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Abstract— This paper proposes an assessment framework for
the deployment of citizen energy communities (CECs) in cities
using meta-data assisted clustering techniques. It elaborates a
top-down approach that aims at capturing the “built
intelligence” at the city level in order to specify the number of
CECs in a given city. Specific types of CECs are proposed and
the main sources of meta-data to assist the assessment of CECs
are identified. The paper also provides a case study for
clarification. We focus on the electricity vector among the
several energy carriers covering energy consumption needs in
cities. The resulting CECs are supposed to function in grid-tied
mode. Specific focus is given to photovoltaic systems (PVs) as
the main source of renewable energy generation in CECs.
Index Terms—citizen energy communities, microgrids, battery
energy storage systems, operational planning

I.

INTRODUCTION

This paper proposes a framework for assessing the
deployment of "Citizen Energy Communities" (CECs) in
cities using meta-data assisted clustering techniques. CECs
are a central item of the European policies in the energy field
[1].
CECs are implemented as microgrids, which are defined
as “a group of interconnected loads and distributed energy
resources within clearly defined electrical boundaries that
acts as a single controllable entity with respect to the grid. A
microgrid can connect and disconnect from the grid to enable
it operate in both grid-connected and islanded mode” [2]. In
[3] the authors present the mathematical formulation of a
community microgrid architecture with an internal local
market.
In Europe and beyond, the share of RES in the electricity
generation mix is increasing. Small-scale intermittent power
generation systems, such as photovoltaics (PVs) are
increasingly connected to the low voltage (LV) level of the
electricity distribution system. In order to assist the process
of deployment of CECs we introduce the concept of “built
intelligence”. By built intelligence, we mean that different
kind of activities performed in societies take place at different
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parts of cities and have diverse power and energy demand
patterns and thus impact on the electricity distribution
system. Cities consist of residential, commercial and
industrial hubs as well as infrastructural systems with special
purpose e.g. hospitals, worship spaces, universities, sports
centers, business centers, airports, etc.
The use of meta-data for the characterization of the cities
hubs are of value for the operational planning of the CECs.
The specific type of CECs can subsequently lead to the
determination of the potential electricity mix as well as the
size of battery energy storage system (BESS) used in each
CEC. Interactive maps identifying the building and energy
conversion (e.g. transformers) entities in the city hubs along
with the electricity distribution infrastructure are used for
determining the potential physical boundaries of the CECs
using entity relationship diagrams (ERDs) for characterizing
the relationship between relevant entities and for the
integration of this information into databases. The
information on the building entities is used for determining
the potential of the aggregated capacity for PV installations
as well as for the identification of representative load demand
profiles in each building type. Figure 1 presents the building
entities along with the electricity distribution infrastructure
normally present in cities.
Section II briefly describes the PV penetration schemes in
cities, the current ones as well as a potential future that is
better suited for the deployment of CECs in cities. Section III
addresses the operational planning of CECs based on metadata. We identify key components and present relevant
process charts. Li-ion BESS model and mathematical
formulas used in this work are presented as well. Section IV
presents a case study for the deployment of a CEC and the
calculation of relevant KPIs for clarification purposes.
Section V concludes the paper.
II.

PHOTOVOLTAICS PENETRATION SCHEMES

In this section, we present the current approach, mainly
used in the EU, connecting PVs into electricity systems.
Additionally, we present a potential future with the
deployment of CECs. The rationale behind the proposed
transformation regarding the connection point of PVs at the
prosumer level or at the community level lies on the fact that
the maximum allowable injection at the MV/LV substation

level is higher than the aggregated PV injection at the
prosumer level.
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the resulting CECs. The number of CECs that can potentially
fit in a city is exactly equal to the number of MV/LV
substations in that city. This will lead to thousands of CECs
in any given country. In order to avoid this situation the
clustering of CECs could take place at the HV/MV level. In
this work, we are clustering the CECs at the MV/LV level.
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Figure 1. Building entities along with the (abstract) electricity
distribution infrastructure available in cities
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Figure 3. Potential future scheme for PV penetration through CEC
deployment
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Figure 2. Current scheme for PV penetration at the prosumer level

A. Current Approach
During the last years, a large amount of PV capacity was
deployed at different voltage levels of the electricity
distribution systems in the EU member states. In [4] a
literature review of the single-phase PV power connection to
the LV electricity distribution system along with different
schemes through which PVs can be connected to the
electricity distribution system is presented. Figure 2 presents
the current scheme regarding PV penetration in cities. The
focus is at the prosumer level. The sum of the maximum
installed PV capacity at the prosumer level is less than the
potential aggregated installed PV capacity at the at the LV
section at the MV/LV substation.
B. Potential future
Contemporary policy developments at the EU level
suggest the incorporation of CECs into the existing
electricity systems across Europe in order to increase the
consumption of locally produced renewable energy. Since,
CECs are designed to serve a small portion of a geographic
area, a scheme for determining their physical boundaries
should be in place. We identify the MV/LV substations and
building entities as core ones for splitting the current
electricity system to a number of CECs. Figure 3 presents
the approach used in this work. The MV/LV substation acts
as the de-facto separation point between the main grid and

In this section, the operational planning process of CECs
using meta-data takes place. Meta-data is defined as data that
describes other data [5]. Figure 4 presents the process chart
that could support the deployment of CECs at any given
scale (city, country, etc.). This process could be embedded
into the decision support systems (DSS) that the electricity
distribution system operators (DSOs) maintain in order to
easily and quickly clarify the number and the physical
boundaries of the resulting CECs as well as to calculate KPIs
for each CEC.
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Figure 4. CECs deployment process chart

A meta-data enriched map with all the MV/LV
substations and the relevant building entities is a
prerequisite. Once this information is available then it is
straightforward to determine the physical boundaries of the
CECs according to the approach shown in Figure 3 and move
to the operational planning for each CEC. A variety of
operational planning strategies is possible, i.e. selfconsumption maximization strategy within the boundaries of
the CEC, combination of self-consumption maximization
strategy with provision of upstream services to the main grid
(primary regulation, secondary regulation, tertiary
regulation, other services) etc. In the case study that we
present, we only consider the self-consumption
maximization strategy for the considered CEC.

A. MV/LV substation & building entities
In this subsection, the role of the MV/LV substation in
defining the physical boundaries of each CEC is highlighted.
In Figure 5, we present a process chart that highlights the
attributes as well as a sequence of actions that take place in
an interactive map environment including building and
energy conversion entities (e.g. distribution transformers)
when an MV/LV substation is hovered.
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Figure 5. MV/LV substation and its role in the process of CECs deployment

Figure 6 presents part of the city of Varese and the
identification of a potential CEC according to the scheme
presented in Figure 3. We identify the physical boundaries
and the points of delivery for the load in the CEC. The CEC
presented in Figure 6 is used for demonstration purposes in a
case study later in this work.

Figure 7. ERD diagram for the MV/LV substation and building entities
available in each CEC

C. BESS model and CEC operational strategy
The Battery Energy Storage System (BESS) model,
presented in Figure 8, is an evolution of the one elaborated
in [7]. This model has already been used for investigating
BESS operation for RES integration in [8] is also used in this
work.
The model is implemented in MATLAB/Simulink
environment, requiring as inputs the relevant time series for
the BESS Controller, the nominal power (𝑃𝑛 ) and energy
(𝐸𝑛 ) of the BESS. 𝑃𝑛 represents the maximum power setpoint that can be delivered by the BESS. The time-series
considered is hourly, so is the simulation cycle. In Figure 8,
a block diagram of the model used is presented. Next, the
mathematical formulas used in this paper are presented.

Figure 8. BESS model used for simulations

1) Mathematical model

Figure 6. Building entities along with the identification of a potential CEC
in the city of Varese

B. Entity Relationship Diagrams and CECs
Entity relationship diagrams (ERDs) [6] are high-level
conceptual data model diagrams used for creating notions
between real world entities and their relationship. Figure 7
presents the ERD scheme used in this work in order to mimic
the relationship between each MV/LV substation and the
building entities powered by it, along with their relevant
attributes. This ERD scheme, if used at the city level, could
effectively clarify the situation regarding the number, the
types and any special attributes of the corresponding CECs
in that city.

CECs are featuring a certain amount of PV generation and
loads. Its strategy aims at minimizing the energy exchange
with the main grid or maximizing self-consumption in the
CEC. This implies minimizing both import and export by
self-consuming PV production. To increase selfconsumption, the BESS system is deployed for coping with
the imbalance between power demand by loads (P load) and
power generation (Ppv) as follows:
(1)

𝑃𝑟𝑒𝑞𝐵𝐸𝑆𝑆 = 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑝𝑣

Power requested to BESS (PreqBESS) is therefore positive
(discharge) when consumption is greater than generation,
vice versa is negative (charge). Imports (Pimp) and exports
(Pexp) are computed as follows:
𝑃𝑖𝑚𝑝 = 𝑃𝑟𝑒𝑞𝐵𝐸𝑆𝑆 − 𝑃𝐵𝐸𝑆𝑆 ; 𝑃𝑒𝑥𝑝 = 0
{
𝑃𝑖𝑚𝑝 = 0 ; 𝑃𝑒𝑥𝑝 = 𝑃𝐵𝐸𝑆𝑆 − 𝑃𝑟𝑒𝑞𝐵𝐸𝑆𝑆

𝑖𝑓 𝑃𝑙𝑜𝑎𝑑 > 𝑃𝑝𝑣
𝑖𝑓 𝑃𝑙𝑜𝑎𝑑 < 𝑃𝑝𝑣

(2)

The investigation of the Renewable over Total (RoT)
consumption ratio (%) was the main motivation of this work.
This ratio is defined as follows:

𝑅𝑜𝑇(%) =

𝑃𝑉𝑠𝑒𝑙𝑓 +𝐸𝐵𝐸𝑆𝑆 +𝑅𝐸𝑆𝑚𝑖𝑥 ∗𝐼𝑚𝑝𝑜𝑟𝑡𝑠
𝑇𝑜𝑡𝑎𝑙_𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

*100

(3)

in the CEC. Table 3 presents the payback time (PBT) for
different configurations.

𝑃𝑉𝑠𝑒𝑙𝑓 term refers to the baseline self-consumption within
the CEC boundaries, 𝐸𝐵𝐸𝑆𝑆 term refers to energy provided
by the BESS while discharging the battery, and 𝑅𝐸𝑆𝑚𝑖𝑥 ∗
𝐼𝑚𝑝𝑜𝑟𝑡𝑠 term refers to the percentage of the imported
energy that can be considered as renewable in a given
country according to its present energy mix. In this paper,
the value used is 0.28, according to the energy mix of Italy
in 2017 [9].
2) Costs
For evaluating the economics of the operation, CAPEX
and revenue streams have been considered. The baseline is
the CEC with PV system and no BESS. The economics are
computed with respect to baseline. CAPEX (Cinv) for BESS
are estimated as follows, elaborating on data proposed in
[10]. Where 𝑘𝑒 = 400 €/kWh, 𝑘𝑝 = 150 €/kW. Equation (4)
proposes an empirical way of evaluating costs of BESS with
same nominal energy and different nominal power. Imports
and exports are calculated as in Eq.4 and Eq.5:

(5)

8760

𝑃𝑖𝑚𝑝,ℎ [𝑀𝑊]

ℎ=1
8760

𝐸𝑥𝑝𝑜𝑟𝑡𝑠 = 𝑝𝑚𝑘𝑡 ∗ ∑

ℎ=1

(6)

𝑃𝑒𝑥𝑝,ℎ [𝑀𝑊]

(7)

We consider the life expectancy for the Li-ion BESS
system at 12 years of calendar life. Therefore, the Payback
Time (PBT) is estimated as:
{

𝐶𝐴𝑃𝐸𝑋
𝑁𝐶𝐹
𝑃𝐵𝑇 [𝑦] = 𝑛. 𝑎.

𝑃𝐵𝑇 [𝑦] =

IV.

𝐶𝐴𝑃𝐸𝑋
≤ 12
𝑁𝐶𝐹
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑖𝑓

Number of
occupants per
household

Points of Delivery
(PoD) (as % of
total)

Number of
households on the
MV/LV substation

1
2
3
4
5
Total

10
10
30
40
10
100

9
9
27
36
9
90

Table 2. KPIs for the considered case

Where 𝑐𝑏𝑖𝑙𝑙 = 200 €/MWh is a representative price for the
Italian electricity bill and 𝑝𝑚𝑘𝑡 = 61.3 €/MWh as the Italian
average market price for 2018 [11]. Yearly Net Cash Flow
(NCF) with respect to baseline (where both imports and
exports are maximized) is therefore:
𝑁𝐶𝐹 = 𝐼𝑚𝑝𝑜𝑟𝑡 − 𝐼𝑚𝑝𝑜𝑟𝑡𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 + 𝐸𝑥𝑝𝑜𝑟𝑡
− 𝐸𝑥𝑝𝑜𝑟𝑡𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

Table 1. Distribution of occupants per household and PoD on the MV/LV
substation

(4)

𝐸𝑛 [𝑘𝑊ℎ]
𝐶𝑖𝑛𝑣 [€] = 𝑘𝑒 ∗ 𝐸𝑛 [𝑘𝑊ℎ] + 𝑘𝑝 ∗ (𝑃𝑛 [𝑘𝑊] −
)
1ℎ
𝐼𝑚𝑝𝑜𝑟𝑡𝑠 = 𝑐𝑏𝑖𝑙𝑙 ∗ ∑

Figure 9. PV production and load demand curves for the considered CEC
during a year

(8)

CASE STUDY

In this section, a case study is presented. A CEC deployed
in part of the city of Varese, Italy is identified (see Figure 6).
The PV capacity in the CEC is determined to 200kWp,
according to the exploitable surface on the building entities
in the CEC. The PVGIS tool [12] is used for generating the
PV generation time-series for the course of a year and the
CREST model [13] is used for generating the load profiles
for the course of a year. Figure 9 presents the PV production
and the load demand profiles during a period of a typical year
for the considered CEC.
Table 1 presents the household characteristics on the
MV/LV substation level based on a report [14] on the
number of LV points of delivery (PoD) at the LV feeder in
EU member states. Here we consider 90 LV PoD. Different
configurations for 𝐸𝑛 and 𝑃𝑛 were taken into account in order
to calculate the KPIs. Table 2 presents the calculated KPIs

Key Performance Index
CEC PV energy production (MWh)
CEC energy demand (MWh)
CEC baseline self-consumption (MWh)
Renewable over Total Consumption ratio (%)

Value
348.35
445.25
143.98
As in Figure 10

Table 3. Payback time (PBT), in years, for different BESS configurations
En (kWh)
Pn (kW)
50
100
150
200
8.34
9.07
9.77
10.46
200
9.98
9.48
9.90
10.26
400
10.66
10.88
11.1
600
800
1000

Figure 10 presents the surface plot of En (kWh), Pn (kW),
and the Renewable over Total (RoT) consumption ratio (%)
for the considered CEC. For PBT less than 12 years, RoT
consumption ratio values close to 75% can be reached. CECs
deployed under the framework proposed may decrease to a
high degree their reliance on imports from the main grid
since high portions of the final energy use are covered by
renewable energy produced within the boundaries of the
CEC.
Figures 11 and 12 present the SOC(%) evolution for
different values of 𝐸𝑛 (kWh) with 𝑃𝑛 = 100𝑘𝑊 during
summer and winter days for the considered CEC. Figures 13
and 14 present the normalized values of CEC variables
during summer and winter days for the considered CEC. The
results are coherent with the anticipated performance of the
BESS system according to mathematical formulas provided.

Figure 10. RoT consumption ratio (%) for different values of En and Pn
Figure 14. Normalized values for CEC variables during winter

V.

Figure 11. SOC (%) evolution during summer days

Figure 12. SOC (%) evolution during winter days

CONCLUSION

This paper presents an assessment framework for CECs
deployment in cities using meta-data enriched environments,
e.g. OpenStreetMaps etc. We discuss current PV penetration
as well as a potential future penetration scheme. We present
process charts that could assist the deployment and
operational planning of CECs. The key role of the MV/LV
substations is outlined since it constitutes the last entity in
the energy conversion chain that provides access to
electricity services to end users. Similarly, buildings are
identified as the entities that could act as the main source of
provision of data to be used for the operational planning of
CECs. This is done by means of meta-data enriched maps.
An entity relationship diagram is presented for
characterizing the relationship between the relevant entities
in CECs, i.e. MV/LV substations and building entities.
The paper presents the BESS model used for simulations
and the mathematical formulas that could be used for the
operational planning of CECs in cities. Finally, a case study
where the proposed framework is applied to a potential CEC
in the city of Varese, Italy is presented. All the relevant KPIs
are calculated and figures presenting the outcomes of this
work are illustrated. Different values for BESS 𝐸𝑛 and 𝑃𝑛
were taken into account in order to investigate their impact
on the RoT consumption ratio (%). Different PV generation
and load demand profiles would lead to different values of
the RoT indicator with respect to BESS 𝐸𝑛 and 𝑃𝑛 values
used.
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