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Abstract: Renewable Energy Communities have been recently introduced in European legislation 
to promote distributed generation from renewable energy sources. In fact, they allow to produce 
and consume energy from shared local power plants. Low temperature district heating and cooling 
networks with distributed heat pumps have demonstrated their capability to exploit renewable and 
waste heat sources in the urban environment. Therefore, they are considered a promising infrastruc-
ture to help decarbonize the building sector. As their main operating cost is the electricity purchased 
by the utility for heat pumps and circulation pumps, this work investigates whether a Renewable 
Energy Community could help mitigate such cost by sharing electricity produced by local photo-
voltaic (PV) systems. The research relies on computer simulations performed with both physical 
and statistical models for the evaluation of electrical load profiles at the district level. Results show 
that due to the different seasonality between heating demand and PV production, the increase in 
self-consumption due to the distributed heat pumps is lower than 10%. The use of batteries does 
not seem convenient for the same reason. The environmental benefit of the proposed system is evi-
dent, with CO2 emissions reduced by 72–80% compared to the current situation depending on PV 
power installed. It also emerged that PV sharing significantly improves the self-consumption at the 
district level, in particular when the installed PV power is limited (+45%). In conclusion, results 
suggest that current incentives on PV-sharing make Renewable Energy Communities a viable op-
tion to improve the techno-economic performance of fifth-generation district heating and cooling 
networks.  

Keywords: Renewable Energy Community; PV; district heating and cooling; heat pumps; collective 
self-consumption 
 

1. Introduction 
Recently, the Renewables Energy Directive introduced a legal framework for Renew-

able Energy Communities (RECs), i.e., cooperative organisations for the development of 
local energy initiatives with non-commercial purposes. The shareholders or members of 
the REC may be natural persons, small medium enterprises or local authorities, including 
municipalities, whose primary purpose is to provide environmental, economic or social 
community benefits rather than financial profits [1]. According to Koirala et al. [2], Energy 
Communities (EC) help re-organize local energy systems to integrate distributed energy 
resources, engage local communities and at the same time provide useful services to the 
larger energy system. 

As pointed out by Ceglia et al. [3], smart energy communities are essential to build a 
sustainable renewable energy system, which is based on a cross-sectoral approach and 
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which seeks the optimal solution from an energy, environmental and economic point of 
view. 

Energy communities have a key role to play in helping citizens and local authorities 
to invest in renewable energy and energy efficiency projects. The participation of citizens 
in these projects can also increase the social acceptance of such interventions at local level.  

Photovoltaic (PV) systems can be installed on the roofs of public buildings or farms, 
as well as those of residential buildings, while biomass and biogas can be used in district 
heating networks [4]. 

Ioakimidis et al. [5] examined the supply of heating and electricity to a small Spanish 
village using wind turbines, a district heating system supplied by solar collectors and a 
biomass plant using locally-available straw for base load supply and a fossil fuel boiler 
for peak load, coupled with a hot water storage tank. The paper pointed out the high in-
vestment cost needed for electrical storage system as a financial barrier to the implemen-
tation of the proposed system. Bartolini et al. [6] showed that power-to-gas technologies 
such as fuel cells could be an economic alternative to battery systems to accommodate 
high shares of renewable energy production in local energy districts. 

Energy Communities enable PV sharing, a practice where a single PV system sup-
plies electricity to more than one dwelling [7]. This new regulatory framework introduces 
new opportunities, such as shared investments in local renewable energy projects and 
building refurbishments. 

Garavaso et al. [8] investigated the optimal refurbishment of a multi-family building 
considered as an EC using the Energy Hub approach [9,10]. The study found out that 
remuneration on shared electricity has a great impact on the optimal refurbishment as it 
promotes all-electric scenarios with bigger PV installations. 

In particular, for photovoltaics, the analysis carried out by Fina et al. [7] showed the 
benefits of energy communities in terms of higher net present value. The value added by 
an energy community depends on the configuration of the area (condominiums, rural 
area, historic centre, mixed area), the type of buildings and the number of participants.  

Therefore, a later work by the same authors investigated the cost optimal allocation 
of shared rooftop PV capacities for neighbourhood energy communities (ECs) in rural and 
urban scenarios [11]. It was found that it is more advantageous for single houses in rural 
areas, which can benefit from the presence of diversified loads. In general, PV sharing is 
more advantageous when heterogeneous load profiles are present and covering the roofs 
with the largest available surface areas. Furthermore, the results of the analysis show that 
the economically optimal solution does not require all buildings to have generation facil-
ities.  

As pointed out in the survey by Fischer and Madani [12], the use of heat pumps in 
smart grids allows to increase grid stability, to promote the integration of renewables and 
to follow variable electricity prices.  

Heat pumps combined with thermal and electrical storage systems can be used 
within Demand Side Management programs to shave peak loads of power distribution 
grids [13], to increase the PV self-consumption [14], or for market participation [15]. The 
same objectives can also be pursued at single building level with Model Predictive Control 
approaches [16]. 

In the last decade, there has been a growing interest towards low temperature district 
heating networks for the decarbonisation of space heating and cooling of buildings. Sev-
eral projects around Europe have demonstrated that the so-called fifth generation district 
heating and cooling networks are able to increase the share of renewable heating and cool-
ing in both new low-energy districts as well as in existing ones [17].  

District heating networks with supply temperatures below 50 °C efficiently supply 
heat for space heating and domestic hot water (DHW) production to both new and old 
buildings through high temperature water-to-water heat pumps installed in the users’ 
substations. This concept is particularly interesting for urban areas where waste or renew-
able heat can be recovered at low costs [18]. One of these cases is Montegrotto Terme, a 



Energies 2022, 15, 1022 3 of 17 
 

 

touristic town located in a geothermally active area in the North-East of Italy, where a 
large amount of groundwater is extracted from the ground, used by hotels and thermal 
spas, and then released to the environment. The electrical energy demand of heat pump 
compressors would be the highest operational cost for the operator managing the ground-
water-based district heating (DH) network [18].  

To the authors’ knowledge, the self-production and sharing of electricity from local 
renewable plants for fifth generation district heating and cooling networks has not been 
investigated so far. 

In a preliminary paper presented at the SDEWES conference [19], the authors inves-
tigated to what extent such a thermal network could benefit from a Renewable Energy 
Community (REC) including all the DH customers and further inhabitants that may share 
the electricity produced by their PV systems.  

The present study shows and discusses the gain brought by the REC with economic 
and environmental indicators and presents a discussion on the potential of Renewable 
Energy Communities for fifth generation district heating and cooling systems.  

The paper is organized as follows. Section 2 presents the case study district; Section 
3 the mathematical models to calculate the energy demand profiles; Section 4 reviews the 
assumptions, the scenarios and the performance indicators used in Section 5, where re-
sults are shown and discussed. Finally, Section 6 reviews the main conclusions. 

2. Case Study 
The case study district, shown in Figure 1, is a group of 61 buildings in the Munici-

pality of Montegrotto Terme (Italy). Only 32 of them (light blue in Figure 1) were consid-
ered as potential customers for the DH network: 15 residential buildings, 10 mixed-use 
buildings (approximately 90 residential units and 21 commercial units) and 7 non-resi-
dential buildings (2 schools, 2 office buildings, 2 religious buildings and 1 shop). The total 
heated area is approximately 22,800 m2. The other buildings (red footprints) are assumed 
to be potential members of the EC. The footprints of the buildings were sketched with 
QGIS [20], thus obtaining dimensions and orientations. 

 
Figure 1. Map of the area analysed in Montegrotto Terme [20]. 

Each building is characterized by its main end use, age class, and number of floors. 
Only three age classes were considered: buildings from the ’70s (B70), ’90s (B90) and re-
cent constructions built after 2005 (BN). Each age class corresponds to an archetype that 
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defines the stratigraphy of the main building elements, as described in Table 1. The inter-
nal loads were defined according to the main end-use of the building considered: either 
office, school or residential. Each category was given a different schedule for electric loads 
(appliances and illumination), occupancy, setpoint temperature of the indoor air and rel-
ative humidity and ventilation rates according to Annex C of EN 16798-1 Standard [21]. 
In particular, for the heating period (from 15 October to 15 April) the setpoint of temper-
ature was set to 20 °C and for cooling period (from 15 June to 15 September) to 26 °C. In 
residential buildings the heating/cooling system is always on, whereas in offices it is active 
from 8 a.m. to 6 p.m. during working days only. In schools, it is on from 6 a.m. to 5 p.m.; 
a pre-heating of three hours was set to avoid excessive peak loads. It was assumed that 
there is only natural ventilation with a nominal air change rate of 1.5 volumes/hour during 
the operating time, to avoid an overestimation of the heat load. Table 2 shows the nominal 
values. 

Table 1. Building archetypes from different age classes. 

Archetype B70 B90 BN 

Roof 
Ceiling with reinforced 

brick-concrete slab (16 cm + 
12 cm) 

Ceiling with reinforced brick-
concrete slab (24 cm) 

Ceiling with reinforced brick-
concrete slab, insulated (24 cm + 

10 cm) 
U [W/(m2 K)] 1.34 0.79 0.33 

Ground Floor 
Floor with reinforced con-

crete slab, traditional screed 
(12 cm) 

Floor with reinforced concrete 
slab, lightweight screed (12 cm) 

Floor with reinforced concrete 
slab, lightweight screed (12 cm), 

insulation (10 cm) 
U [W/(m2 K)] 1.42 0.90 0.23 

Internal Ceiling 
Brick-concrete slab, tradi-
tional screed (16 cm + 10 

cm) 

Internal Floor with reinforced 
brick-concrete slab (24 cm), trad.
screed (12 cm), insulation (2 cm) 

Brick-concrete slab, lightweight 
screed (12 cm), insulation (10 cm) 

U [W/(m2 K)] 1.27 1.22 0.52 

External Wall Hollow/solid bricks with 
cavity (12-8-12) 

Hollow/solid bricks with insu-
lated cavity (25-4-8) 

Perforated bricks and medium 
insulation (30-10) 

U [W/(m2 K)] 0.98 0.60 0.30 

Internal Wall Hollow tiles and plaster (8 
cm) 

Hollow tiles and plaster (8 cm) Hollow tiles and plaster (8 cm) 

U [W/(m2 K)] 2.39 2.39 2.39 

Window 
Double glazing, air filled, 
metal frame without ther-

mal break 

Double glazing, air filled, air 
filled, metal frame with thermal 

break 

Low-e double glazing, air/gas 
filled, wood frame 

U [W/(m2 K)] 3.7 3.4 2.2 
g-value 0.7 0.7 0.27 
τv 0.79 0.79 0.64 

Table 2. Assumptions for the internal heat gains, ventilation and infiltration losses. 

  Residential Office School 
Occupancy [W/m2] 2.83 4.7 13.8 
Appliances [W/m2] 3 12 8 

Lights [W/m2] 3 12 8 
Infiltration [vol/h] 0.2 0.2 0.2 
Humidity [g/(m2 s)] 2.12 3.53 11.1 

Ventilation [m3/(s m2)] 1.8 2.88 1.5 vol/h 
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3. Models 
An Urban Building Energy Model called EUReCA was applied to the case study de-

scribed above and the output was the hourly heating/cooling power for every building. 
To obtain the final energy for heating, the hourly net energy was divided by an average 
global efficiency. This was obtained considering the emission, regulation end distribution 
efficiency from UNI/TS 11300-2 Standard [22]. The average global efficiency was equal to 
84%. The heat pumps were sized for every building connected to the low temperature 
district heating network. The design power was assumed equal to the peak load for resi-
dential users and to the power corresponding to 98% of heating demand on the load du-
ration curve for users with discontinuous operation. A steady-state model of water-to-
water heat pumps was then used to calculate the corresponding electrical profiles for heat-
ing and cooling. Such physics-based models were used together with stochastic profile 
generators for DHW and electrical consumption. 

3.1. Thermal Load Profiles for Space Heating 
The EUReCA [23] is based on a lumped-capacitance model that combines all the 

building components considering their thermal properties to obtain a discrete number of 
parameters to reproduce building thermal behaviour. 

The model proposed by the Standard VDI 6007-1 [24] is based on seven thermal re-
sistances and two capacitances, as shown in F. The two capacitances allow to simulate the 
transient behaviours of adiabatic (IW) and non-adiabatic (AW) building components. This 
is important because structures under asymmetrical loads behave differently compared 
to adiabatic building components. The parameters R1;AW and R1;IW, C1;AW and C1;IW are the 
dynamic thermal resistances and capacitances of non-adiabatic and adiabatic compo-
nents, respectively. The combination of different building components to achieve equiva-
lent thermal resistances and capacitances is obtained by parallel connection of complex 
thermal resistances, as explained in the Standard [24]. Rges,AW is the overall thermal re-
sistance of the non-adiabatic building components and Rve is the thermal resistance due to 
ventilation that connects the internal air temperature θi with the node of the supply air 
temperature θsup. 

The model assumes that all building surfaces contribute to the radiation exchange 
proportionally to their respective surface areas. The effects of solar radiation absorbed by 
the external walls and the radiation emitted by the external surfaces to the external envi-
ronment (sky and ground) are included in the equivalent air temperature θA;eq;gew. The 
equivalent outdoor temperature of each exterior surface is calculated as follows: 𝜃௘,௘௤ = 𝜃௘ + Δ𝜃௘,௘௤,௟௪ + Δ𝜃௘,௘௤,௦௪ (1)

where ∆θe;eq;lw is the temperature drop due to the thermal radiation emitted by external 
surfaces to the sky and to the ground and ∆θe;eq;sw is the temperature gain due to the solar 
energy absorbed by opaque walls. Radiative and convective heat gains (including the 
heating/cooling load) are divided between three different nodes: the indoor air tempera-
ture θi, the surface temperature of internal and external walls θs;IW and θs;AW. The thermal 
balance on the five nodes of the equivalent electrical circuit shown in Figure 2 leads to a 
linear system of five equations. The latter can be solved for each timestep fixing the inter-
nal temperature to a set-point and calculating the heat load 𝛷௛௖. The model presented 
includes the calculation of the solar position and incidence angle for vertical surfaces ac-
cording to the orientation of the walls with the formula provided by Duffie and Beckman 
[25]. The full calculation procedure of the solar heat gains has been described in Zarrella 
et al. [23,26] and is not repeated here for sake of brevity.  
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Figure 2. Seven resistance two capacitance equivalent circuit. 

3.2. Thermal Load Profiles for DHW Consumption 
The domestic hot water profiles were considered only for residential buildings and 

they were obtained using the software DHWCalc [27] assuming standard probability dis-
tribution functions and an average daily consumption of 150 L/unit. The resulting stochas-
tic profiles of hot water draw-offs consumed was converted into thermal energy, consid-
ering an increase of temperature from 10 to 40 °C. The electric consumption of heat pumps 
was calculated considering a constant COP equal to 3.5. 

3.3. Electric Load Profiles of the Heat Pumps 
The model for the water-to-water heat pumps has been already described in Vivian 

et al. [18]. The simplified model uses polynomial functions of the evaporating and con-
densing temperatures to calculate the electric power consumed by compressors 𝑊௘௟,௛௣ 
and the heat flow rate at the evaporator 𝑄௘௩, as reported in Equations (2) and (3), respec-
tively. 𝑊௘௟,௛௣ =  𝑎଴ + 𝑎ଵ𝜃௘௩ + 𝑎ଶ𝜃௖ௗ + 𝑎ଷ𝜃௘௩ଶ + 𝑎ସ𝜃௘௩𝜃௖ௗ + 𝑎ହ𝜃௖ௗଶ + 𝑎଺𝜃௘௩ଷ + 𝑎଻𝜃௘௩ଶ 𝜃௖ௗ + 𝑎଼𝜃௘௩𝜃௖ௗଶ + 𝑎ଽ𝜃௖ௗଷ  (2)𝑄௘௩ =  𝑏଴ + 𝑏ଵ𝜃௘௩ + 𝑏ଶ𝜃௖ௗ + 𝑏ଷ𝜃௘௩ଶ + 𝑏ସ𝜃௘௩𝜃௖ௗ + 𝑏ହ𝜃௖ௗଶ + 𝑏଺𝜃௘௩ଷ + 𝑏଻𝜃௘௩ଶ 𝜃௖ௗ + 𝑏଼𝜃௘௩𝜃௖ௗଶ + 𝑏ଽ𝜃௖ௗଷ  (3)

The coefficients ai and bi depend on the compressor and are usually given by the 
manufacturers. The evaporating temperature 𝜃௘௩ depends on the network temperature, 
whereas the condensing temperature 𝜃௖ௗ  depends on the supply temperature for the 
heating system of the building, which in turn depends on the external temperature and 
type of building. Finally, the heat flow rate supplied by the heat pump condenser is equal 
to: 𝑄௖ௗ =  𝑄௘௩ + 𝜂௘௟,௖௢௠௣𝑊௘௟,௛௣ (4)

where 𝜂௘௟,௖௢௠௣ is the efficiency of the compressor engine, fixed to 95%. The coefficient of 
performance COP was defined as the ratio between the heat flow rate at the condenser 
and the electric power required by the compressor engine. 

3.4. Electric Load Profiles for Other Uses 
The electric load profiles for other uses of residential buildings were evaluated using 

the Flexmeter load profile generator [28]. This model simulates stochastic power profiles 
for users with pre-selected sets of appliances. It considers the appliances owned by each 
customer, its average energy consumption during the year, the overall annual energy con-
sumption for each customer and the standard load profile available at aggregated level. 
The model combines the advantages of bottom-up and top-down approaches. In fact, it 



Energies 2022, 15, 1022 7 of 17 
 

 

uses a bottom-up approach to generate the random profile from the aggregation of single 
appliances like the one in Figure 3a, but the allocation of events is driven by the aggre-
gated standard load profiles like the one in Figure 3b. The higher the average power use 
is during the day, the higher is the probability of there being a specific device active in 
that moment. In this way, the model can be used to generate representative data of a real-
istic scenario both at grid level and at single building level. The input data are the standard 
load profiles, the appliances profiles, statistical data about the diffusion and percentage 
of energy consumption of different appliances. The scenarios generation consists in deter-
mining the set of appliances owned by each user and the level of consumption associated 
with each device. It is possible to add a level of randomness to take in account different 
levels of efficiency. The standard electric load profiles for residential buildings were based 
on the aggregated profiles of ATLANTIDE project [29]. The annual consumption was 
fixed to 2500 kWh, with a randomness of 10% from data of ARERA [30]. 

  
(a) (b) 

Figure 3. Examples of power consumption profiles: (a) a washing machine; (b) aggregated residen-
tial users on a working day (adapted with permission from ref. [28]). 

The number of electric profiles is equal to the number of housing units. The latter 
was known for some buildings and was guessed for some other by assuming an average 
gross unit area of 120 m2, thus obtaining 90 residential units. As far as mixed-use buildings 
were concerned, their electric load profiles were taken from ATLANTIDE database for 
offices and shops inside condominiums (21 units, 70% office and 30% commercial). The 
annual electric consumption was set at 3000 kWh. As regards non-residential buildings, 
the normalized profiles were taken from EN 16798-1 Standard [21] and calibrated using 
real consumption data available from the electric energy bills. Further details on these 
assumptions can be found in the previous paper [19]. 

3.5. Photovoltaic Systems 
The electric production of photovoltaic (PV) systems was calculated with a model 

based on PVGIS [31]. The inputs to the model are the weather data (direct and diffuse 
solar radiation on the horizontal surface, external dry bulb temperature and wind speed) 
and the information of the PV module: position, surface area, orientation and tilt angle as 
well as its nominal efficiency. The total radiation on the module plane is calculated esti-
mating the beam solar radiation, the diffuse solar radiation with isotropic sky hypothesis 
and the reflected solar radiation with an albedo coefficient -set to 0.2. The incident angle 
of beam solar radiation is calculated from the position of the sun and of the PV plane. The 
performance of the module is evaluated as a function of air temperature, incident solar 
radiation and wind speed with the same procedure explained in Zarrella et al. [26]. 
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4. Methods 
From a thermodynamic point of view, the electrical energy of PV systems is more 

valuable due to its high exergy content and should be used directly as work for mobility, 
industry etc, while heating and cooling could be satisfied with the production of heat from 
other sources like solar thermal collectors and waste heat. The exergy imbalance of the 
proposed system has not been considered in this paper, giving priority to electric heat 
pumps that show greater flexibility of operation and whose diffusion is expected to in-
crease in the coming years. 

4.1. Main Assumptions for District Simulations 
The evaporation temperature in the heat pumps was considered constant and equal 

to 27 °C, considering a network temperature of 40 °C, a difference of temperature from 
supply and return of 10 °C and a minimum difference of temperature between the two 
fluids of 3 °C.  

The study assumed the same supply temperature curves adopted in a previous anal-
ysis [18]. For the cooling season, only the sensible loads were considered, and they were 
converted to electric consumption, considering air-to-air systems with a constant COP 
equal to 3.2. The cooling systems were considered only for the buildings connected at the 
DH. The photovoltaic systems were designed using the software QGIS [20], identifying 
all the available surfaces on the roofs of buildings, using the satellite images, except for 
north-oriented surfaces –see Figure 1. Every surface was assigned the azimuth angle and 
the tilt angle. The nominal efficiency of the modules was set to 15%. The total available 
area on the considered buildings was around 2815 m2, that correspond to 422 kW of peak 
power. The assumptions concerning costs have been summarised in Table 3, where there 
is a different electricity price between domestic users and district heating operator. The 
shared electricity tariff includes the selling price and an incentive set forth in current leg-
islation. 

Table 3. Summary of economic assumptions. 

Energy 
Vector Variable Unit Value 

Natural gas 

𝜂௚௕ Gas boiler efficiency % 90 𝑒௚௕ Gas boiler CO2 emission 
[32] kg/kWh 0.202 𝑝௚௕ Gas price €/kWh 0.085 

Electricity 

𝑒௘௟ Electricity CO2 emission 
[33] 

kg/kWh 0.290 

𝑝௘௟(ௗ௨) Electricity price for domes-
tic users 

€/kWh 0.22 

𝑝௘௟(ௗ௛௢) Electricity price for district 
heating operator 

€/kWh 0.17 𝑝௘௟,௦௘௟௟ Sell electricity price €/kWh 0.05 𝑝௘௟,௦௛௔௥௘ௗ Shared electricity tariff €/kWh 0.168 
Heat 𝑝ௗ௛ District heat tariff €/kWh 0.10 

- 𝐼ௗ௛ DH Investment cost € 1,000,000 
- 𝐼௛௣ HP Investment cost €/kW 350 
- 𝐼௣௩ PV Investment cost €/kW 1500 

The energy consumption calculated with the models described in the previous sec-
tion could not be verified against measured data. However, the actual gas consumption 
was available for seven non-residential buildings. The difference between actual and cal-
culated values varied considerably from building to building (between −46 and +97%, 
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with an average of +22% for simulated thermal energy demand). This difference depends 
mainly on the uncertainty about their actual use. For three public buildings, the actual 
electrical consumption was also available from the bills. It was found that the models sig-
nificantly overestimate the consumption. Therefore, the corresponding profiles were 
scaled down using a multiplier (0.34). 

4.2. Simulated Scenarios 
The simulated Renewable Energy Community include both district heating custom-

ers and buildings in the surrounding area, as explained in the previous Section. Four dif-
ferent scenarios arise from the combination of EC members and installed PV capacity, as 
reported in Table 4. In scenarios S2 and S4, the photovoltaic power was limited at 200 kW, 
which is the current limit set by the Italian legislation. PV systems were placed on the 
roofs with the largest area, which seems to be a convenient choice when the PV capacity 
is limited [11].  

Table 4. Summary of the simulated scenarios. 

Scenario S1 S2 S3 S4 
Buildings in the REC 32 32 61 61 

PV plants (-) 32 9 32 9 
PV power (kW) 422 200 422 200 

In one scenario, a centralised electric storage was also introduced using a simplified 
one-node model, with the purpose of evaluating the increase of self-consumption in the 
REC. Different size of storage were simulated with increments of 100 kWh up to a maxi-
mum of 500 kWh. In this model, the level of charge of batteries was calculated every hour, 
stating from zero and incrementing or reducing by the quantity of electric energy that 
exceeds or lacks at the consumption of the entire community, until it reaches the maxi-
mum or zero. In this model, the efficiency of charge and discharge and the depth of dis-
charge were not taken into account. 

4.3. Economic and Environmental Indicators 

The electricity consumed by the i-th building 𝑊௘௟,ௗ௘௠(௜)  is equal to the sum between 
the electricity required by the heat pumps (if present) and the electricity consumed for 
other uses: 𝑊௘௟,ௗ௘௠(௜) =  𝑊௘௟,௛௣(௜) + 𝑊௘௟,௢௨(௜)  (5)

The electric self-consumption of the i-th building corresponds to the minimum, in 
every hour, between the electricity produced and the electricity consumed: 𝑊௘௟,௦௘௟௙(௜) = ൫𝑊௘௟,ௗ௘௠(௜) , 𝑊௘௟,௣௩(௜) ൯ (6)

In the case of a building with more housing units the energy consumed is the sum of 
the energy consumed by each unit. The collective self-consumption of REC was evaluated 
as the minimum, in every hour, between the energy fed into the grid from photovoltaic 
systems and the electrical demand of REC members: 

𝑊௘௟,௦௘௟௙ோா஼ = ቌ෍ 𝑊௘௟,ௗ௘௠(௜)௜ఢோ , ෍ 𝑊௘௟,௣௩(௜)௜ఢோ ቍ (7)

where R represents the set of REC members. For simplicity, all users of the same building 
were considered participating to the REC. The shared energy is considered as the differ-
ence between the collective self-consumption and the sum of the single self-consumption 
of the buildings: 
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𝑊௘௟,௦௛௔௥௘ௗோா஼ =  𝑊௘௟,௦௘௟௙ோா஼ − ෍ 𝑊௘௟,௦௘௟௙(௜)௜ఢோ  (8)

The cost associated to electricity consumption depends on the amount of shared en-
ergy as shown in Equation (9), where the price of energy bought from the grid depends 
on the type of customer: 𝐶௘௟ = ൫𝑝௘௟(ௗ௨)𝑊௘௟,ௗ௘௠(ௗ௨) + 𝑝௘௟(ௗ௛௢)𝑊௘௟,ௗ௘௠(ௗ௛௢) ൯ − 𝑝௘௟,௦௛௔௥௘ௗ𝑊௘௟,௦௛௔௥௘ௗோா஼ − 𝑝௘௟,௦௘௟௟𝑊௘௟,௦௘௟௟ (9)

where 𝑊௘௟,௦௘௟௟ is the electricity sold to the grid. The simple payback time of DH network 
and HPs is the ratio between the investment cost and the profit: 𝑃𝐵𝑇ௗ௛ = 𝐼ௗ௛ + 𝐼௛௣𝑃௛௣𝑝ௗ௛𝑄ௗ௛ − 𝑝௘௟(௡௥௘௦)𝑊௘௟,௛௣   (10)

where 𝑃௛௣ is the HPs power installed, 𝑄ௗ௛ is the heat sell to the customers and 𝑊௘௟,௛௣ is 
the electricity consumed by the heat pumps. The simple payback time of PV systems de-
pends on the cost of electricity: 𝑃𝐵𝑇௣௩ = 𝐼௣௩𝑃௣௩𝑝௘௟,௦௘௟௟𝑊௘௟,௦௘௟௟ + 𝑝௘௟,௦௛௔௥௘ௗ𝑊௘௟,௦௛௔௥௘ௗோா஼    (11)

where 𝑃௣௩ is the photovoltaic power installed. Finally, the reduction of CO2 emissions 
was calculated compared to the current situation without the district heating and the PV 
systems:  Δ𝑒 = 𝑄௚௕𝑒௚௕ + 𝑊௘௟,௣௩𝑒௘௟ − 𝑊௘௟,௣௛𝑒௘௟   (12)

5. Results and Discussion 
Authors should discuss the results and how they can be interpreted from the per-

spective of previous studies and of the working hypotheses. The findings and their impli-
cations should be discussed in the broadest context possible. Future research directions 
may also be highlighted. 

5.1. Simulation Results 
From the simulations, the thermal energy for space heating is equal to 3015 MWh per 

year, 187 MWh for DHW production and 348 MWh for space cooling. The electric con-
sumption of HP is 586 MWh for heating, 53 MWh for DHW and 109 MWh for cooling. 
The electric consumption for other uses is 350 MWh per year and the PV production is 426 
MWh with 422 kW installed or 203 MWh with 200 kW installed. The monthly profile of 
thermal energy end-use and the corresponding electricity needs is reported in Figure 4 for 
scenario S1.  

It can be seen that in the winter months, the energy requirements for heat pumps 
were considerably higher than other electrical consumption and photovoltaic production. 
While in summer months, renewable electricity production exceeded the electrical needs 
of buildings. In this scenario, an energy community that also involves users without heat 
pumps seems useful to take full advantage of the energy produced in the summer months. 
This is even more relevant for buildings with high roof areas but low summer loads, such 
as schools or other buildings without summer cooling systems. 
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(a) (b) 

Figure 4. Monthly energy values: (a) heating, DHW, cooling and electric consumption; (b) electricity 
consumed and produced. 

The previous considerations rely on monthly energy needs. However, matching local 
electricity supply and demand clearly depends on their simultaneity, that must be ana-
lysed on a finer temporal resolution.  

Figure 5 shows hourly trends due to heat pump (HP) and other electrical devices (EL) 
for one week in March for a mixed-use building with three commercial units and ten res-
idential units with low thermal insulation. In addition, the Figure includes the hourly 
photovoltaic production (PV) for a 20.8 kW system, as assumed for this building based on 
the available roof area, has been reported. It can be observed that the electrical load of the 
heat pump is high but discontinuous, as it is influenced by the high fluctuation in the 
external air temperature between day and night. In this example, the local electrical pro-
duction is not sufficient to cover the electrical loads but contributes in any case to reduce 
the withdrawals from the grid. 

 
Figure 5. Simulated hourly power load profiles during a week of March. 

5.2. Self-Consumption and Energy Sharing in the Considered Scenarios 
In Figure 6, the PV production and the levels of self-consumption are reported for 

the different scenarios considered. It can be noticed that the self-consumption increases 
from 5–9% with the introduction of HP for heating and DHW, this limit is caused by the 
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different seasonality of PV production and HP consumption, the first is higher in summer, 
the second in winter, so there is not a good match between them. With the introduction of 
a REC, the self-consumption increases by 6–7% in S1 and by 45–46 % in S2. This important 
difference is caused by the fact that in the first scenario all the buildings have their own 
PV system, so the advantage of shared electricity is little, whereas in the second scenario 
only few buildings have the PV systems. In such cases, the REC allows a dramatic increase 
in the amount of electricity shared by different buildings.  

If the Energy Community is enlarged to other users without HP (61 buildings with a 
total demand of electricity equal to 599 MWh/year), the self-consumption increases by 22–
25% in scenario S3 and by 60–64% in scenario S4 with respect to the case without the REC. 
On the other hand, in this case the benefit of HP is reduced (2–5%). Adding the cooling 
load, the self-consumption increases by 11% without REC, and by 14% with REC in sce-
nario S1, and by 12% without REC, and by 9% with REC in scenario S2. So, the benefit of 
cooling loads is more relevant if the PV installed is higher, both with and without REC. 
With more users in the Community, the advantage of cooling is limited: only 4% in sce-
nario S3 and by 6% in S4. This happens because the higher the self-consumption, the less 
the additional cooling loads contribute to increasing it. 

 
Figure 6. Electricity produced and self-consumed in different scenarios. 

The electric self-consumption with electrical storage system is reported in Figure 7 
for different storage capacities. Under scenario S1 -see Figure7a- the self-consumption in-
creases from 43 to 62% without HPs, from 52 to 70% with HPs and from 65 to 82% includ-
ing the cooling systems. It is possible to observe that the self-consumption reaches an up-
per limit. The latter is because the electrical energy can be stored daily, which poses no 
remedy on the seasonal mismatch between power demand and supply. If the PV power 
installed is low as in Scenario S2, the self-consumption can reach values near 100%—see 
Figure 7b. In the latter case, the advantage of additional heating and cooling loads are 
rather limited. 



Energies 2022, 15, 1022 13 of 17 
 

 

  
(a) (b) 

Figure 7. Self-consumption with storage system: (a) scenario S1; (b) scenario S2. 

5.3. Economic and Environmental Indicators 
The CO2 emissions corresponding to the initial situation without the district heating 

network are reported in Figure 8, including cases with the DH only and with both DH 
and PV systems. With the district heating system, the reduction of emissions Δ𝑒 is 65%. 
The reduction reaches 72 and 80% with 200 kW and 422 kW of PV installed, respectively. 
Emissions are therefore reduced to one third of the initial ones by using a low-temperature 
waste heat source, and to one fifth by adding photovoltaics. Considering that most of the 
buildings are old, a refurbishment of some of them would lead to a further reduction in 
consumption. 

 
Figure 8. Effect of renewable district heating and PV systems on equivalent CO2 emissions. 

Finally, a simple analysis has been conducted to investigate whether the investment 
in the PV systems pays off from the perspective of the whole Energy Community and 
from the perspective of the DH utility.  

To this end, the simple payback time for PV systems is reported in Figure 9a, where 
cooling systems are not considered. The presence of a REC reduces the payback time in 
all the scenarios due to the incentive on shared electricity. The advantage is more relevant 
in S2 and S4, because in this case the installed PV power was limited and the shared elec-
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tricity level was rather high. It can be observed that the presence of HPs reduced the sim-
ple payback time, but not as significantly (1.4 to 8.1%) if only SH and DHW were included 
in the analysis.  

Figure 9b shows the reduction in operating costs for the DH utility linked to the local 
self-production of electricity. The investment in the PV system pays off only when such 
reduction equals the investment increase for the DH utility, shown by the red and blue 
dashed lines for the lower and upper PV power installed. This Figure must be interpreted 
as a worst-case scenario because the low temperature network does not provide space 
cooling. 

It can be observed that investing in PV systems does not lead to a corresponding 
reduction in operating costs without REC. The latter helps cutting electricity supply costs 
by 3.6 to 7.4%. Despite such significant improvement, only S2 and S4 scenarios lead to a 
benefit similar to or greater than the investment, confirming that the correct sizing of the 
overall PV power is crucial for a cost-optimal sector coupling. 

  
(a) (b) 

Figure 9. Effect of REC and HP on: (a) simple payback time for PV systems; (b) cost of heat and 
electricity supply. 

6. Conclusions 
This paper analyses the mutual benefits between a low temperature thermal grid 

with booster heat pumps and a Renewable Energy Community (RECs) based on a shared 
PV production. 

The hypothesis is that self-producing and sharing electricity with distributed rooftop 
PV-systems would help the utility make fifth-generation district heating and cooling net-
works more economically convenient and, at the same time, an increase in the electrical 
demand due to booster heat pumps would be beneficial for the REC members. 

To this end, four scenarios were investigated arising from the combination of two 
levels of nominal PV power and two levels of participation to the REC in an Italian town 
where a low temperature district heating network is currently under evaluation by the 
municipal administration. Such a network would be entirely supplied by renewable 
wastewater at around 40 °C. 

The study found out that the benefit brought by the heat pumps to the REC is rather 
limited due to a seasonal mismatch between summer PV production and winter heating 
demand. In fact, computer simulations showed that the increase of shared electricity 
linked to the district heating heat pumps is limited to +9% in the best case. 

In the other direction, the possibility to cut operational costs for the DH utility seems 
to be more attractive because of the incentives put in place for the energy shared among 
REC members by current Italian legislation. 
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Results show that the benefit brought by REC depends on the size and number of PV 
systems installed: there seems to be an optimal aggregated size of installed PV systems 
that maximizes the collective PV self-consumption. 

If the REC includes other users beside those connected to the DH network, the PV 
self-consumption of the whole community may reach 90% but the relative contribution of 
the heat pumps is reduced. How to share this benefit between district-heated and other 
REC members depends on the business model adopted. 

In conclusion, the research found out that a PV-based REC could help reduce opera-
tional costs for district heating systems with a high number of heat pumps. 

These findings lay the groundwork for a possible technical-economic optimization of 
the system and leaves room for possible innovative business models for the combined sale 
of heat and energy. Future research could therefore look at the optimal design of Renew-
able Energy Communities based on multiple PV systems in different electrical demand 
scenarios. The results that may emerge from such research would be of interest not only 
to the scientific community, but also to energy service companies and engineering com-
panies that commercialize and/or design renewable energy projects for local communities. 
In addition, the increasing electrification of the heating and cooling sector and the possi-
bility to produce and share electricity locally need to be further analysed, as they could 
give rise to new business models based on selling electricity, heat and cooling as a single 
energy asset. These possibilities need to be supported by an appropriate regulatory frame-
work. 

The main limitations of the present study are, on the modelling side, ignoring latent 
cooling loads during summer and assuming buildings as the smallest consumption units 
instead of individual apartments. The first assumption leads to an underestimation of self-
consumption in summer, while the latter affects the energy sharing figures. In addition, 
more electricity uses could be considered, such as electric vehicles charging. 
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