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Abstract: Global warming contributes to the worldwide goal of a sustainable carbon-neutral society.
Currently, hydroelectric, wind and solar power plants are the most competitive renewable technolo-
gies. They are limited to the primary resource availability, but while hydroelectric power plants
(HPPs) can have storage capacity but have several geographical limitations, wind and solar power
plants have variable renewable energy (VRE) with stochastic profiles, requiring a substantially higher
investment when equipped with battery energy storage systems. One of the most affordable solutions
to compensate the stochastic behaviour of VRE is the active participation of consumers with demand
response capability. Therefore, the role of citizen energy communities (CECs) can be important
towards a carbon-neutral society. This work presents the economic and environmental advantages of
CECs, by aggregating consumers, prosumers and VRE at the distribution level, considering microgrid
trades, but also establishing bilateral agreements with large-scale VRE and HPPs, and participating in
electricity markets. Results from the case-study prove the advantages of CECs and self-consumption.
Currently, CECs have potential to be carbon-neutral in relation to electricity consumption and reduce
consumers’ costs with its variable term until 77%. In the future, electrification may allow CECs to be
fully carbon-neutral, if they increase their flexibility portfolio.

Keywords: aggregation; bilateral agreements; carbon-neutral power systems; citizen energy commu-
nities; electricity markets; flexibility portfolio; microgrid trades; variable renewable energy

1. Introduction

Traditionally, the organization of the electricity sector has been based on vertically
integrated electric power companies, which produced, transported and distributed energy
without any competition. Liberalization began in the earlier nineties and had basically
separated the functions of electricity generation and retail from the natural monopoly
functions of transmission and distribution. This process has led to the implementation of
a wholesale market, where producers provide the energy to retailers and big consumers,
and a retail market, where retailers guarantee its delivery to end-use consumers [1–3].
Globally, the day-ahead market of electricity is the most liquid physical wholesale market,
but it closes several hours before real-time operation. It was designed to dispatchable
technologies, as coal and hydroelectric power plants. Intraday and real-time markets have
close to real-time gate closures, but they are used only to cover the short-run deviation
of previous trades, so they have few liquidities. To guarantee the security of supply, fast
responsive dispatchable power plants can also support the ancillary services, responsible
for maintaining the balance between demand and supply using the balancing markets,
guaranteeing the frequency and voltage stability along the electrical grid [4,5].

The challenges posed by global warming have led to the definition of key objectives
for the integration of renewable energy in all sectors of activity. Currently, several countries
defined a global objective of a carbon-neutral society towards 2050, such as the European
Union (EU) countries, Japan and South Korea [6–8]. These objectives led to the establish-
ment of incentives to variable renewable energy (VRE), increasing their penetration but
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also the retail prices. One of the main issues is that VREs have a variable production,
so they increase the uncertainty of the net load, and have significantly capital costs, but
near-zero production costs, decreasing the prices of wholesale markets, resulting in a
tariff deficit, i.e., the difference between the incentive and the market value of the energy
supplied by the technology, paid by consumers [4,9–12]. Retailers face the same uncertainty
problem when forecasting the consumption of their clients [13,14]. As the current electricity
markets (EMs) have been designed for dispatchable power plants, VRE producers and
retailers have several deviations that need to be settled in balancing markets, increasing
the prices of these markets and the penalties to pay [5,13,14]. The increase of the VRE
penetration in power systems reduce the capacity factors of dispatchable generation, i.e.,
reduce the operation hours of traditional power plants, that are essential to guarantee
the security of supply. Furthermore, traditional thermal power plants have high start-up
costs and dioxide carbon (CO2) emissions, so a reduction in their capacity factors can
increase the market prices, and in some cases the CO2 emission, because it increases the
number of start-up occurrences [15,16]. So, to be economic viable, governments compen-
sate these power plants lack of remuneration from EMs by giving them subsidies or using
capacity mechanisms [15]. Accordingly, the International Energy Agency indicates that
governments should allow aggregation and avoid the use of negative externalities, such as
incentives and subsidies that avoid the free fluctuation of prices, reducing the social welfare
of citizens [17]. The extra costs originated by these negative externalities are directed to
retail tariffs of end-use consumers [13]. The increase in the VRE penetration is important
to achieve carbon neutrality, but it should be reliable and affordable. To guarantee the
security of power systems at reasonable prices, flexibility is the key to compensate the VRE
uncertainty, being sector coupling an important solution.

Sector coupling and electrification are critical issues to achieve carbon neutrality and
combat energy poverty and energy external dependency, by supporting the replacement
of fossil fuels with renewable energy sources (RES) in all sectors of activity [18]. The
accommodation of near 100% renewable energy can achieve those goals, but flexibility
may exist at all levels from large-scale storage systems to small-scale demand response
(DR) and smart charging of electric vehicles (EVs) [8,19]. Against this background, a future
carbon-neutral society, but also reliable, and economically efficient will always depend
on the capacity of consumers to follow and accept the sectoral electrification, providing
the required flexibility that guarantees the security of supply of near 100% renewable
penetration in power systems. Currently, the pricing mechanisms do not incentive the
active participation of consumers through DR, but in the future, scarcity pricing can
achieve significant values, incentivizing consumers to increase their flexibility, shifting their
consumptions to periods with higher renewable penetration and/or lower prices [20,21].

A citizen energy community (CEC) is a new legal entity that may be composed of
consumers, generators and system operators of a local area [22,23]. CECs can be very
important to aggregate the local distributed generation and consumption, reducing forecast
errors and being active wholesale market players. Retail prices of electricity are substan-
tially higher than wholesale prices because of all extra costs with grid access and use,
commercialization and costs of general economic interest, like renewable incentives and
capacity mechanisms, which incentives consumers to be part of CECs [13]. Indeed, the
levelized cost of energy (LCOE) of solar photovoltaic (PV) has being fallen, which makes
self-consumption more attractive, especially when compared with retail tariffs [13,24–26].
Distributed generation, like solar PV, is expected to increase rapidly in the coming years,
such as district heating, cooling and EVs penetration [8,27–29]. CECs will play an impor-
tant role in triggering all these electrification solutions, providing the required flexibility
that can guarantee local carbon neutrality and energy sustainability at low prices, when
comparing to nowadays [18,21]. The distribution system operator has a major role to play
in facilitating the active participation of CECs in the society decarbonisation, accommodat-
ing new distributed generation and transitioning to a more flexible system where smart
grid services, self-consumption, smart meters, the expansion of the EVs charging network,
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microgrid trades and peer-to-peer (P2P) markets will be required. Considering the critical
role of CECs to achieve carbon-neutral power systems the goal of this article is threefold:

• Discusses the required market designs of future electricity markets with near 100%
renewable generation;

• Presents the current and future key role of CECs towards carbon neutrality;
• Presents a case-study that uses real-data to illustrate the current role of CECs, consid-

ering self-consumption, microgrid trades and local agreements.

The remainder of the paper is structured as follows: Section 2 presents the future of
European electricity markets. Section 3 addresses the key role of local CECs. Section 4
presents measures of economic, environmental and sustainability impact of CECs in the
power system. Section 5 presents a case-study to test the role of CECs in power systems.
Finally, Section 6 states the final remarks and summaries avenues for future work.

2. The Future of European Electricity Markets

In 2009, the EU presented the “Third Energy Package” that has the goal of increas-
ing competition and harmonizing market prices across Europe, by contributing to the
liberalization of retail markets and the harmonization of the wholesale markets rules [4,30].

Considering wholesale markets, DAMs are the most used and liquid physical markets
of global liberalized electricity markets. The main European markets of electricity are the
north (Nordpool), central (EPEX) and Iberian (MIBEL) markets. These markets close at
12:00 p.m. (CET), 12–36 h before physical delivery in central Europe. The trading occurs
through an implicit auction where price and quantity are computed for every hour of
the next day, using EUPHEMIA, a hybrid algorithm that is used in the European Price
Coupling Region [31]. EUPHEMIA considers the system marginal pricing theory. It
considers simple and complex bids from supply and demand sides and takes into account
the physical constraints of the cross-zonal capacity. By computing the price and quantity
for each bidding zone, the algorithm also defines the day-ahead flows between bidding
zones [31,32]. Intraday markets (IDMs) may involve auctions, like DAMs, but with several
sessions, operate continuously, considering the pay-as-bid scheme, or even using bilateral
contracts. Transmission system operators (TSOs) look on the market results of DAMs, IDMs
and bilateral contracts for scheduling the real-time operation. Deviations from schedules
have to be balanced using the balancing mechanisms of the ancillary services markets,
and the players that deviate, the balance responsible parties, need to pay (or receive) the
imbalance prices. DAM (spot) prices serve as the basis for (financial) futures and (physical)
forward contracts that are traded bilaterally over-the-counter or on power exchanges and
allow selling and buying electricity up to several years before delivery [1–3]. Futures are
standardized contracts that can be subject to physical or financial settlement, reversible,
used to buy and sell a given quantity of an asset in the future considering a price fixed in
the present, receiving or paying the financial difference between the future and present
prices. Forwards are contracts to purchase and sell a given quantity of an asset in a specific
future date, considering a price set in the present. Besides those standard contracts we also
have private bilateral contracts, like power purchase agreements (PPAs), commonly used
in private agreements between VREs and buyers, where buyers are responsible to acquire
all quantity produced by VREs [4,23].

In 2016, the EU presented the “Clean Energy for all Europeans”, comprising new
legislation that supports the efficient participation of consumers as part of citizen energy
communities (CECs), incentivizing self-consumption by reducing their payment with
electrical energy. It also sets ambitious targets for the use of renewable energy, as the
main source of energy, in the transport, buildings, heating and cooling sectors and in the
production of electricity [22,23]. These targets led to the establishment of externalities, like
significant subsidies or incentives used to assist the investment in renewable technologies
that are not yet mature, resulting in a tariff deficit paid by consumers [4,9–12]. VRE can be
generated at all system levels, from large-scale solar PV and wind farms to rooftop solar
PV. The installed capacity of VRE has increased over the years and the potential to grow
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is enormous. In Europe, wind power is the second technology with the highest deployed
capacity, around 150 GW, and solar PV the sixth, around 100 GW [33,34]. Increasing levels of
VRE will decrease wholesale market prices considering the “merit-order-effect” of growing
penetrations of technologies with near-zero marginal costs, decreasing the working hours
and market remuneration of traditional power plants [12,15,35]. These power plants may
be compensated trough capacity mechanisms, increasing the power system costs, and the
extra costs paid by consumers. Furthermore, wholesale price reduction can be an issue for
a future non-discriminatory integration of VRE in EMs, and in the absence of feed-in tariffs
or other incentives, insufficient changes in market designs (spot, balancing, and derivatives
markets are essentially designed to conventional generation) or increases in CO2 prices,
may lead to situations where VRE is not attractive for profit-seeking investors [20,21].

Electricity markets are subject to various taxes, that can be fiscal (VAT) or related
to externalities like CO2 emission taxes. They are also subject to several subsidies like
economic incentives to non-mature renewable technologies. They have tax breaks to protect
business interests, and other costs to guarantee the security of supply, like costs with the
transportation and distribution grids and with their operation, and capacity mechanisms
with traditional power plants. Those costs substantially increase the retail prices paid by
consumers when comparing with the wholesale price of electricity. Indeed, in Europe retail
prices of energy are more than the double of the wholesale prices because of all these extra
costs. Furthermore, in the EU the wholesale price of electricity only has as a weight around
37% of the retail tariff, being the retail markup around 20%, i.e., the retailers profit over the
wholesale price [4,13,36]. Indeed, the package of measures presented in the “Clean Energy
for all Europeans” proposal includes new legislation that incentivizes CECs by giving them
discounts to these extra-costs. However, it can also reduce VREs remuneration by giving
them responsibility for their imbalances [4,22,23]. However, the global LCOE of VRE has
been lower than retail tariffs, so in the absence of incentives, VRE may be considered
attractive for self-consumption [24,25]. With the increasing levels in VRE generation,
both supply and demand are becoming more weather driven. Flexibility is the key to
cover peak demands in case of unavailability of renewable generation, avoiding unserved
energy, and to deal with excessive renewable generation, avoiding curtailments [37–41].
Accordingly, new market design elements and other non-discriminatory actions need to be
considered, such as the participation of VRE and demand in balancing mechanisms [5,20].
The uncertain need for stored energy and demand response substantially increase both
short-term and long-term trades, a factor which will need to be considered in future
market designs. Those designs should adequately remunerate flexibility and incentivize
the investment in other sources of flexibility such as hydrogen, battery energy storage
systems (BESS) and DR [18,33]. Future market designs should be:

• Reliable, supporting enough generation and flexibility to avoid shortages;
• Flexible, considering several options for temporal, spatial and sectoral flexibility on

both supply and demand sides;
• Economically efficient, contributing to increase competition and ensuring low prices

to consumers in a transparent approach;
• Carbon-neutral, leading to attractive investments in renewable generation without

externalities, like subsidies or other incentives.

Against this background, close to real-time gate-closures, shorter market time units,
hybrid technologies, CECs, sector coupling, allowing aggregated bids and new market
products adapted to VRE and demand-side behaviours are future changes in the current
market designs that can enable reliable, flexible, economically efficient and carbon-neutral
power systems [4,18,20–23,37]. Allowing aggregation between the same and different
supply technologies and also with demand-side players in the market bids is one key
rule that can reduce forecast errors as indicated in the literature [38–41]. One metric used
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to evaluate forecast errors in relation to market trades is the normalized mean square
error (NRMSE):

NRMSE =

√
∑T

t=1
(
Qt − Q̂t

)2

T
/Qn (1)

where Qt is the observed quantity of energy at time t, Q̂t is the forecasted quantity of
energy, Qn is the nominal quantity of energy and T is the time period. For producers the
nominal quantity of energy considers the produced energy at nominal power while for
consumers it considers the peak energy consumption. Table 1 presents the typical values
for the NRMSE of each player considering average values from the literature [5,14,37–48].

The average deviation of energy, Qd
T , consists in the average percentage of the real-time

observed quantity of energy that balance responsibility parties deviate in relation to the
forecast, and can be computed as follows:

Qd
T =

∑T
t=1
∣∣Qt − Q̂t

∣∣
QtT

× 100 (2)

Table 1. Forecast errors and average deviation of different single and aggregated (Agg.) players,
all in %.

Player NRMSE Average Deviation

Wind Farm 13.49 43.33
Agg. Wind Farms 8.03 25.79

Large-scale Solar PV 15.00 60.00
Agg. Solar PV 6.00 24.00

Small-scale Solar PV 21.00 85.00
Agg. Consumers 8.00 19.00

Agg. Consumers with self-consumption (PV) 6.50 15.50

Analysing the previous table is possible to conclude that the aggregation of different
market players is beneficial to each player by reducing its forecast error and consequently
the penalties paid due to deviations, but also to TSOs by reducing the balancing needs,
reducing the system costs and increasing the social welfare of all players. Indeed. local
CECs by enabling aggregation between multiple distributed load, generation and storage,
have potential to reduce forecast errors, increasing the potential output of each player from
the current and future market design.

3. The Role of Local Citizen Energy Communities

The EU legislation defined a CEC as a new legal local entity that can be controlled
by its members or shareholders. It can have consumers, prosumers, producers, system
operators, local authorities and small enterprises as members. Its functions comprise
aggregation, consumption, distribution, generation, management, supply and storage
of energy, but also the provision of energy efficiency services, demand response, smart
charging of EVs and other energy services. It has the main goal of providing economic,
environmental and social benefits to its members instead of profitable paybacks [23].

Traditionally, power systems follow a top-down approach where large-scale power
plants connected to the very high voltage grid produce energy to satisfy far away consumers
at the distribution level, contributing to high investments in the grid expansion and to
power losses in the energy transportation [2]. Those values are reflected in the consumers’
tariffs. The liberalization of the retail market allows consumers to select their desired
electrical energy provider and tariff, while before they were only subject to regulated tariffs
provided by a monopolist company. In retail markets, retail competition is performed
by retailers proposing multi-part tariffs to consumers. The tariffs are typically composed
of a fixed term (contracted power) and a variable term (energy used), and normally are
equal to all consumers inside their consumption segment. In relation to the variable term
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of the tariff, consumers can also choose between simple or multi-rate prices. Typically,
in retail competition, retailers sign private bilateral contracts with end-use consumers,
obtaining a private portfolio to manage [13]. To satisfy the consumption needs of the
consumers that compose their portfolio, they enter into wholesale competition, submitting
bids to spot markets and signing bilateral contracts with producers or other supply-side
players. In the EU, consumers are free to choose their electricity supplier, however, in
some countries regulated tariffs are still in place and the deadline to finish them has been
extended numerous times.

The EU energy policy places a strong emphasis on achieving economy-wide decar-
bonisation through broad electrification joint with fast growth of renewable generation,
while preserving reasonable electricity prices [4,22,23]. Sector coupling and electrification
have potential to be valuable sources of flexibility for the efficient integration of VRE [18].
The consumers’ engagement in the energy sector has a key role to reduce all the extra
costs they pay to satisfy their demand related to grid use and expansion, energy trans-
portation, capacity mechanisms, CO2 prices, renewable incentives and ancillary services
costs. The current market mechanisms and prices do not incentive the active participation
of consumers in electricity markets through demand response programs [4,12,21]. Fixed
multi-rate time-of-use tariffs are proposed to consumers, inviting them to consume in
cheaper hours [13]. However, this kind of tariffs are based on long-term results, they
do not reflect short-term shortage or excess of energy. Currently the best mechanism for
consumers reduce their costs with electricity is through self-consumption [39–41]. Indeed,
self-consumption can reduce the grid usage, reducing congestions and power losses in the
energy transportation. However, single prosumers will have to make huge efforts to follow
electricity prices and do not have enough weight to be active market players. Against
this background, one of the key solutions to increase the flexibility of power systems is
the alliance of consumers and prosumers in local citizen energy communities, benefiting
from better prices and contributing to a reduction in the forecast errors and in the balance
needs [39–41,49–51]. Indeed, local CECs can be managed by a representative or by the local
distribution system operator (DSO) [52]. Furthermore, DSOs can benefit from managing
CECs to plan the grid operation, avoiding congestions. Currently, the legislation strongly
incentivizes CECs with discounts in the extra-costs paid by consumers [4,22,23].

While members are part of the CEC, partners are players with whom they can establish
agreements. One of the key issues for an efficient participation of CECs in the energy sector
compromises their active participation in energy markets or the establishment of real-
time pricing contracts with them. Currently, exists a strong incentive for CECs with
self-consumption, just by avoiding the payment of all the extra-costs related to energy
supply [13,24]. Indeed, CECs can establish agreements with renewable power plants,
contributing for a reduction in the forecast errors. Also, in case of possible agreements with
HPPs with storage capacity, CECs cannot only achieve carbon neutrality but also energy
sustainability [53,54]. Certainly, pollute industries can benefit with these agreements,
because as members of CECs, they can have access to CO2 licenses and renewable origin
certificates, avoiding the payment of CO2 emissions [55]. Table 2 presents the current role
of all CEC’s (potential) members or partners, considering the current market designs.

If CECs proved to be very beneficial to consumers contributing to a substantial de-
crease in the price of electrical energy, it is possible that it can speed up electrification and
consumers’ active participation in the energy sector. In the near future, the agreements
with large-scale HPPs can be replaced with an increase in the flexibility of CECs, increasing
their storage options and electrification. Electric vehicles considering vehicle-to-grid (V2G)
and G2V solutions, BESS and district heating with heat pumps are future solutions than by
increasing the storage options of CECs can allow them to perform a better management
of their resources [8,18,33]. Other future sources of flexibility are DR, P2P trades between
CECs, market trades with system operators (SOs), district cooling and sector coupling.
Sector coupling can be very useful in cases when is not possible to store or trade the
CECs’ excess of energy, being that excess used to produce hydrogen or desalinization,
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for example [56]. Considering these flexibility solutions, in the future the role of CECs
can change the paradigm of power systems to a bottom-up approach, when CECs can
be carbon-neutral and energy sustainable, providing enough energy and flexibility to
the power system, guaranteeing the security of supply. Table 3 presents future flexibility
options and their potential contribution to CECs.

Table 2. Role of each member (M) or partner (P) of CECs.

Player Engagement Benefits from Contributes to

Consumer
(M)

Demand
Market participation

Lower costs and
forecast errors Lower balancing needs and costs

Prosumer
(M)

Demand and supply
Market participation

Lower costs and
forecast errors Lower balancing needs, costs and grid usage

VRE
(P)

Microgrid trades
Supply

Lower forecast
errors and less
penalties paid

Lower balancing needs and costs, and less costs
with CO2 emissions because of CO2 licenses

HPP
(P)

Microgrid trades
Scarcity supply and

excess demand

Lower prices for
pumping

Any balancing needs and costs, and potential any
costs with CO2 emissions because of CO2 licenses

DSO
(M or P) Energy management Less congestions Lower distribution grid costs

Table 3. Future flexibility options of CECs.

Option Engagement Contributes to Potential Benefits the System
with

EVs Smart charging Energy balance and lower costs Lower balancing needs, costs and
grid usage

BESS Storage management Energy balance and lower costs Lower balancing needs, costs and
grid usage

DR Smart consumption Energy balance, lower costs and
economic incentives

Lower balancing needs, costs,
grid usage and

congestions incidences

District heating Smart storage and
centralized heating

Energy balance and storage at
lower prices

Electrification and lower
balancing needs and costs

District cooling Smart centralized cooling Energy balance and lower prices Electrification and lower
balancing needs and costs

P2P markets Trading with neighbour
balancing zones

Energy balance and avoid
grid usage

Lower balancing needs, costs,
grid usage and losses

Trades with SOs Participation in ancillary services Economic incentives Security, stability and guarantee
of supply

Sector coupling Trades with other sectors Avoid curtailments Electrification and lower costs

Currently it is possible to prove the consumers’ economic benefit by being part of a
CEC and investing in self-consumption (see Section 5). If electrical energy become more
competitive than other sources of energy it can attract consumers to invest in EVs and
CECs to invest in BESS, district heating and cooling, contributing to the electrification of
the community. Furthermore, it is possible that some members of CECs be attracted with
economic incentives, engaging in DR programs. Indeed, if the CECs operation proves to be
favourable to power systems it can enable new market mechanisms and products, such as
P2P markets and trades with SOs [53]. Naturally, depending on the available distributed
generation and flexibility capacity of CECs, during some periods CECs could have excess
of energy, which can be useful to local industries that can benefit from such excess at lower



Smart Cities 2021, 4 847

prices, avoiding curtailments of free of cost VRE. Next section presents the measures able
to analyse the impact of CECs in power systems.

4. Measures of Environmental, Sustainability, Performance and Economic Impact

This section introduces the considered indexes to evaluate the impact of CECs and
their impact to power systems and each individual participant of the CEC.

4.1. Carbon-Neutral and Energy Sustainable Indexes

Considering the worldwide goal of achieving a carbon-neutral society, one of the
main goals of the new EU legislation that incentives the creation of CECs, consists in the
engagement of consumers into the achievement of this goal [4,22,23]. Carbon neutrality in
energy consumption indicates that the CO2 balance between consumption and production
is zero or negative. The EU emissions trading (ETS) mechanism defines the costs with
CO2 emissions, being a key tool to achieve the EU climate-neutrality objective, by covering
around 40% of the greenhouse gases emissions [36]. The active participation of consumers
in CECs may allow carbon neutrality in electrical energy consumption, being this index,
icn, computed as follows:

icn =
∑T

t=1 QR
t

∑T
t=1 QL

t
(3)

where QR
t is the renewable energy generation of the CEC and, QL

t , is the consumption of
the CEC. If during the studied period, this index is equal or higher than one it means that
during that period the CEC is carbon-neutral in relation to electrical energy consumption.

Other potential goal of CECs is achieving electrical energy sustainability even if
through local agreements or P2P trades. Electricity sustainability can be achieved when
every real-time consumption of the CEC is produced locally or through local trades. The
electricity sustainability index is computed as follows:

ies =
∑T

t=1 min
(
QR

t , QL
t
)

∑T
t=1 QL

t
(4)

When the electricity sustainability index is equal or higher than one it means that the
CEC is sustainable in relation to electrical energy consumption. The advantage of being energy
sustainable come from all avoided costs with energy transportation and commercialization.

4.2. Performance Indicators: Renewable Resource Index and Capacity Factor

Naturally, when considering distributed and local generation the achievement of the
previous carbon neutrality and electricity sustainability goals is dependent on the resource
availability, that in case of VRE but also hydroelectricity is very dependent on the weather
behaviour [28,34,38]. The renewable resource index, irr, can evaluate the performance of
each renewable technology considering its reference energy production, QR

re f :

irr =
∑T

t=1 QR
t

TQR
re f

(5)

When the renewable resource index is lower than one it means that the technology
produces less considering its historical reference, otherwise its performance is equal or
higher than the reference. Other important indicator to evaluate the performance of each
renewable technology is its capacity factor. It indicates its average energy production in
relation to the nominal energy. Indeed, the capacity factor is one of the critical indicators
that influences the different geographical LCOE of each technology [14]:
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c f =
∑T

t=1 QR
t

T × Qn
(6)

4.3. Technology LCOE and Remuneration

The LCOE is the value that allows investors to recover all their investment in new
power plants. The LCOE of each technology can be computed as follows [26]:

LCOE =

∑Tlc

t=1
Ct+ct

(1+r)Tlc

∑Tlc

t=1
QR

t

(1+r)Tlc

(7)

where Tlc is the life cycle of the technology, Ct and ct are the fixed and variable costs,
respectively, and r is the discount rate.

The energy remuneration of each technology, Rtec, from the trades can be computed
using the following formulation:

Rtec =
T

∑
t=0

I

∑
i=1

Qc
t,iP

c
t,i + Qdam

t Pdam
t +


(

QR
t − Qc

t − Qdam
t

)
Pup

t f or Qdam
t + Qc

t < QR
t(

QR
t − Qc

t − Qdam
t

)
Pdown

t f or Qdam
t + Qc

t > QR
t

(8)

Qc
t,i is the quantity of energy transacted trough bilateral contract i, being Pc

t,i the
price of such quantity. Qdam

t and Pdam
t are the technology transacted quantity and price

in the day-ahead market, respectively. Pup
t is the up deviation cost and Pdown

t is the down
deviation cost. Qc

t is the total quantity of energy transacted trough bilateral contracts at
time t, and can be computed as follows:

Qc
t =

I

∑
i=1

Qc
t,i (9)

While dispatchable technologies use strategic bidding, VREs normally make quantity
bids to day-ahead markets based on their point-forecast, Q̂R

t [37]:

Qdam
t = Q̂R

t − Qc
t (10)

Therefore, the average remuneration of each technology per every unit of produced
energy is equal to:

Rtec =
Rtec

∑T
t=0 QR

t
(11)

To compute the expected remuneration of each technology, can be used a forecast
model to predict the future market prices of the day-ahead market, P̂dam

t . The forecast
method consists in a multivariate time series (MTS) that uses all DAM electricity con-
sumption, QD

t , the DAM prices of electricity, and its share of renewables associated with
electricity production, RESdam

t :

P̂dam
t =

A

∑
j=1

αjPdam
t−j +

B

∑
j=1

β jQD
t−j +

D

∑
j=1

γjRESdam
t−j + εt (12)

where A, B and D are the number of considered previous periods (lags), j. αj, β j and γj are
the regressions variables and εt is the error of random events.
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4.4. Consumers and CECs Costs with Electricity

The costs that consumers or CECs have with electrical energy can derivate from
retail or regulated tariffs. Indeed, even demand-side players that have enough weight
to negotiate in markets have to pay grid access, power system usage and investments of
economic interest. Currently the minimum bid size to European wholesale markets is 1 MW
but have been approved new legislation to reduce it to 0.1 MW [4,22,23]. The variable term
of the tariff is divided in two parts, the energy part that derivate from wholesale market
prices and the other part that derivate from the system costs. The other part of the variable
term of the tariff can be divided as follows [36]:

• Grid access, including the general economic interest cost (GEIC);
• Global system use;
• Transportation grid use;
• Distribution grid use:

◦ High voltage;
◦ Medium voltage;
◦ Low voltage.

• Commercialization.

The GEIC value includes all incentives in renewable generation and capacity mech-
anism of governmental initiatives. By using self-consumption, consumers can avoid the
payment of these costs. In case of consumers or CECs with retail or regulated tariffs their
variable costs with electrical energy, ce, can be computed as follows:

ce =
T

∑
t=0

I

∑
i=1

Qc
t,iP

c
t,i + Qnl

t (Pe
t + Po

t ) (13)

Qc
t,i and Pc

t,i are the quantity and price of a self-consumption unit i, if applicable. Qnl
t is

the measured net-load quantity charged by the retailer or regulated company considering
the energy price, Pe

t , and the other variable price, Po
t , defined in the tariff.

In case of active large consumers or CECs they can have self-consumption but also can
participate in wholesale energy markets, establishing bilateral agreements with producers
and making bids to the day-ahead market, being responsible for their deviations. Their
variable costs with electrical energy are computed as follows:

ce =
T
∑

t=0

I
∑

i=1
Qc

t,i(Pc
t,i + Po

t,i) + Qdam
t (Pdam

t + Po
t ) +


(

QL
t − Qc

t − Qdam
t

)
(Pup

t + Po
t ) f or Qdam

t + Qc
t > QL

t(
QL

t − Qc
t − Qdam

t

)
(Pdown

t + Po
t ) f or Qdam

t + Qc
t < QL

t

(14)

In this case Qc
t,i and Pc

t,i can be the quantity and price of a bilateral contract but
also of a self-consumption unit i, if applicable. The other variable price, Po

t,i varies with
the agreement, in case of self-consumption is zero, and in case of agreements with local
distributed renewable power plants is lower than with large-scale renewable power plants
connected to the transportation grid. In case of a bilateral agreement, like a power purchase
agreements (PPA), where the demand player is responsible for the power plants production,
the quantity offered to the DAM, considers the net load forecast of that player, and during
real-time it is computed its net deviations.

Therefore, the average variable cost of this player per every unit of consumed energy
is equal to:

ce =
ce

∑T
t=0 QL

t
(15)
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The costs of consumers can be forecasted not only considering the market prices
forecast indicated in Equation (11), but also a consumption forecast, Q̂L

t , using a MTS
forecast methodology similar to the previous one but using the country gross domestic
product (GDP) instead of the renewables share, and the retail price of electricity instead of
the DAM price:

Q̂L
t =

E

∑
j=1

σjQL
t−j +

F

∑
j=1

δj(Pe
t−j + Po

t−j) +
G

∑
j=1

ϑjGDPt−j + µt (16)

where E, F and G are the considered lags, σj, δj and ϑj are the regressions variables and µt
is the error of random events.

5. Case-Study on Local Citizen Energy Communities

This section presents the results from different types of local CEC configurations,
with the goal of achieving carbon neutrality, but also economic efficiency and energy
sustainability if possible.

The case-study uses real-data of 312 consumers, 38 solar PVs, 227 wind farms and
40 hydroelectric power plants with reservoir from Portugal during the period from 2011
to 2013 (see the Data Availability Statement for more information). These consumers are
connected to the medium voltage (10 kV) of the distribution grid and represent around
5% of the Portuguese demand with a peak demand of 446 MW. The RES represents all
Portuguese solar PV, wind farms and HPPs with reservoir during this period with an
installed capacity of 207 MW, 4730 MW and 5225 MW, respectively. During this period the
LCOE of VRE were not advantageous for investments without government incentives, so
the data from this period is extrapolated to the period 2020–2022, considering the current
LCOEs. Figure 1 represents the microgrid of the CEC under study.

Figure 1. Microgrid of the local Citizen Energy Community under study. Orange and red lines
represent the distribution and transportation grid, respectivelly.
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5.1. Microgrid

Considering the available resources of different geographical locations, this study
is going to verify the benefits of alliances between consumers and with different mature
renewable technologies from the environmental, electricity sustainability, economical
and reliable point of view during a period of two years. This case-study considers the
following players: consumers, consumers with self-consumption (prosumers), solar PV,
wind farms and hydroelectric power plants (HPPs) with reservoir. The reference scenario
only considers single renewable power plants and consumers with equal retail tariffs for
each consumer segment. From Figure 1 is possible to verify that single prosumers are
restricted to distributed rooftop PV and/or small-scale PV on their own land. CECs can
invest in large-scale PV connected to the high voltage grid (30 kV) of the distribution grid or
stablish PPAs with them. Wind and hydroelectric power plants require higher investments
and are connected to the transmission grid, so CECs do not have any advantage in investing
on them, being more advantageous to stablish PPAs or Forwards with them.

5.2. CEC Tariffs, Technologies and Contracts

All consumers have to pay for grid access and usage independently of being an active
market player. In Portugal, legislation strongly incentivizes self-consumption, individually
or in a CEC. In case of single consumers with self-consumption the legislation provides
them a 50% discount in the GEIC part of the variable cost of energy, while for CECs with
self-consumption the discount is 100%. In Portugal, the 2021 prices of each part of the
variable term of energy are equal to [57]:

• Energy: 59.60 €/MWh (only for regulated tariffs);
• Grid access: 78.60 €/MWh:

◦ Single self-consumption: −21.80 €/MWh;
◦ CEC self-consumption: −43.70 €/MWh;

• Global system use: 4.83 €/MWh;
• Transport grid use: 6.30 €/MWh;
• Distribution grid use:

◦ High voltage: 1.70 €/MWh;
◦ Medium voltage: 6.90 €/MWh;
◦ Low voltage: 15.40 €/MWh;

• Commercialization: 5.40 €/MWh;
• Total for residential consumers: 178.73 €/MWh
• Weight of wholesale energy price: 33.35%
• VAT: 12%
• Total cost for residential consumers: 200.18 €/MWh. Excluding the energy part:

133.43 €/MWh (other-part);
• Potential cost of the other-part of the variable term for energy sustainable CECs with

self-consumption and microgrid agreements: 71.38 €/MWh (47% less than single
residential consumers).

In line with other European countries, in Portugal the weight of the wholesale price
of energy in the retail price paid by residential consumers is only 33% (the EU average
is 37%) [36]. CECs with self-consumption and local agreements have a high potential to
reduce the consumers’ costs with electrical energy. Indeed, a residential consumer being
part of a CEC with self-consumption can reduce the other part of its net load cost in 47%,
and does not pay it when using self-consumption. Besides that, to achieve carbon neutrality
it is only considered agreements with local renewable producers.

Table 4 presents the market value of each technology under study without penal-
ties, their average market remuneration in 2011 and the expected values for 2012 and
2013, extrapolated to the period 2020–2022, and therefore represented as years 0, 1 and
2, respectively.
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Table 4. Real average remuneration from markets in year 0 and expected remuneration in years 1
and 2, all in €/MWh.

Technology Market Value of Year 0 R0 R̂1 R̂2

Wind 47.15 36.05 35.87 32.90
Solar PV 53.41 40.49 40.29 36.95
Hydro 51.29 48.10 47.86 43.90

In year 0 the capacity factors of wind, solar PV and HPPs are 26%, 25% and 25%,
respectively. These capacity factors are dependent of the resource availability, that has a
significant geographical variation for all technologies and a substantial yearly variation
in case of hydroelectricity. The market value is the indicator that evaluates the value of
the injected energy independently of the penalties paid due to deviations or the energy
acquired for pumping in case of HPPs. So, it is the potential value of the technology in
case of a perfect market design or in case of stablishing PPAs. Naturally, the wind market
value is lower because the wind speed is higher during the night when the demand and
market prices are lower. Solar PV has a diurnal profile when market prices and demand
are higher, but has higher deviations, so it can obtain higher benefits from PPAs. HPPs
with reservoir have strategical bidding, producing when the market prices are higher and
pumping when the market prices are lower [54]. So, because they use energy to pump, their
remuneration is lower when comparing with solar PV, and in this case also their market
values, because when their reservoirs are almost full they offer their energy at lower prices,
reducing market prices.

Using a multivariate time series (MTS) to forecast the electricity price for the period
under study it is expected a price reduction in years 1 and 2 of 0.50% and 8.74%, respectively.
The Iberian market only starts operating in 2008, so the MTS considers the electricity price
and consumption, and the market share of RES during the period 2008–2011 to compute
the expected DAM price for years 1 and 2.

Currently, in Portugal the LCOEs of HPPs with reservoir and large-scale solar PV
stand bellow 50 and 30 €/MWh, respectively, while for wind power plants are higher than
50 €/MWh [24–26,58]. Analysing Table 4 it is possible to conclude that only solar PV can
be economically viable considering only its participation in energy markets. Indeed, their
investors compete in solar PV auctions for predefined capacities and locations defined by
the government, paying a yearly value for grid access and being responsible for their devi-
ations, while feed-in-tariffs are still in place for wind farms that do not have responsibility
for their deviations [57,58]. The economic sustainability of HPPs is guaranteed through
capacity subsidies that are paid by end-use consumers [57].

When signing bilateral contracts, the risk asymmetry between sellers and buyers is
high because sellers face almost all risk [59]. In case of signing Forward contracts for a fixed
quantity, these technologies request an expected return rate considering the risks they face
for signing a two years contract for fixed quantities and prices. While HPPs only face price
risk, wind and PV face forecast errors (see Table 1), requesting an expected return of 7%,
10% and 15%, respectively. Naturally, solar PV is the technology with higher production
risks, since it has higher deviations, so it requests a higher return. PPAs are more versatile,
so, in case of signing PPAs with a CEC, solar PV and wind farms can accept the deal for the
day-ahead price, passing the imbalance responsibility to CECs. HPPs with reservoir are
dispatchable power plants, so, they only have imbalances in case of malfunctions or other
extreme events. Contrary to VRE, HPPs only have a residual advantage when establishing
PPAs with CECs. When CECs have up deviations, HPPs can use that energy to pump. So,
in case of a PPA they can agree with discounts over the day-ahead price when using the
excess energy of the CEC to pump (it was considered a 10% discount). Table 5 presents the
main details of the previous contracts with the different technologies.
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Table 5. Price details of the different options for the CEC achieve carbon neutrality.

Option Details Wind Solar PV Hydro

Forward Price (€/MWh) 37.82 44.41 49.17
Quantity (MWh) 212 212 212

PPA Price Day-ahead Day-ahead Day-ahead (−10%)
Power (MW) 848 1077 446

Self-Consumption Small-scale LCOE (€/MWh) - 90 -
Large-scale LCOE (€/MWh) - 11.14–30 -

Power (MW) - 1077 -

Analysing Table 5 is possible to verify that according with the selected option and
technology will be negotiated different quantities. The contract quantities are dependent
of the CEC composition but the objective considers the goal of a carbon-neutral CEC. In
year 0 consumers’ average and peak demands were 212 MW and 446 MW, respectively.
Using a MTS to forecast demand for the period under study, it is expected a reduction
in the consumption around 1.84% [13]. The MTS considers the electricity consumption,
the electricity price and the gross domestic product of the period 1997–2011 to compute
the expected demand for years 1 and 2. So, to guarantee that the carbon-neutral goal
is achieved, the CEC can consider an hourly quantity of 212 MWh to acquire through
Forward contracts. In case of a PPA it is different, the quantity is guaranteed only for
HPPs. The uncertainty related to VRE will make the CEC to establish PPAs for different
powers. The CEC should establish a contract with HPPs until 446 MW, its peak demand,
guaranteeing not only the carbon neutrality but also energy sustainability, since with this
agreement CECs do not have to purchase from spot markets. Considering conservative
capacity factors of 25% for wind and 20% for PV, for an average demand of 212 MWh,
the CEC will have to establish a contract with 848 MW of wind farms or 1077 MW of
solar PV to achieve carbon neutrality. To achieve these values, the wind farms dataset was
downscaled and the solar PV dataset was upscaled.

Considering only forwards, the deal with wind farms is the most advantageous from
an economic point of view. Considering all contracts, the PPA with the HPP is risk-free and
can guarantee energy sustainability. These values are dependent of the geographical loca-
tion of the CEC, different locations will change the capacity factors of each technology, such
as market prices or even the resource availability. CECs can also invest in self-consumption
trough acquiring their own solar PV power plants. They can acquire expensive small-
scale units to directly feed their needs, which are limited to their rooftop and land area,
or cheaper large-scale units connected to the high voltage grid of the distribution grid.
The maturity of the solar PV technology and its mass production (scale economy) makes
Portugal achieve the record of the lowest auction’s price of 11.40 €/MWh [58,60]. How-
ever, depending on local capacity factors the values of large-scale solar PV can go until
30 €/MWh [27–30,58,60]. In Portugal, the average LCOE of rooftop PV stands around
90 €/MWh [27–30]. The difference between the LCOEs is substantial because scale econ-
omy reduces the price of large-scale units and the retail markup increases the price of
small-scale units. Furthermore, while rooftop solar PV has been installed in the whole
country with diverse capacity factors, increasing the average LCOE, large-scale solar PV
projects have only been considered in regions with the highest potential. Considering
the W/m2 capacity of PV power plants, it will be hard for consumers achieving carbon
neutrality only considering small-scale PV, that is also less favourable from an investment
point of view [29,30].

5.3. CEC Composition and Results

Table 6 presents the main results of the Iberian market for the two years in study,
considering the market value, the real production, capacitor factors and renewable resource
indexes of each technology.



Smart Cities 2021, 4 854

Table 6. Market value, production, capacity factor and resource index of each technology during
years 1 and 2.

Technology Market Value
€/MWh

Production
TWh

Capacity Factor
%

Renewable
Resource Index

Wind 40.67 21.76 26.22 1.00
Solar PV 48.45 0.80 22.05 -
Hydro 44.21 16.63 18.73 0.70

It presents the results from the point of view of each technology. Interestingly the
market value of HPPs is lower than the solar PV value, even using strategic bidding. If we
also consider the costs with pumping, the market value of HPPs is the lowest one, being
equal to 39.52 €/MWh, its remuneration from markets. Analysing the table, it is possible to
verify that these years are typical years for wind production in Portugal with a capacity
factor around 26%. The hydroelectricity index is lower than 1, which means these are dry
years when comparing to the historical reference. The capacity factor of hydroelectricity
should be lower than the average, but in this case and contrary to the wind index it also
considers the stored water in reservoirs, so, there is not a reference capacity factor for
HPPs. In case of solar PV there is not enough historical data to compute its index, but a
capacity factor higher than 20% is normal in Portugal [30]. The results obtained in Table 6
used real data from the Portuguese power system and reflect the capacity factors of each
renewable technology, so, it can serve as reference for countries with close behaviours.
Table 7 presents the main results from the point of view of the carbon neutrality goal of the
CEC, such as the energy sustainability of the CEC considering the different options.

Table 7. Carbon-neutral and sustainability indexes considering all CEC options.

Option Technology Carbon-Neutral
Index

Energy
Sustainability

Index

Forwards
Wind

Solar PV
Hydro

0.98 0.85
0.72 0.85
1.00 0.85

Wind + PV 0.99 0.85
All 1.00 0.85

PPA
Wind

Solar PV
Hydro

1.00 0.65
1.00 0.53
1.00 1.00

Self-consumption Solar PV 1.00 0.53

Analysing Table 7 it is possible to verify that through Forward contracts the CEC
cannot achieve carbon neutrality only establishing contracts with wind, PV or both, because
these technologies cannot satisfy such contracts with only their own energy, during some
hours they have to buy that energy from the market. However, if they sign contracts with
hydro or all technologies the CEC can achieve its goal. By using these contracts, the CEC
can feed only 85% of its demand, which means that it needs to buy the extra energy above
212 MW from markets.

Considering PPAs, the CEC can achieve carbon neutrality with all technologies, which
means all technologies produce the energy required by the CEC. However, this does not
mean that all technologies can produce energy when required by the CEC, as can be seen
by the sustainability index. Indeed, in case of wind and solar PV, their production profile is
not aligned with the CEC demand. Wind and solar PV production only covers 65% and
53% of the real-time CEC demand, respectively, which means that the CEC will need to
buy its net load from markets. The same is true when these technologies are producing
more energy than required by the CEC, selling the extra energy in markets. Indeed, CECs
with self-consumption based on solar PV without storage capacity can achieve carbon
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neutrality, but cannot be energy sustainable, since it is impossible to satisfy their nocturnal
demand. The results show a maximum carbon-neutral index of 1.00, because the deals are
enough to satisfy the CEC demand, but in case the CEC make bilateral agreements with
more renewable power plants this index can be higher. Then it should sell the extra energy
in markets, avoiding the payment of penalties because of deviations.

Table 8 presents the main results from the point of view of each player of the CEC.
Results from this table reflect the strong benefit of self-consumption, mainly by reducing
the variable costs with energy that do not consider the energy itself, like grid use, commer-
cialization and extra costs that derivate from investments of economic interest (GEIC).

Table 8. Average consumers’ costs before taxes (VAT) with the variable tariff and each technology remuneration from an
individual and community (CEC) perspective.

Player Details
Energy-

Part
(€/MWh)

Other-Part
(€/MWh)

Total
Cost

(€/MWh)

Technology
Remuneration

(€/MWh)

Consumer Retail Tariff 59.60 103.73 163.33 -

Consumer with
self-consumption
(small-scale PV)

Retail Tariff and
PV cost (90 €/MWh) 101.81 35.70 137.51 -

Consumers Market-based 50.98 98.33 149.31 -

Consumers with
self-consumption
(small-scale PV)

Market-based and
PV cost (90 €/MWh) 98.38 25.89 124.27 -

Consumers with
self-consumption
(large-scale PV)

Market-based and
PV cost (11.14 €/MWh) 7.43 29.86 37.29 -

Consumers with
self-consumption
(large-scale PV)

Market-based and
PV cost (30.00 €/MWh) 29.18 29.86 59.04 -

Wind Market-based - - - 33.87

PV Market-based - - - 40.54

Hydro Market-based - - - 39.52

Consumers and Wind Forwards and
Market-based 42.69 98.33 141.02 37.09

Consumers and Wind PPA and
Market-based 52.59 98.33 150.92 40.67

Consumers and PV Forwards and
Market-based 49.48 97.53 147.01 50.31

Consumers and PV PPA and
Market-based 50.54 92.48 143.02 48.45

Consumers and Hydro Forwards and
Market-based 53.36 98.33 151.69 47.04

Consumers and Hydro PPA and
Market-based 52.78 98.33 151.11 39.99

Consumers and all
Technologies

Forwards and
Market-based 45.18 98.32 143.50 -
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Naturally, the substantial difference between the investment cost in large-scale and
small-scale solar PV makes CECs more attractive from an economic point of view than
single consumers. Furthermore, the number of solar PV panels required for consumers
achieve carbon neutrality makes it practically impossible for single consumers achieve
it [28,29]. From this perspective, only CECs with large-scale solar PV plants can achieve
this goal. Beyond that, CECs also have the advantage of negotiating in energy markets,
obtaining more competitive prices for energy when comparing to retail tariffs proposed
to single consumers, that have markups around 20% in Europe [36]. Retailers are profit-
seeking players, so they reserve a substantial return/markup when proposing tariffs to
consumers. CECs with large-scale PVs are the ones with lower costs per unit of energy,
because they can highly reduce the variable costs with the grid use and commercialization
and have an 100% discount over the GEIC. Furthermore, they potentially can also reduce
the variable costs with energy, but that will depend on the LCOE of the Solar PV. For the
reference case of Portugal, the 11.14 €/MWh record of the last solar PV auction can highly
reduce the costs of energy. However, considering a substantially higher LCOE, like for
example 90 €/MWh, from the perspective of the CEC it will increase its total cost with
energy from 37.29 €/MWh to 124.27 €/MWh, that even so is more competitive than retail
tariffs. This study only considers real consumers connected to the medium voltage grid
of the distribution grid. The cost of use the low voltage grid is 15.40 €/MWh, so, small
consumers can even obtain higher benefits from joining CECs with self-consumption.

A CEC where consumers establish contracts with renewable technologies is also
advantageous for both parties. Forward contracts are used for risk hedging against spot
price uncertainty, so it is more related to price than resource availability. Naturally, for
future energy markets with near 100% renewable penetration, the inverse correlation
between price and resource availability will be higher than nowadays. So, from the point of
view of the consumer, forwards have the same physical and financial values independently
of the renewable technology, so, the CEC will perform a deal for the lowest price, and
in this case the deal with wind farms is the most advantageous of all. PPAs do not have
any risk to renewable technologies, so, each technology should receive a lower (potential)
remuneration from PPAs than from forwards. That is not the case of wind farms. Wind
farms did not cover all their risks with this Forward contract, as can be seen by their
significantly different remuneration between forwards and PPAs. Wind farms should
increase their Forwards price, because they are not covering all their risks and acting
strategically, because when stablishing this kind of long-term contract, they should take
into consideration market and competition prices instead of resource availability. One of
the goals of this work focus on showing the advantageous of these agreements, optimizing
the return of each agent is out of the scope of this article. Therefore, in case of using
optimization models to define forwards prices, by considering a profit seeking objective
function it should increase the prices requested by wind farms to values close to the solar
PV prices.

The required return used by solar PV to define their forwards prices seems appropri-
ated since they get a higher return from forwards than from PPAs. PPAs with HPPs are
practically risk-free, because only a very dry year will avoid the carbon neutrality goal
of the CEC, but in this case it is not so advantageous from the point of view of HPPs.
However, for CECs composed of wind and solar PV technologies, HPPs can benefit from
their up deviations to pump for lower prices. So, in this case PPAs agreements can be
beneficial for HPPs. Agreements between CECs and solar PV are the most favourable for
both parties, since solar PV can satisfy almost all consumers demand during peak periods,
when market prices are higher. Furthermore, for the particular case of Portugal and almost
all countries between tropics, the LCOE of large-scale solar PV is the most competitive
between all considered technologies [26–28]. Considering the resource availability and the
CEC demand during the studied period, establishing a Forward contract with wind farms
will not guarantee carbon neutrality since 2% of the CEC demand is satisfied with fossil
fuel power plants. To achieve carbon neutrality through forwards the CEC has to establish
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an agreement with all players or just with HPPs, but the price increases by 2.48 €/MWh
and 10.67 €/MWh, respectively, in relation to a deal only with wind farms.

Concluding, by allying into a CEC, consumers can acquire cheaper energy than
considering the tariffs proposed by retailers or regulators. If they invest in self-consumption
their benefit will be even higher, especially if they are small consumers as part of a CEC
with large-scale solar PV plants. If CECs establish bilateral agreements with renewable
sources beyond being economically beneficial to all parties, it also has potential to make the
CECs carbon-neutral and energy sustainable in relation to electrical energy consumption.
Currently, the main issue for the active participation of consumers in electricity markets is
driven by the lower weight of the electricity cost in the consumers’ budget. Electrification
is one key issue to increase this weight. The sector coupling between the electrical sector
and the transport, cooling and heating sectors is already in place. Indeed, district heating
and cooling, and V2G are potential solutions to CECs increase their flexibility and storage
capacity. When the electrification of society increases the relevance of the electrical energy
to consumers’ budget, they will be incentivized to use demand response programs, and
exchange energy with other CECs and players through P2P markets. Real-time prices,
market participation and scarcity pricing will be issues that will increase the consumers’
engagement in the electricity sector.

Considering the current market designs, the increase in the penetration of variable
renewable energy in markets decreases wholesale market prices and increases the ancillary
services costs because of the forecast errors that increase the amount of energy that needs
to be balanced during real-time. The increasing penetrations of VREs also decreases the
operating hours of dispatchable power plants, increasing their LCOE which is reflected in
the retail tariffs. Contrary to wholesale prices, retail prices have been increasing, mainly
because of all extra costs related to VRE investments and security of supply.

Future carbon-neutral societies will require flexible solutions to cover the short-run
deviations of VREs and demand that have been balanced by polluting dispatchable power
plants, guaranteeing the security of supply. In the top of the flexible solutions is storage
capacity but also demand response. Countries have limited hydroelectric potential and
BESS is expensive. Consumers have the choice of being passive, paying the high cost
of a carbon-neutral society secured by BESS or active, through electrification, DR and
participating in electricity markets.

6. Final Remarks and Future Work

The global goal of a carbon-neutral society triggered high governmental incentives
to non-mature renewable technologies, as wind, biomass and solar PV, contributing for
the tariff deficit, i.e., the difference between the market value of the technology and
its remuneration, paid by consumers. Currently, mature variable renewable energy, as
solar PV, significantly reduce its investment costs, being attractive without governmental
incentives. However, the stochastic behaviour of VRE brings difficulties to the current
electricity market designs, that were designed to dispatchable technologies. It contributes
to an increase in the real-time energy unbalance between supply and demand that can be
solved by fast-responsive dispatchable technologies in case of energy scarcity or by VRE
curtailments in case of energy excess. In the last few years the costs with ancillary services
have been increasing, being these services essential to guarantee the security of supply
and the stability of the power system. Furthermore, the increase in the VRE penetration
decreases the operation hours of traditional power plants that can guarantee the security of
supply, increasing the costs with capacity mechanisms to assure the economic subsistence
of these technologies. These extra-costs are passed to consumers’ retail energy price, that
currently in Europe is more than the double of the wholesale energy price. One of the
key issues for an economically efficient carbon-neutral society is flexibility, being storage
capacity and DR very important to guarantee the energy balance at acceptable prices.



Smart Cities 2021, 4 858

Citizen energy communities (CECs) may have a key role to play in achieving an
economically efficient carbon-neutral society. Indeed, in relation to the electricity sector, Eu-
ropean governments give relevant discounts to CECs with self-consumption, by reducing
their prices with extra costs. These incentives may attract consumers to be part of CECs. On
the short-term CECs may contribute to a reduction in the system unbalance by providing
more accurate forecasts of their net load. They can also reduce the grid usage and energy
transportation by incentivizing local self-consumption and trades. The main difficulty
of CECs can be dealing with the renewable resources’ availability, considering its high
short-run variability but also the long-run uncertain capacity factors of each technology,
i.e., the number of hours operating at nominal power. This availability and capacity factors
may change considering different geographical locations.

This article presented a case-study that tested different CECs’ configurations using real
data from Portuguese consumers, producers and market prices. Portugal is characterized
by having an above average solar PV capacity factor, around 22%, making it favourable
for self-consumption. On the other hand, the wind capacity factor is below the average,
around 26%, being the hydroelectric production very yearly volatile with capacity factors
around 25%. Results from the case-study show that CECs composed with consumers
with self-consumption (prosumers) with large-scale solar PV units are the most favourable
from an economic point of view, reducing the consumers’ costs with energy between
54% and 76%, depending on the LCOE of the solar PV. Indeed, self-consumption may be
more favourable than being part of a CEC with only consumers. Single prosumers with
small-scale solar PV can save 16% while CECs with only consumer can save 9% in the
energy costs. However, if these prosumers are part of a CEC, they can save 24%. CECs
can achieve carbon neutrality in their electricity demand if they invest in enough solar PV
capacity. In Portugal the solar PV capacity should be around five times the average CEC
demand, but it varies with the geographical resource availability. Agreements between
CECs and large-scale renewable power plants can make CECs achieve carbon neutrality,
but economically are not so advantageous, with saves between 7% and 14% in the energy
cost. However, these agreements can be useful in the case of CECs with pollute industries
as members, guaranteeing CO2 licenses and origin certificates that save them costs with
CO2 emissions.

The results obtained considering CECs with self-consumption are economically rele-
vant to attract the engagement of consumers and prosumers. When electrical energy starts
being more competitive than other sources of energy it can speed up the electrification
process. With the electrification of all sectors of activity the weight of electrical energy in
consumers’ budget will be more relevant, incentivizing their active participation in the en-
ergy balance. To achieve an economically efficient and carbon-neutral society, electrification
and consumers’ engagement will be the key. With increasing levels of VRE, to guarantee
the security of supply, the power system will have to require flexibility from consumers at
competitive prices, to invest in expensive storage solutions or to keep traditional power
plants as backup, paying high costs to guarantee their economic viability. In the future
CECs can provide the required flexibility though DR, EVs, district heating and cooling,
sector coupling and trades with other CECs and system operators. For future work is
intended to study the benefits of CECs considering different spatial resource availability,
using an optimization model to define the best CEC configuration.
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Abbreviations
ACER Agency for the Cooperation of Energy Regulators
BESS Battery energy storage system
CEC Citizen energy community
CET Central European Time
CO2 Dioxide carbon
DAM Day-ahead market
DR Demand response
DSO Distributed system operator
EM Electricity market
ETS Emissions trading system
EV Electric vehicle
EU European Union
G2V Grid-to-vehicle
GDP Gross Domestic Product
GEIC General Economic Interest Cost
HPP Hydroelectric power plants
IDM Intraday market
LCOE Levelized cost of the energy
MTS Multivariate time series
RES Renewable Energy Source
RMSE Normalized mean square error
P2P Peer-to-peer
PPA Power purchase agreement
PV Photovoltaic
SO System operator
TSO Transmission system operator
V2G Vehicle-to-grid
VAT Value Added Tax
VRE Variable renewable energy
Indices
i Bilateral contract
j Lag
t Time
Parameters
A, B, D, E, F, G Lags number
ct Variable costs
Ct Fixed costs
I Number of bilateral contracts and self-consumption units
r Discount rate
T Time period
Tlc Technology life-cycle

https://archive.ics.uci.edu/ml/datasets/ElectricityLoadDiagrams20112014#
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https://www.centrodeinformacao.ren.pt/EN/InformacaoExploracao/Pages/EstatisticaMensal.aspx
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Variables
αj, β j, γj, σj, δj, ϑj Regressions variables
εt, µt Errors of random events
ct Technology variable costs
Ct Technology fixed costs
ce Variable cost of consumers or CECs with electricity
ce Average variable cost of consumers or CECs with electricity
c f Capacity factor
icn Carbon-neutral index
ies Electricity sustainability index
irr Renewable resource index
GDPt−j Gross Domestic Product
NP Nominal power
Pc

t,i Bilateral contract or self-consumption electricity price
Pdam

t DAM price
P̂dam

t Expected DAM price
Pdown

t Down deviations price
Pe

t Retail energy price of the variable-term of the tariff
Po

t Retail other prices of the variable-term of the tariff
Pup

t Up deviation price
Qn Nominal quantity of energy
Qt Observed quantity of energy
Q̂t Forecasted quantity of energy
Qc

t Quantity of all bilateral contracts and self-consumption units
Qc

t,i Bilateral contract or self-consumption quantity

Qd
T Average deviation of energy

QD
t All energy transacted in the DAM

Qdam
t Bidded DAM quantity of energy

QL
t Consumer or CEC consumption of energy

Q̂L
t Consumer or CEC consumption forecast

Qnl
t Observed net-load

QR
re f Reference renewable production of energy

QR
t Renewable production of energy

Q̂R
t Forecast of the renewable production

Rtec Remuneration of each technology
Rtec Average remuneration of each technology
RESdam

t−j DAM share of RES
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