of freedom of its transposition by each country. 
Although, at the implementation level, energy sharing 
and/or trading is still on demonstration phase, in this 
work we want to focus on testing the impact of imple-
menting different trending local energy market mod-
els for ECs. As such, we modelled two types of LEMs: a 
collective self-consumption with aggregation and a P2P 
energy trading market. As a basis for comparison, we 
used the current centralized grid supply market para-
digm, where consumers have their demand totally sup-
plied by the main grid, paying a specific retail tariff πN (t) 
dependent on voltage level and hourly cycles (Eq.  (10)), 
while prosumers may inject their surplus energy and get 
paid a certain revenue ( RN (t) ), calculated according to 
the Portuguese self-consumption regulation (Eq.  (11)) 
[26]:

(8)EEV (t) = RE(t)× Avdistance × Ed,

(9)

E
EV

demandN
(t) =EEV (t)× (VVehicles,N × ORN × EV rate)

+ EdemandN
(t),

(10)CN (t) = EdemandN (t)× πN (t),

On the collective self-consumption with aggregation, 
the community collectively invests on local energy pro-
duction systems. The electricity demand is firstly sup-
plied by local energy generation, and when PV surplus 
sharing is not enough, electricity is provided by the 
main grid at a tariff arranged with the community’s 
aggregator (Eq.  (13)). Electricity from the grid is paid 
at the aggregator’s grid access tariff ( πaccess

agg (t) ) plus the 
hourly wholesale market prices, while PV surplus is 
managed by the community manager and shared hourly 
within the community for free, proportionally to each 
participant’s hourly demand (Eq.  (12)). This approach 
is in line with the primary purpose of citizen energy 
communities’ definition of the EU electricity directive 
2019/944 [27] and the fixed sharing coefficients pre-
viewed by the Portuguese legislation [26], as further 
described in section  Portuguese context. Accordingly, 
the electricity demand costs for the energy commu-
nity’s participants are given by Eq.  (14). Further, we 
assumed that the largest consumer on the EC acts also 
as aggregator, applying its grid access tariffs to the 
whole community when trading with the main grid:

The P2P energy trading market considers the same 
aggregation factor, paying the electricity grid imports 
at the minimum grid access tariff between the two 
peers plus wholesale market hourly prices. However, 
as investments are now made privately by prosumers, 
the PV surplus generated by prosumers is sold between 
peers, at an agreed tariff ( πP2P(t) ) that will most likely 
benefit both parties (Eq.  (15)). If, at some point, the 
tariff is not advantageous neither for consumer nor 
prosumer, it is assumed that consumers have their elec-
tricity supplied by the grid, while prosumers may inject 
the excess energy in the grid:

(11)RN (t) = EPV
surplusN

(t)×
(

0.9× OMIE
avg
m

)

.

(12)XdemandN (t) =
EdemandN (t)

EdemandT (t)
,

(13)
E
agg
demandN

(t) = EdemandN (t)− EsurplusT (t)× XdemandN (t),

(14)
C
agg
N (t) = E

agg
demandN

(t)×
(

π
agg
access(t)+ OMIEh(t)

)

.

(15)
πP2P(t) =

(

min

(

π
agg
access

)

+ OMIEh(t)
)

+

(

0.9× OMIE
avg
m

)

2
.
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In the P2P energy market, the costs of P2P trades are 
given by Eq.  (16), while the revenues obtained by pro-
sumers in the P2P market are calculated via Eq. (17):

Thus, the yearly costs for consumer N in the P2P sce-
nario are given by Eq.  (18), while for prosumer N are 
given by Eq. (19):

where RN (t) is the revenue from the PV surplus injected 
in the grid if, even after the P2P trade, the prosumer still 
has PV surplus.

Case study characterization
The subject chosen in this case study to assess the feasi-
bility of the energy community design was the parish of 
Areeiro, in Lisbon, Portugal, given the variety of types of 
participants and available data for the area.

Portuguese context
In Portugal the RED II and ED directives [5] were trans-
posed by Decree Law 162/2019 [26] where the two REC 
and CEC concepts are merged in a broad energy com-
munity approach. Although EC roll out is just in its first 
steps, Decree Law 15/2022 [28] introduced more detail 
on EC regulation, by defining, for instance, for ECs up to 
1 MW:

•	 distance limits between participants to be aggregated 
on EC: 2  km for low-voltage participants, 4  km to 
medium voltage, and up to 10 or 20 km for high or 
very-high voltage participants);

•	 PV surplus injected on the main grid: is paid at the 
monthly average of daily wholesale prices of the Ibe-
rian Market;

•	 Tariff structure: when consuming from the grid, orig-
inal retail tariffs can be kept, or EC participants can 
be aggregated in a large “virtual consumer” to benefit 
from a best retail tariff offer while aggregated;

(16)
CP2P
N (t) =

(

EsurplusT (t)× XF
demandN

(t)
)

× πP2P(t),

(17)RP2P
N (t) = EP2P

surplusN
(t)× πP2P(t).

(18)CP2Pscenario
consumerN (t) =

8760
∑

t=1

CN (t)+

8760
∑

t=1

CP2P
N (t),

(19)

CP2Pscenario
prosumerN (t) =

8760
∑

t=1

CN (t)+

8760
∑

t=1

CP2P
N (t)

−

8760
∑

t=1

RP2P
N (t)−

8760
∑

t=1

RN (t),

•	 Energy sharing coefficients: can be fixed, propor-
tional to the demand of each participant; or dynamic, 
based on hierarchical criteria or real-time demand 
monitoring. No extra charges are applied on energy 
sharing;

•	 Energy trading between peers: it is still not regulated, 
yet the regulation is open to pilot and demonstration 
projects to test innovative solutions on this field.

For the first cases of energy communities in Portugal, 
collection self-consumption is the sharing model that is 
being implemented. However, given the open door left 
for testing innovative solutions, and considering the 
potential that aggregation can bring in providing grid 
services and that P2P energy trading is a trending pos-
sibility for decentralizing local electricity markets, in 
this work these two typologies of energy communities 
are chosen to be explored and tested.

Data collection
Data collection was performed from public sources 
specifically for the parish of Areeiro, based on real-life 
existent buildings and demography, namely: rooftop 
available areas for PV deployment, solar availability, 
buildings and families’ characterization (for EC partici-
pants profiles purposes), and EV charging spots.

Types of participants and load profiles  Table 1 resumes 
the different types of buildings encountered on the case 
study area, which are the potential EC participants, as 
well the load profiles and retail tariffs used and corre-
sponding sources. When defining EC scenarios in sec-
tion Scenario’s definition, different rates of adoption per 
each type of participant will be considered.

The considered daily average electricity demand pro-
files can be found in Figure  7, as well the retail tariffs 
in Table 8, both in the Appendix. The residential profile 
R1, being an average load, is a clean and smooth nor-
malized profile which is the type of standardized data 
frequently used in modelling. However, to introduce 
more variability, real profiles of three different family 
types were introduced (R2 to R4). These were matched 
according to family types present on the case study area 
and, together with the number of households per build-
ing, were distributed accordingly to their shares, com-
posing different overall building profiles.

PV panels and  rooftop availability for  its deploy-
ment  To characterize the rooftop availability to install 
PV solar systems, the rooftop available area, azimuth, 
and tilt of each building were calculated, using satellite 
images, via Google Earth [31] and the SOLIS platform 
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[32]. For the residential and hotels’ buildings, typified 
rooftop areas were calculated using the average rooftop 
area on a certain delimited random sample (residen-
tial buildings) or the totality of considered buildings 
(hotels), while for the Industry, LRU and University the 
specific rooftop area of the buildings was used.

The PV systems were assumed to be 250 Wp poly-
crystalline panels, with fixed tilt and azimuth. The total 
possible number of PV panels to install on the build-
ings’ rooftops was calculated using the available roof-
top area, the roof ’s tilt (assumed 33°, corresponding to 
the optimum south panel facing tilt in Lisbon), and azi-
muth. On flat roofs, the same panels, tilt and azimuth 
were considered. PV production profiles were com-
puted using the Renewables Ninja [33].

PV investment costs and discount rates were retrieved 
from previous solar PV projects researched in Portu-
gal, considering an economy of scale (where high PV 
power panel installations have a lower relative cost), 
and adapted from [23, 34], as displayed in Table 9, in the 
Appendix.

CO2 emissions were assumed null when the consumed 
energy is supplied by PV panels, and of 349.8  g CO2eq/
kWh when provided by the main grid, corresponding to 
the Portuguese average electricity generation emission 
factor for 2019 [35].

BESS characteristics  BESS characteristics such as 
charge and discharge efficiency, SOC, maximum elec-
tricity output, and expected lifetime were retrieved from 
the literature and are described in Table 11 in the Appen-
dix. Investment costs were derived by a market analysis 
between BESS suppliers, retail cost and other online plat-
forms where the systems’ costs were displayed, including 
the nominal capacity of each researched model, resulting 
in the values presented in Table 12 in the Appendix.

Given that currently there are no BESS deployed in the 
case study location, we had to perform the sizing accord-
ing to each residential prosumer characteristics. Thus, 
for R1 profile, a criterion of 50% yearly average state of 
charge (ASOC) was implemented, as this profile exhib-
ited significant PV surplus energy when compared to 
other prosumers, providing a stable utilization of the bat-
tery, both in terms of charges and discharge. However, for 
R2, R3 and R4 profiles, a minimization of annual costs 
optimization criterion was used. Table  2 displays the 
derived battery sizing for the four residential electricity 
prosumers, as well as the ASOC.

EV characteristics and  charging availability  The 
assumed EV was the 5-door hatchback Nissan Leaf, as it 
is one of the best-selling electric vehicles in Portugal, over 
the last few years, with a Li-ion battery with a nominal 
capacity of 40 kWh [36]. The share of EV in the fleet was 
based on the rates of EV sold per total number of sold 
vehicles [37], currently at a value of 3%, assumed as an 
optimistic EV adoption.

The capacity of every consumer to charge an EV was 
also characterized through inquiries performed to the 
largest consumers (hotels, universities, industry, and 
retailers), detailing the availability of parking spots in 
each building [38].

Table 1  Types of participants and data sources

Participants Number Load profiles considered Source Retail tariffs Source

 Residential Buildings 810 R1—average normalized load profile, adapted for the energy 
intensity of residential sector in Lisbon

[29] Low voltage (6.9kVA 
contracted power)

[29]

R2 to R4—real profiles that represent three different family 
typologies existent in Areeiro, with a representativity of 68.9%, 
18.5%, and 12.6%, respectively:
 R2 (family with single adult, couple or retired adult)
 R3 (single adult or couple with young children)
 R4 (adult or couple with older children, or more than 2 adults)

[19]

Hotels 7 Average electricity load profiles [23] Special Low voltage

LRU 1

Industries 1 High voltage

Universities 1 Specific electricity load profile of university [30] Medium voltage [30]

EV charging stations 12 Specific electricity load profile [25] Mobility grid access tariffs [29]

Table 2  BESS sizing for the residential sector

Residential consumer Battery capacity [kWh] ASOC [%]

R1 6 50.3

R2 7.3 31.2

R3 9 27.2

R4 3.8 23.1
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Scenario’s definition
As shown in Fig.  1, the definition of scenarios is made 
based on four different aspects: willingness to participate, 
prosumers’ technology features, PV systems sizing and 
LEM models.

Regarding the Citizens’ willingness to participate in an 
energy community, given the works of [39–41], two sce-
narios were considered: Current, with an average willing-
ness to participate of 77%, and High, with a 100% share of 
participation, which corresponds to an estimation for the 
2030 horizon.

Regarding participants, prosumer shares, prosumers’ 
technology features:

•	 Types of participants: derived from the literature 
review, two community designs were tested. One 
with participants only from the residential sector 
(more common), and one with participants from dif-
ferent economic sectors, existent on the case study 
area.

•	 Prosumers’ rate and technology features: two scenar-
ios of prosumers’ rate were considered: Current, with 
10% rate of prosumers (adapted from [42, 43]), and 
High, with 46% of prosumers, which corresponds to a 
2030 prosumers’ expected rate. Among the prosum-
ers, further technology coupling is modelled:

–	 Prosumers with PV and EV are assumed to account 
for 3% of all prosumers [37], while for the high sce-
nario it accounts for 36% [42];

–	 Prosumers with PV and BESS are assumed to corre-
spond to 50% of the prosumers without an EV [44].

On solar PV sizing scenarios, analogously to [19], two 
PV sizing methods were derived, to establish lower and 
upper limits for PV panels deployment:

•	 Techno-economic (TE), meant to mimic current reg-
ulation. The techno-economic was designed to mini-
mize prosumers’ imports from grid and PV invest-
ments, focusing on individual self-consumption, and 
was modelled using two assessment variables: dis-
counted payback time (DPBT) and self-consumption 
rate (SCR) (see Table 10 in the Appendix for detail in 
the techno-economic scenario); and,

•	 High-solar fraction (HSF), to foster energy com-
munities and local sharing/trading. The high-solar 
fraction PV sizing uses the buildings’ rooftop avail-
able areas to the fullest, with prosumers promoting 
the generation of surplus energy, enabling potential 
energy trades between peers.

Lastly, two local energy market model scenarios were 
designed and compared with centralized grid supply case 
(which represents the current scenario):

•	 the collective self-consumption (CSC) with aggre-
gation: which shares the PV surplus within the 
community without extra costs, while the imports 
from grid supply are made at an aggregation price 
more advantageous than standard end-user retail 
tariffs (as described in section Local energy market 
model). This assumption was made since energy 
communities, if aggregated as an isolated micro-
grid, can be considered as a unique larger con-
sumer, which can access better electricity supply 
prices than if considered individually each of its EC 
participants; and,

•	 the P2P energy trading market: where all the indi-
vidual PV surplus is traded within the community at 
an average agreed price, being the grid imports still 
supplied at an aggregation price, as described in sec-
tion Local energy market model.

As such, five final energy community typologies sce-
narios were designed from a combination of the previ-
ous aspects. Table 3 summarizes the number and types of 
participants (consumers and prosumers) for the five EC-
derived scenarios.

S0 (not pictured in Table  3) presents the centralized 
grid supply (current—no EC) scenario to which every EC 
scenario is compared in terms of market model. As such, 
the number of buildings and types of participants are the 
same of the scenario it is being compared (S1, S2, S3 or 
S4).

S1 represents a scenario with only residential consum-
ers and prosumers, as it is the most prominent sector in 
the case study area, with an assumed willingness to par-
ticipate of 77%. In this scenario, we test the impact of 
having different types of residential community profiles: 
R1, a normalized electricity profile commonly available 
on public databases; and R2 to R4, which are monitored 
profiles from specific families, to assess the impact of 
having smoothed/averaged versus real profiles, in this 
kind of community balance analysis. Thus, they are repre-
sented as S1–R1 community and S1–R2 to R4 community.

S2 is a scenario where the remaining types of non-
residential consumers are introduced, being prosumers 
solely present in the residential sector.

S3 scenario allows all types of participants to operate 
also as prosumers, maintaining the same willingness to 
participate (77%), prosumer adoption rate (10%), and EV 
penetration (3%).
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S4.1 scenario is a case where the willingness to partici-
pate is 100%, while the prosumer adoption rate and EV 
penetration are the same as S3.

Lastly, S4.2 scenario is a representation of S4.1, where 
both the prosumer and EV adoption rates are high (pro-
jected to 2030), and investment costs of both PV solar 
systems and BESS are expected to decrease.

For each scenario, both PV sizing (techno-economic 
and high-solar fraction) cases and energy market models 
(collective self-consumption and P2P) were implemented.

Results
Community results
Community results are useful to assess the overall ben-

efits of EC deployment. In terms of the total community 

costs, the differences between the CSC with aggrega-
tion and P2P market models are not significant, since 
the revenues of the trading are kept within the commu-
nity members. Thus, in this section only the CSC with 
aggregation will be analysed.

Figure  2 displays the net annual community savings 
for the different EC typology scenarios in a CSC with 
aggregation, compared to the centralized grid supply 
scheme.

Results demonstrate that annual electricity cost sav-
ings range from 15 to 20% in S1, and from 35 to 45% 
for S2, S3, and S4. This difference can be explained by 
the grid access tariff used in S1 (which is a low-voltage 
tariff ), while for S2 to S4, the aggregator grid access 

Table 3  Number and type of participants in the designed scenarios

Type of participant S1 S2 S3 S4

S4.1 S4.2

Residential Consumer 561 561 561 729 437

Prosumer PV 30 30 30 39 104

PV & EV 2 2 2 3 164

PV & BESS 30 30 30 39 104

Hotels Consumer – 5 4 6 4

Prosumer PV & EV – – 1 1 3

LRU Consumer – 1 – – –

Prosumer PV & EV – – 1 1 1

Industry Consumer – 1 – – –-

Prosumer PV – – 1 1 1

University Consumer – 1 – – –

Prosumer PV & EV – – 1 1 1

EV charging stations Consumer – 9 9 12 12

Fig. 2  Community annual electricity costs savings in CSC with aggregation
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tariff is assumed to be the same as the largest con-
sumer (University), which presents lower grid tariffs 
(since it is connected at medium voltage). Further, the 
increase in locally produced RE in S4.2, reduces the 
total community electricity costs, as seen in the differ-
ence between S4.1 and S4.2 with the high-solar fraction 
PV sizing. Differences within S1 residential community 
profiles are not significant.

Regarding community economic KPIs, the results 
computed in Fig.  3, for CSC with aggregation, can be 
misleading, presenting optimistic IRR, especially for the 
techno-economic sizing (i.e. reaching 212% in S2, for 
example). This can be attributed to two factors: low initial 
investment on PV systems when compared to the high-
solar fraction scenario (see Table  10 in the Appendix) 

and substantial savings derived from the advantageous 
aggregator tariff. However, with a techno-economic PV 
sizing, there is almost no PV surplus available for com-
munity trades, which devalues the EC concept. These 
results show that the aggregation tariff should be pru-
dently designed according to the real grid services and 
managing advantages that the aggregator might bring to 
grid resilience.

Concerning the energy KPIs, Fig.  4 presents the SSR 
and SR for the different EC typologies, independently 
of the energy market model considered, since none of 
parameters depend on energy trading/sharing prices.

Analysing Fig.  4, S4 (the more optimistic scenario) 
shows that, when a high-solar fraction PV sizing is 
considered, the increase of residential prosumers (and 

Fig. 3  NPV and IRR in a CSC with aggregation: TE—techno-economic; HSF—high-solar fraction

Fig. 4  Community self-sufficiency (SSR) and surplus rates (SR)
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consequently reduction on the number of consumers) 
results in a SR increase of 9.6% in S4.1 to 17.4% in S4.2, 
while the SSR increases from 5.3% in S4.1 to 12.5% in 
S4.2. On the other hand, for the techno-economic PV 
sizing, SR reduces from S4.1 to S4.2, which is explained 
by the growing number of prosumers with EVs, which 
boosts the overall community electricity demand with-
out an equivalent PV surplus increase. The self-suffi-
ciency rate for all techno-economic PV sizing scenarios 
is very low, being the highest in S4.2 reaching nearly 
4%, demonstrating that TE PV sizing is not adequate 
for EC creation.

Figure  5 showcases how locally generated RE influ-
ences an average day of the community load profile, for 
the CSC with aggregation case. The area between the 
grey and the yellow or the light blue curves, represents 
the RE consumed locally within the community for, 
respectively, the TE and the HSF PV sizing scenarios.

From Fig. 5, we can portray that:

•	 S1 considering R1 profiles showcases a substantial 
reduction of the afternoon peak for the HSF, decreas-
ing from a total community electricity demand of 

Fig. 5  Average load diagrams prior and following the energy community for scenarios: a S1–R1 community, b S1–R2 to R4 community, c S2, d S3, 
e S4.1, f S4.2
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roughly 1400 kWh to 1089 kWh. The TE PV sizing 
shows also a small demand decrease, although purely 
from self-consumed solar energy, with no trading 
happening due to the lack of PV surplus;

•	 S1 with the R2 to R4 community profiles displays 
fewer visible differences concerning electricity grid 
demand after EC energy sharing, as all profiles show-
case higher electricity demand when compared to R1 
(both implementing the same number of PV panels). 
This fact shows that modelling with standardized 
profiles may greatly increase the gap between EC 
model and real implementation;

•	 In S2, with the introduction of high-demanding con-
sumers but with prosumers only from the residential 
sector, the demand curves draw closer since total 
traded RE is little when compared to community 
total load;

•	 In S3 and S4, as the hotels, LRU, industry, and uni-
versity become prosumers, deploying PV panels 
on their respective buildings’ roofs, the total grid 
demand curve changes drastically: while on TE PV 
sizing the load curve loses its “morning peak” (S3, 
S4.1), in S4.2 the electricity demand from 6 AM to 
7 PM becomes an “off-peak period”, with lower daily 
electricity demand;

•	 After sunset, the demand curves of the energy com-
munity (yellow and light blue curves) tend to con-
verge into the total demand curve (grey). However, 
the HSF PV sizing curve never actually coincides 
with the total demand curve, which is explained by 
the presence of BESS owners, who can take advan-
tage of stored solar energy. This phenomenon is seen 

in all scenarios, as they all consider PV panels plus 
BESS prosumers.

CO2 eq emissions savings for the CSC with aggregation 
are observed in Fig. 6.

The TE PV sizing demonstrates that, in S1 and S2, 
emissions barely decrease when compared to their S0 
equivalent scenarios, as almost no energy sharing/trading 
is performed among peers. On the other hand, the HSF 
scenario showcases higher percentage reductions in CO2 

eq emissions, registering for the S1 R1 Community sav-
ings around 4%, similarly to scenarios S3 and S4.1, and 
more than 10% for S4.2. Due to the high penetration of 
EVs in S4.2, if a TE PV sizing is implemented, GHG emis-
sions increase when compared to the S0 equivalent sce-
nario (S0.3), as with little electricity generated and traded 

Fig. 6  Community annual CO2 eq emissions savings for the CSC with aggregation scenario

Table 4  Investment per saved ton of CO2 eq for the self-
consumption with aggregation case

Scenario Sub-scenario Investment per saved ton of CO2 eq [€/
ton CO2 eq]

Techno-
economic

High-solar fraction

S1 R1 community – 1.2E+04

R2 to R4 com-
munity

2.9E+07 2.8E+04

S2 2.9E+07 2.8E+04

S3 8.3E+03 4.4E+03

S4 S4.1 1.0E+04 5.1E+03

S4.2 – 3.7E+03
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inside the community, the demand on the electric grid 
becomes even higher.

The investment per saved ton of CO2 eq for each sce-
nario in the self-consumption with aggregation case is 
presented in Table 4.

The values obtained for the TE scenario are consider-
ably high, which is justified by PV surplus from prosum-
ers being nearly zero, and little energy shared among the 
community participants. In scenario S1, the majority of 
the participants are consumers (only 10% prosumers), 
meaning that consumers still import almost all demand 
from the grid resulting in extremely low CO2 eq savings 
for this scenario, when taking into account the overall EC 
investments. Instead, all HSF scenario report consider-
ably lower investment costs per ton of saved CO2 eq given 
extra PV surplus from which all members of community 
(consumers and prosumers) benefit. Looking at scenario 
S4.2, which intends to project a high RE, EV and BESS 

technology adoption rate in the 2030 future, it presents 
the best ratio between investment and CO2 eq saved.

Participants’ individual results
As previously seen, in community terms, there is no 
advantage of considering the techno-economic PV siz-
ing scenario. Therefore, in this section we will only ana-
lyse the high-solar fraction PV sizing scenario in order 
to derive more interesting results. Table  5 presents the 
individual economic outputs, disaggregated per type of 
participant.

In Table  5, we see that EV charging station displays 
negative results independently of the scenario. This hap-
pens because the electric mobility charging access grid 
tariffs are currently lower than the aggregator’s grid 
access tariff plus OMIE hourly prices considered in the 
scenarios. As a result, since the mobility access tariffs are 

Table 5  Annual electricity cost savings for HSF PV sizing, comparing the LEM scenarios (CSC versus P2P)

Sector Type of participant Profile Annual electricity costs savings [%]

High-solar fraction

S1 S2 S3 S4.1 S4.2

CSC P2P CSC P2P CSC P2P CSC P2P CSC P2P

Residential Consumer R1 20.2 18.9 – – – – – – – –

R2 18.8 18.4 46.2 46.0 46.2 46.1 46.3 46.1 47.8 46.8

R3 19.0 18.7 44.8 44.7 44.9 44.7 44.9 44.7 46.7 45.7

R4 19.8 19.4 41.6 41.5 41.7 41.6 41.8 41.6 43.7 42.6

Prosumer with PV R1 − 3.6 28.8 – – – – – – – –

R2 9.6 22.2 42.1 52.8 42.1 52.8 42.1 52.8 42.1 52.8

R3 12.2 21.1 41.0 48.5 41.0 48.5 41.0 48.5 41.0 48.5

R4 17.9 19.1 40.5 41.6 40.6 41.6 40.6 41.6 40.9 41.8

Prosumer with PV & EV R1 9.1 24.3 – – – – – – – –

R2 14.3 21.3 40.2 46.2 40.2 46.2 40.2 46.2 40.2 46.2

R3 – – – – – – – – 39.8 44.1

R4 – – – – – – 39.7 40.4 40.1 40.6

Prosumer with PV & BESS R1 0.0 15.6 – – – – – – – –

R2 11.6 14.6 45.1 45.7 45.1 45.7 45.1 45.7 45.1 45.7

R3 15.2 15.7 42.4 42.8 42.4 42.8 42.4 42.8 42.4 42.8

R4 18.3 18.3 40.4 40.4 40.4 40.4 40.4 40.4 40.8 40.7

Hotel Consumer – – 40.8 40.6 40.9 40.6 40.9 40.6 43.4 41.7

Prosumer with PV & EV – – – – 40.5 40.3 40.5 41.7 42.6 41.1

LRU Consumer – – 41.5 41.3 – – – – – –

Prosumer with PV & EV – – – – 41.5 41.3 41.6 41.3 44.2 42.4

Industry Consumer – – 13.5 13.2 – – – – – –

Prosumer with PV – – – – 11.1 13.0 11.2 13.1 13.3 14.1

University Consumer – – 0.3 − 0.1 – – – – – –

Prosumer with PV & EV – – – – 0.4 0.0 0.4 0.0 4.7 2.4

EV charging station Consumer – – − 19.3 − 19.6 − 19.1 − 19.5 − 19.1 − 19.5 − 15.1 − 17.9
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so competitive, the trading within the EC will not benefit 
this participant.

For residential prosumers who have PV surplus, the 
differences between energy market models (CSC vs P2P) 
are massive, such that R1 is better off not participating 
in the CSC EC. On the other hand, for consumers that 
take advantage of consuming locally produced RE at no 
charge, the annual electricity costs will be lower in a CSC 
with aggregation than if integrating a P2P energy trad-
ing community. Conversely, the P2P model shows bet-
ter results for prosumers with zero PV surplus rates (as 
the case of LRU, Industry, University), since they can 
take advantage of consuming locally shared RE. Thus, 
consumers achieve higher annual electricity savings in 
CSC with aggregation, while prosumers benefit more by 
integrating a P2P energy trading community. The differ-
ences however are much higher for prosumers than for 
consumers: while for consumers differ at maximum 1.3% 
between energy market models, for residential prosum-
ers the mean annual electricity costs savings is 9.3%.

Table  6 presents the individual IRR, which is only 
shown for P2P trading EC, since the investments are rela-
tive to the RE systems owners. The NPV results, which 
are presented in Table 14 in the Appendix, present a sim-
ilar behaviour to IRR.

Results show that, for residential prosumers, partici-
pating in P2P EC allows higher IRRs than they would 
obtain in a centralized grid supply scenario. Alternatively, 

BESS owners showcase viable results (IRR > 2.5% which is 
the discount rate) for S1 (R4 profile), for S2, S3, and S4.1 
(for profiles R2 and R4), and for all considered profiles in 
S4.2. On the other hand, the hotel and LRU’s IRR for all 
scenarios are extremely optimistic, which might be due 
to the relatively low PV investment costs regarding their 
overall electricity costs. The industry participant seems 
to benefit from the community as its IRR increases up to 
12 percentual points with the participation on a P2P EC.

As for the indicators related to the energy and envi-
ronmental performances, Table  7 reports the peer suf-
ficiency rate for every type of participant regarding the 
different EC typologies, while the investment cost per 
CO2 eq emission saved for each participant is presented in 
Table 15 of the Appendix.

The peer sufficiency rate reports the EC participants 
electricity demand that is supplied by locally produced 
RE. The major changes in the sufficiency rate occur at 
the consumer level since the prosumers SSR does not 
change. In S1, for the R1 consumer, a peer sufficiency rate 
of 4.13% is seen. However, the introduction of prosum-
ers allows the sufficiency rate to increase, which is visible 
across the scenarios, with S4.2 producing, comparatively, 
the best outputs, with sufficiency rates between 3% (R3) 
and 4.6% (Hotel). For HSF PV sizing, differences between 
the CSC with aggregation and P2P LEM models are quite 
small with differences of, at best, 0.13%, with CSC report-
ing the better results. This can be explained by the fact 

Table 6  IRR in a HSF PV sizing for the P2P LEM scenario

High-solar fraction

IRR [%]

Sector Type of prosumer Profile S1 S2 S3 S4.1 S4.2

Residential PV R1 13.5 – – – –

R2 17.9 24.9 24.9 24.9 29.6

R3 19.8 27.3 27.3 27.3 32.4

R4 27.0 38.5 38.5 38.5 45.8

PV & EV R1 11.8 – – – –

R2 16.0 24.3 24.3 24.3 28.9

R3 – – – – 31.8

R4 – – – 38.0 45.2

PV & BESS R1 − 3.8 – – – –

R2 − 2.8 3.3 3.3 3.3 7.8

R3 − 4.5 2.3 2.3 2.3 6.8

R4 5.9 12.3 12.3 12.3 19.0

Hotel PV & EV – – 139.0 139.0 167.5

LRU PV & EV – – 793.5 794.9 966.3

Industry PV – – 25.1 25.1 30.6

University PV & EV – – 17.1 17.1 25.0
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that most surplus energy on the P2P energy trading com-
munities is kept inside the community.

Discussion
Having examined the total community results, from both 
an economic and environmental perspective, energy 
communities will have a significant deployment impact. 
Consumers and prosumers are able to decrease their 
annual electricity costs, along with viable solar PV pro-
jects: they consume, share and export cleaner and local 
renewable energy and, consequently, lower their corre-
spondent CO2 eq emissions. However, for achieving better 
EC results, prosumers should implement larger PV sys-
tems (high-solar fraction PV sizing scenario) to allow for 
energy sharing/trade between peers.

Impact of number and types of participants
Analysing ECs consisting of only residential buildings, 
as S1 (similar to what most studies do), opposed to ECs 
containing other types of participants (S2 to S4), allows 
for a broader understanding of EC dynamics. In the 
proposed EC typologies, it is visible that some partici-
pants display economical losses when inserted in the 
community (the EV charging stations being clear exam-
ples), while most benefit, and some benefit tremen-
dously (case of the hotel and the LRU), leading to great 
discrepancies in gains according to types of consum-
ers. It is also interesting to observe that, an increase of 
number of participants (whether from the residential 
sector or any other) does not necessarily correlate with 
better EC results, but rather the load curve and power 
demand of the participants.

Table 7  Individual peer sufficiency rate for EC typologies in a HSF PV sizing

Sector Type of participant Profile High-solar fraction

Peer sufficiency rate [%]

S1 S2 S3 S4.1 S4.2

CSC P2P CSC P2P CSC P2P CSC P2P CSC P2P

Residential Consumer R1 4.1 4.1 – – – – – – – –

R2 0.9 0.9 0.4 0.4 0.5 0.5 0.6 0.5 3.3 3.2

R3 0.9 0.8 0.3 0.3 0.5 0.5 0.5 0.5 3.2 3.1

R4 0.9 0.9 0.4 0.3 0.5 0.5 0.5 0.5 3.3 3.2

Prosumer with PV R1 43.4 43.4 – – – – – – – –

R2 34.5 34.5 34.5 34.5 34.5 34.5 34.5 34.5 34.5 34.5

R3 31.6 31.6 31.6 31.6 31.6 31.6 31.6 31.6 31.6 31.6

R4 24.4 24.4 24.4 24.4 24.4 24.4 24.4 24.4 24.7 24.7

Prosumer with PV & EV R1 31.9 31.9 – – – – – – – –

R2 28.1 28.1 28.0 28.0 28.1 28.1 28.1 28.1 28.1 28.1

R3 – – – – – – – – 26.5 26.5

R4 – – – – – – 21.2 21.2 21.5 21.5

Prosumer with PV & BESS R1 79.2 79.2 – – – – – – – –

R2 54.2 54.2 54.2 54.2 54.2 54.2 54.2 54.2 54.2 54.2

R3 45.9 45.9 45.9 45.9 45.9 45.9 45.9 45.9 45.9 45.9

R4 26.6 26.6 26.6 26.6 26.6 26.6 26.6 26.6 26.9 26.8

Hotel Consumer – – 0.5 0.5 0.7 0.7 0.8 0.7 4.8 4.6

Prosumer with PV & EV – – – – 8.2 8.2 8.3 8.2 11.4 11.3

LRU Consumer – – 0.6 0.6 – – – – – –

Prosumer with PV & EV – – – – 2.0 2.0 2.1 2.0 6.3 6.2

Industry Consumer – – 0.5 0.5 – – – – – –

Prosumer with PV – – – – 24.4 24.4 24.5 24.5 26.1 26.0

University Consumer – – 0.6 0.6 – – – – – –

Prosumer with PV & EV – – – – 10.6 10.6 10.7 10.7 14.0 13.9

EV charging station Consumer – – 0.4 0.4 0.6 0.6 0.6 0.6 3.8 3.7
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Impact of technology features
One of the main factors that result in positive out-
puts is PV system sizes deployed by prosumers. 
Two distinct PV sizing scenarios were assessed: the 
techno-economic, focused on the individual pro-
sumer self-consumption, and the high-solar fraction, 
which considered the buildings’ total rooftop avail-
able area to install PV systems. While the former, 
results in lower investment costs, and in some cases 
very optimistic economic outputs (namely the IRR), 
the overall results indicate that high-solar fraction PV 
sizing is the most feasible for the creation of energy 
communities.

Further, the impact of technology features such 
as EV and BESS on the EC results are also affected 
by which PV sizing is chosen: the deployment of PV 
panels will help decrease the higher electricity costs 
of EV owners, in particular with the HSF PV sizing. 
Similarly, BESS also benefit of HSF PV sizing, since the 
inexistence of PV surplus on the TE make them use-
less, with the current charging/discharging criteria 
implemented. In terms of investment per ton of CO2 

eq saved, S4.2 is still the more advantageous though it 
requires a considerable number and variety of technol-
ogy features.

Impact of prosumer adoption rate
Looking at the different scenarios, the economic 
results tend to improve when increasing the pro-
sumer adoption rate. Scenario S4.2, when compared 
to scenario S4.1 (which has the same number of par-
ticipants but more consumers), presents community 
and individual better outputs. It reveals that there 
is still potential for more prosumers to take part in 
the community, as almost no excess energy exists, 
and when it does, it is due to the P2P tariff not being 
advantageous for any trading peer. However, at some 
point, it is expected that this positive tendency on 
results will reach a stagnation when the PV surplus 
generated by prosumers will no longer have local EC 
demand to satisfy during sunlight hours. One poten-
tial answer to this problem are community batteries 
where PV surplus may be stored (instead of exported 
to the grid) and sold to demanding EC peers during 
peak times, at more competitive prices than the ones 
given by electricity retailers.

Nevertheless, given current configuration and 
assumptions, individual results point that consumers 
achieve higher annual savings in CSC with aggrega-
tion, while prosumers benefit more by integrating a 
P2P EC.

Impact of LEM configuration
Considering overall economic gains with HSF PV siz-
ing, results demonstrate that both consumers and 
prosumers, as well as the overall community, are in 
general benefitted when engaging in energy commu-
nities, either in a P2P or CSC with aggregation mod-
els. However, when comparing HSF against TE results, 
although HSF computes overall better outputs, the dif-
ference is not significant enough (0.1 to 3% difference 
between PV sizing scenarios). Most of the electricity 
costs savings showcased for prosumers, consumers 
and the community are due to the aggregation factor 
(where a common, more advantageous, retail tariff is 
applied). From the grid point of view, the advantage 
of an aggregator is that it mimics a larger consumer 
with greater volume of trades, being able to also pro-
vide grid services, such as grid flexibility. Thus, we can 
conclude that the P2P trading price at which EC par-
ticipants are trading PV surplus with their peers does 
not differ much from the aggregation tariff offered 
when consuming electricity from the main grid, given 
that results showcased for both CSC and P2P scenarios 
are similar. As such, the soon expected LEMs regula-
tion and its electricity trading models design will dic-
tate the future success of P2P LEMs, or if, instead, 
they might suffer a drawback when compared to other 
investments (i.e. flexible technologies) that can also 
provide potential economic savings.

Besides, the small economic differences for the TE sce-
nario between the two LEM configurations, raises the 
question on whether the existent individual self-con-
sumption infrastructure is sufficient to make an EC viable 
or should ECs be created from scratch with a common 
investment on larger PV systems, sized already for the EC 
composition.

Impact on community and individual results
In individual terms, results seem to show that with 
increasing PV installations and prosumer adoption rates 
(S4.2 scenario), the IRR also increases, proving that 
more available energy for P2P trading allows PV sys-
tems owners to attain better economic results in their 
solar projects, independently of their electricity demand 
magnitude.

Generally, and considering every analysed indicator, 
the best-case scenario, both individually and cumula-
tively, is S4.2, as it represents an EC typology where the 
prosumer adoption rate increases.

In terms of the PV sizing scenarios, the HSF produces 
results closer to the literature findings. In terms of over-
all community results, for both the P2P and CSC with 
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aggregation LEMs, the work here proposed presents 
electricity cost savings between 17 and 43% (dependent 
on the considered scenario) in line with the literature 
12–31% [20]. Concerning individual savings, since most 
of the literature is focused on residential energy con-
sumption, the residential savings are the only compara-
ble parameter. In this work, residential prosumers in P2P 
can obtain savings between 15 and 49%, which are within 
the literature range 3–83% [12, 19, 21], while residential 
consumers can save from 18% up to 47%, whereas in the 
literature between 4 and 29% [19, 21], which is slightly 
below the values obtained.

Concerning the overall community sufficiency rate, 
the model computes values between 3 and 15%, closely 
aligned with the findings from [20] of 20% but far from 
the 75% found in [45]. As previously referred, improve-
ments in self-sufficiency can be obtained by making a 
shared use of energy storage systems.

Conclusions
This research work focuses on modelling the impact of 
different energy communities’ design options on the 
overall economic and environmental performance of 
ECs. Different EC design typologies (multiple types of 
participants and willingness to participate), types of 
prosumers (with multiple technology features such as 
solar PV systems, EVs or BESS), PV sizing scenarios 
(techno-economic and high-solar fraction), and types 
of LEM models (CSC with aggregation and P2P) were 
tested using as case study Areeiro parish, in Lisbon, 
Portugal.

Results reveal that EC outputs will greatly depend 
on the types of participants, PV sizes deployed, LEM 
model implemented and consumers versus prosumers 
share.

Regarding the PV sizing, the individual techno-eco-
nomic PV sizing, is not ideal for EC deployment, as 
almost no PV surplus energy is available to be shared 
or traded within the EC. However, the economic results 
show that most participants are able to reduce their elec-
tricity costs due to a lower aggregation tariff. As such, the 
high-solar fraction PV sizing seems much more suitable 
for EC deployment. The share/trade of PV surplus, paired 
with competitive aggregation tariffs results in positive 
economic and environmental outputs, for the majority 
of both consumers and prosumers. Prosumers with BESS 
become profitable, while participants with EVs take eco-
nomic advantage of locally produced energy. This reveals 

that, to become profitable, ECs should be deployed add-
ing larger PV systems to existing individual self-con-
sumption PV assets, in proportion to the share and types 
of consumers and prosumers.

Regarding the analysed energy community typolo-
gies, S4.2 is the best-case scenario, both at individual and 
community level, as it represents a configuration where 
the prosumer adoption rate is the highest. Community 
electricity cost savings are up to 42%, while the SSR is up 
to 12.5%, which is low comparatively with literature, due 
to the participation of high demanding sectors (such as 
industry or LRU). At participants individual level, costs 
savings can reach, in the residential sector, 48% for con-
sumers and 53% for prosumers, while for high-demand-
ing participants stay slightly below: 43% for hotel, 44% for 
LRU, 13% for industry and 5% for university. Looking at 
peers’ sufficiency rates, the highest results are again for 
the residential prosumers (35% for PV prosumers, 28% 
with PV + EV and 54% with PV + BESS) while for other 
participants results fall between 6% (LRU) and 26% 
(industry).

Regarding LEM scenarios, highest individual savings 
are directly related to higher self-sufficiency rates and 
advantageous aggregation grid tariffs (and not so much 
to P2P trading prices), revealing that EC regulation will 
play an important role in determining to what extend 
ECs will effectively contribute to the energy transition 
and decarbonization.

The limitations of this work are the BESS usage algo-
rithm, that only considers individual BESS for increasing 
the PV self-consumption of its owner, not sharing BESS 
energy among community participants; and the discount 
rate used for PV investments, that, in light of recent 
European energy crisis and consequent rise in inflation, 
is considerably low, resulting in more optimistic results. 
Future work should try to improve the BESS charging/
discharging algorithm to allow for more communal use 
and higher self-sufficiency and playing with demand flex-
ibility. On the other hand, it should also incorporate a 
dynamic pricing LEM optimization for a more flexible 
P2P market approach.

Appendix
Electricity demand modelling
See Fig. 7; Table 8.
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Fig. 7  Daily average profiles of the types of participants considered in the energy community
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PV modelling
See Tables 9, 10.

Table 8  Participants’ retail tariffs [29]

Participants Voltage level Time period Retail tariff

Hourly option Active energy [€/
kWh]

Contracted 
power [€/
month]

Residential Low voltage Simple 0.1557 9.48

Dual Off-peak 0.1024

Peak 0.1875

EV charging station Dual Off-peak 0.0419 –

Peak 0.1058

Tri Off-peak 0.0419

Full 0.0813

Peak 0.1913

Hotel Special Super off-peak 0.0678 24.64

Off-peak 0.0783

Full 0.1136

Peak 0.1441

LRU Special Super off-peak 0.0666

Off-peak 0.0777

Full 0.1101

Peak 0.1382

Industry High voltage Super off-peak 0.0662 74.64

Off-peak 0.0758

Full 0.102

Peak 0.1344

IST Medium voltage Super off-peak 0.065 46.07

Off-peak 0.075

Full 0.112

Peak 0.131

Table 9  Investment costs of PV solar panels depending on 
range of installed capacity (source: adapted from [23, 34])

[€/Wp] Installed 
capacity (IC) 
[kW]

1.75 < 1.5

1.525 1.5 ≤ IC < 5

1.375 5 ≤ IC < 20

1.15 20 ≤ IC < 100

1.075 100 ≤ IC < 150

1 150 ≤ IC

Table 10  Techno-economic PV system sizing

A real discount rate of 2.5% and a 25-year PV lifetime were considered
a The discounted payback time (DPBT) will differ regarding the hourly cycle 
chosen by the participant, but the same optimal PV system sizing was found to 
be the same. The DPBTs shown are the minimum of the possible cycles

Members DPBTa [years] SCR [%] Number 
of PV 
panels

Residential sector R1 5.3 100 1

R2 6.1 99.88 1

R3 6.1 99.8 1

R4 6.1 100 1

Hotel 4.1 100 80

LRU 3.5 100 80

Industry 6.8 94.34 600

University 6.5 100 600
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BESS modelling
See Tables 11, 12.

EV modelling
See Figs. 8, 9; Table 13.

Table 11  Parameters used to model BESS

Parameters Values Sources

Charge and discharge efficiency [ ηcharge/discharge] 95% [46]
[47]

Range of usable state of charge [SOC] 20–90% [48, 49]

Maximum electricity output 33.3% [47]

Expected lifetime 15 years [47, 50]

Inverter nominal capacity 2.5 kW [51]

Table 12  BESS’ investment costs

Residential consumer Battery capacity [kWh] Investment 
per BESS [€]

R1 6 3780

R2 7.3 4599

R3 9 5670

R4 3.5 34,389
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Fig. 8  Electricity demand profile for the EV charging station [25]

Fig. 9  EV hourly recharged energy for the best-case scenarios. Adapted from [24]
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NPV
See Table 14.

Table 13  EV implementation for the different types of 
participants

Type of participant EV charging hours Disregarded 
period

Residential 8 PM to 8 AM August

Hotel All day None

LRU 8 AM to 8 PM None

Industry – –

IST 8 AM to 8 PM August

Table 14  NPV in a high-solar fraction P2P energy trading layout

High-solar fraction

NPV [€]

Sector Type of prosumer Profile S1 S2 S3 S4.1 S4.2

Residential PV R1 2 925 € – – – –

R2 4 321 € 6 659 € 6 660 € 6 660 € 6 957 €
R3 4 934 € 7 477 € 7 479 € 7 479 € 7 778 €
R4 7 263 € 11 281 € 11 286 € 11 286 € 11 620 €

PV & EV R1 2 413 € – – – –

R2 3 681 € 6 451 € 6 452 € 6 452 € 6 749 €
R3 – – – – 7 577 €
R4 – – – 11 103 € 11 443 €

PV & BESS R1 − 2 641 € – – – –

R2 − 2 592 € 517 € 522 € 522 € 2 541 €
R3 − 3 759 € − 150 € − 150 € − 150 € 2 267 €
R4 1 805 € 6 574 € 6 581 € 6 581 € 8 200 €

Hotel PV & EV – – 690 884 € 690 996 € 705 362 €
LRU PV & EV – – 2 815 234 € 2 816 556 € 2 886 482 €
Industry PV – – 600 341 € 600 622 € 656 734 €
University PV & EV – – 837 207 € 842 340 € 1 217 017 €
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CO2 emissions savings
See Table 15.

Abbreviations
ASOC	� Average State of Charge
BESS	� Battery Energy Storage System
CSC	� Collective self-consumption
DER	� Distributed Energy Resources
DPBT	� Discounted Payback Time
EC	� Energy communities
EV	� Electric vehicles
GHG	� Greenhouse gas
HSF	� High Solar Fraction
KPI	� Key Performance Indicators
LEM	� Local electricity markets
LRU	� Large Retail Unit
MILP	� Mixed-integer linear program
NPV	� Net Present Value
OMIE	� Iberian electricity wholesale market
PV	� Solar photovoltaics
P2P	� Peer-to-peer
RES	� Renewable Energy Sources
SOC	� State of Charge
SR	� Surplus Rate
SSR	� Self-Sufficiency Rate
TE	� Techno-Economic

List of symbols
Avdistance	� EV average distance travelled [km]
BatN(t)	� BESS state of charge of prosumer N at hour t [kWh]
BatN,nom	� BESS nominal capacity of prosumer N [kW]
BatN,min	� BESS minimum state of charge of prosumer N [kW]
BatN,max	� BESS maximum state of charge of prosumer N [kW]
CN(t)	� Electricity costs from grid purchases, of consumer N at hour t [€]

C
agg
N (t)	� Electricity costs in CSC aggregation scenario, of consumer N at 

hour t [€]
C
P2P
N

(t)	� Electricity costs from trading with peers in P2P scenario, of con-
sumer N at hour t [€]

C
P2Pscenario

consumerN
(t)	� Electricity costs in P2P scenario, of consumer N at 

hour t [€]
C
P2Pscenario

prosumerN
(t)	� Electricity costs in P2P scenario, of prosumer N at hour 

t [€]
EdemandN

(t)	� Electricity demanded by prosumer N at hour t [kWh]
EdemandT

(t)	� Total EC electricity demand at hour t [kWh]
E
PV

demand,N
(t)	�Electricity demand after PV self-consumption, either from the grid 

or BESS, of prosumer N at hour t [kWh]
E
PV+BESS

demandN
(t)	� Electricity imported from the grid, after PV self-consumption and 

BESS discharge, by prosumer N at hour t [kWh]
E
EV

demandN
(t)	� Electricity demand of prosumer N with capacity to charge an EV, 

at hour t [kWh]
E
agg

demandN
(t)	� Electricity imported from grid, after EC sharing on CSC aggrega-

tion scenario, by consumer N at hour t [kWh]
EproducedN (t)

	�Electricity generated by PV solar panels by prosumer N at hour t 
[kWh]

EPVsurplus,N(t)
	� PV surplus, after PV self-consumption, to be shared, charge a 

battery or exported to the grid, of prosumer N at hour t [kWh]
EPV+BESS
surplus,N (t)	� PV surplus exported to the grid, after PV self-consumption and 

BESS charge, by prosumer N at hour t [kWh]
EsurplusT (t)

	� Total PV surplus to be shared/traded on the EC, at hour t [kWh]
EP2PsurplusN

(t)	� Electricity traded between peers on the P2P scenario, by 

consumer N at hour t [kWh]
Ebat ,N(t)	� Energy available in the BESS of prosumer N at hour t [kWh]
Ebat .N.MAX	� Maximum charge/discharge rate of prosumer N [kW]
Ed	� Energy consumption per distance travelled by an EV [kWh/km]
EEV (t)	� EV electricity demand at hour t [kWh]
EV rate	� EV rate of per total number of vehicles in Portugal [%]

Table 15  Investment per saved ton of CO2 eq for a HSF PV sizing for P2P LEM scenario

Investment per saved ton of CO2 eq [€/ton CO2 eq]

High-solar fraction

Sector Type of prosumer Residential profile S1 S2 S3 S4.1 S4.2

Residential PV R1 – – – – –

R2 9.4E+08 1.8E+09 1.0E+08 1.2E+08 7.6E+07

R3 2.1E+07 5.0E+07 1.7E+07 1.9E+07 4.5E+06

R4 7.2E+05 1.6E+06 9.7E+05 9.7E+05 1.6E+05

PV & EV R1 1.9E+06 – – – –

R2 6.2E+06 1.3E+07 5.0E+06 5.4E+06 2.2E+06

R3 – – – – 1.3E+06

R4 – – – 5.7E+05 1.1E+05

PV & BESS R1 – – – – –

R2 1.7E+10 3.3E+10 6.4E+08 7.6E+08 4.3E+08

R3 1.2E+08 2.8E+08 8.6E+07 9.3E+07 2,0E+07

R4 2.5E+06 5.6E+06 3.2E+06 3.2E+06 4.4E+05

Hotel PV & EV – – 2.6E+04 2.5E+04 3.4E+03

LRU PV & EV – – 3.2E+03 3.1E+03 4.2E+02

Industry PV – – 2.1E+05 1.9E+05 2.1E+04

University PV & EV – – 2.7E+04 2.6E+04 3.6E+03
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RE(t)	� EV hourly percentage of recharged energy [%]
ηdischarge	� BESS discharge efficiency [%]
ηcharge	� BESS charge efficiency [%]
ORN	� Average yearly occupancy rate of parking spots of prosumer N [%]
OMIE

avg

m 	� OMIE wholesale market’s monthly average of daily prices [€/kWh]
OMIEh(t)	� OMIE wholesale market’s hourly prices [€/kWh]
πN(t)	� Retail tariff of consumer N at hour t [€/kWh]
π
agg
access(t)	� Grid access tariff for the energy community [€/kWh]

πP2P(t)	� P2P tariff between EC participants, at hour t [€/kWh]
RN(t)	� Revenue from PV surplus selling to the grid, by prosumer N at 

hour t [€]
R
agg
N (t)	� Revenue from PV surplus selling, on CSC aggregation scenario, by 

prosumer N at hour t [€]
R
P2P
N

(t)	� Revenue from PV surplus selling between peers, on P2P scenario, 
by prosumer N at hour t [€]

VVehicles,N	� Number of EVs the prosumer N can charge/fit on the parking lot 
[nr.]

XdemandN
(t)	�Electricity demand share of consumer N, in relation to the EC at 

hour t [%]
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