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Abstract
The optimal design of distributed generation systems is of foremost importance to reduce fossil fuel consumption and mitigate the
environmental impact of human activities in urban areas. Moreover, an efficient and integrated control strategy is needed for each
of the components of a distributed generation plant, in order to reach the expected economic and environmental performances.
In this paper, the transition from natural gas to electricity-based heating is evaluated for residential applications, considering
the interplay between photovoltaic electricity produced on site and the thermal energy storage, to grant the optimal management
of heating devices. The energy demand of an apartment building, under different climatic conditions, is taken as a reference and
four power plant solutions are assessed in terms of energy cost and pollution reduction potential, compared to a baseline plant
configuration. The performance of each power plant is analyzed assuming an optimized control strategy, which is determined
through a graph-based methodology that was previously developed and validated by the authors. Outcomes from our study show
that, if heat pumps are used instead of natural gas boilers, energy costs can be reduced up to 41%, while CO2 emissions can be
reduced up to 73%, depending on the climatic conditions.
Our results provide a sound basis for considering the larger penetration of photovoltaic plants as an effective solution towards
cleaner and more efficient heating technologies for civil applications. The simultaneous utilization of heat pumps (as substitutes of
boilers) and photovoltaic panels yields a positive synergy that nullifies the local pollution, drastically cuts the CO2 emission, and
guarantees the economical sustainability of the investment in renewable energy sources without subsidiary mechanisms.
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1. Introduction
The curtailment of energy consumption and green house gas
(GHG) emissions are among the most relevant concerns for industrialized countries (UNFCCC, 2017; The European Parliament and the Council of the European Union, 2012).
In the last century, the worldwide Primary Energy Consumption (PEC) has constantly grown, reaching 13700 Mtoe/year
in 2015, more than 2.5 times the PEC in 1971 (International Energy Agency, 2017a,b). In the same time span, the CO2 emissions have grown from 15500 Mton/year in 1973 to 32300 Mton
in 2015. PEC and GHG emissions from countries not belonging
to the Organisation for Economic Co-operation and Development (OECD) have sharply increased in the last decades, overwhelming the efforts of OECD countries towards a less energy
intensive development (International Energy Agency, 2017b).
Despite more than 150 billion $ per year are invested on
energy efficiency (Eurostat, 2009), a wider effort is required to
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meet the goal of keeping the global warming below 2◦ C. According to the international energy agency (IEA) projections,
following the actual energy policies, the world will consume
about 18000 Mtoe emitting more than 36000 Mt of carbon dioxide by 2014 (International Energy Agency, 2017a). However,
by the same year, PEC should be lower than 15000 Mtoe to
limit the average temperature increase below 2◦ C. The GHG
situation is even more critical, since CO2 emissions should not
exceed 18500 Mt/year (International Energy Agency, 2017a),
about a half compared to the forecast based on the actual trends.
Furthermore, recent studies have clearly evidenced the alarming impact of high fine-particulate matter (PM) (Arden Pope III
et al., 2009) and NOx (Anenberg et al., 2017) concentrations on
human health, thus stressing the need for a substantial reduction
of such class of emissions in urban areas.
Buildings are responsible for roughly 40% of energy demand in the European Union (EU) and United States (US) (European Commission, 2016; US Department of Energy, 2012).
In particular, households cause 25% of the total green house
gases emission related to fossil fuel combustion in the EU (European Environmental Agency, 2012). To mitigate their impact
on both energy consumption and pollutant emissions, several
technological alternatives are available in terms of energy generation systems, such as: i) an increase in the renewable energy
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penetration (Franco and Salza, 2011; Cozzolino et al., 2016;
Lau et al., 2010); ii) distributed generation (DG) and cogeneration (CHP) or trigeneration (CHCP) (Onovwiona and Ugursal,
2006; Chicco and Mancarella, 2009; Jannelli et al., 2014a); iii)
mechanical, electrical or thermal energy storage (Marano et al.,
2012; Facci et al., 2014c; Jannelli et al., 2014b). Regarding
DG, the definition of (Ackermann et al., 2001) should be taken
as a reference, that is an electric power source connected directly to the distribution network or on the customer site of the
meter. Such definition is independent from the specific generation technology, which might include renewable or fossil fuel
sources, as well as electric-only or CHP generation devices.
Despite the growing concerns regarding energy sources depletion and air pollution in urban areas, combustion of fossil
fuels is still a major source for residential applications (Balaras
et al., 2005; Dodds et al., 2015). Unavoidably, fossil fuel combustion is also a significant source of local pollutants including NOx , CO, PM and Volatile Organic Compounds (VOC)
in densely populated areas (Balaras et al., 2005). This is true
even in the case of relatively clean gaseous fuels, such as Natural Gas (NG), due to uncontrolled combustion operation of
typical residential-size burners. On the other hand, electricity
based heating has no local emissions and could significantly
contribute to improve the air quality in cities, to increase the
efficiency of buildings (Youssef et al., 2017; Jonas et al., 2017;
Li and Kao, 2017), and facilitate the penetration of renewable
energy sources (RES) (Fraga et al., 2017). Nevertheless, such
systems might increase the PEC and GHG emissions where
electricity production largely relies on fossil fuels (e.g. Italy
or Greece). In these situations, the switch from boilers to heat
pumps should come together with an increased penetration of
renewable energy production.
The introduction of DG plants based on RES is significantly
contributing to the reduction of the GHG emission in all industrialized countries (Balke, 2014; European Environment Agency,
2014, 2015). Photovoltaic systems (PVs) are a very attractive
RES solution (Jelle et al., 2012; Peng et al., 2011) and building integrated PVs are particularly well suited for DG systems
and domestic applications (Jelle et al., 2012). Nevertheless,
due to large investment costs, RES deployment largely relies
on subsidiary mechanisms that, in turn, could increase the energy costs (Ragwitz and Steinhilber, 2014; Frondel et al., 2010).
Moreover, the temporal mismatch between energy demand and
the intermittent production of RES increases the imbalance of
the national grids and thus the costs related to the infrastructure
(Paatero and Lund, 2007).
Energy storage technologies promote the RES penetration,
by facilitating the self consumption of the locally produced electricity, by increasing its values and by mitigation of the negative externalities (Kaldellis and Zafirakis, 2007; Beaudin et al.,
2010; Poullikkas, 2013). In fact, in presence of a sufficient
storage capacity, renewable energy from distributed generation
plants can be stored during peak production hours to be utilized
during high demand hours rather then being sold to the grid or
wasted. Besides increasing the overall efficiency and reducing
the impact of renewable installations on the grid the energy storage systems also increase the income of RES based DG plants.

For instance, in case of electricity, self-consumed energy has
the economic value of the acquired electricity, which is 3 to 4
times larger compared to the price of electricity sold to the grid
(GME, 2016).
Electricity storages are costly, require a non negligible maintenance and have a limited useful life (Poullikkas, 2013; Hittinger et al., 2012). On the other hand, thermal storages are
relatively inexpensive, reliable and does not require specific
maintenance (IEA-IRENA, 2013; Navarro et al., 2016a). In particular, residential applications require low temperature energy
(i.e in the range [50◦ C − 80◦ C]) and can thus utilize sensible
heat thermal storage systems (Arteconi et al., 2013). Stratified
hot water tanks are a viable technology for such applications
(Arteconi et al., 2013), have a storage capacity comprised between 60 kWh/m3 and 80 kWh/m3 (Navarro et al., 2016a) and
a cost in the range [0.1 e/m3 , 10 e/m3 ] (IEA-IRENA, 2013).
Other storage media, such as phase change materials or chemical storage have a higher energy density but also a higher specific cost (Navarro et al., 2016a; Hasnain, 1998). Thereof, the
optimal coupling of PV electricity production, electrical heating through heat pumps and thermal storage could be a viable
solution to facilitate RES penetration, reduce the impact of subsidiary mechanisms on energy tariffs and cut down pollutant
emissions in urban areas.
In this paper we study the conditions that promote establishing a positive synergy between PV production, electricity
based heating and thermal energy storage as function of the energy demand, climatic conditions, and energy prices.
The working conditions (i.e the control strategy and the environmental conditions) determine the effectiveness of an energy systems as much as the design performance of its components (Onovwiona and Ugursal, 2006; Hawkes and Leach,
2007; Fabrizio et al., 2009; Andreassi et al., 2009; Chiappini
et al., 2011; Facci et al., 2014a,b; Tribioli et al., 2016). Therefore, implementing a proper control strategy is crucial to achieve
the expected benefits from DG systems. Similarly, the assessment of their performance cannot rely on the components design data, and realistic working conditions must be assumed.
Following this, we adopt an optimization methodology, previously introduced and validated by the authors (Facci et al.,
2014a,b,c; Cappa et al., 2015; Facci et al., 2015, 2016) to determine the optimal management for all the considered plant
configurations, to correctly evaluate their effectiveness and to
identify the conditions that promote the sought synergy.
The paper is organized as follows. In section 2 we describe
the considered plant configurations, the energy demand, the assumed energy prices and all the relevant boundary conditions.
In section 3 we briefly report the methodology employed to determine the plant control strategy and to evaluate the performance of the considered plants. The results are reported and
analyzed in section 4. Finally, conclusions are drawn in section
5.
2. Problem statement
In this paper we investigate the effectiveness of different energy systems to fulfill a residential energy demand in terms of
2

local pollutant and GHG emissions, and of economic performance. In particular, we seek to demonstrate that the transition
from NG to electricity-based space heating could effectively
contribute to the improvement of air quality in urban areas and
to the reduction of GHG emissions, thus encouraging a larger
penetration of Photovoltaic (PV) electricity production. Moreover, we dissect the role of the thermal energy storage (TES) to
improve the efficiency of such an energy system by effectively
coupling PV electricity production and thermal demand.
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Figure 1: Minimum, average, and maximum energy demand for a midrise apartment building in all the climatic conditions. The filled portion of vertical bars
represents the minimum (base load) demand, the line-pattern portion represents
the average demand while the empty portion represents the maximum (peak)
demand. Data are retrieved from (Office of Energy Efficiency and Renewable
Energy, 2016).

The ambient temperature influences both the energy demand
and the performance of energy converters. To highlight the
effect of the environmental conditions, we consider three different climates, according to the IEA classification (Laustsen,
2008): heating based, moderate, and cooling based climate.
The IEA classifies the climatic conditions according to the total number of heating degrees days (HDD) and cooling degrees
days (CDD) per year, as reported in Table 2. Therein, we also
report a representative city for each climate (Tsikaloudaki et al.,
2011).
HDD
Min
Max
2,000
∞
0
2,000
1,000 2,000

Heating based
2.5◦ C
31◦ C

maximum load of of about 50 kW), while it is negligible for the
heat and cold requests.

Table 1: Relevant properties of the selected building (Office of Energy Efficiency and Renewable Energy, 2016)

Climate

Moderate
5◦ C
27◦ C

Table 3: Minimum and maximum ambient temperature for three climatic conditions: chilling based, moderate and heating based.

2.1. Energy demand
The hourly electricity, heat, and chilling energy demands
are available in the “commercial reference buildings” database
(Office of Energy Efficiency and Renewable Energy, 2016) of
the US Department of Energy (DOE) for 16 commercial reference buildings and for more than 1,000 locations (i.e. different climatic conditions). We selected the “Midrise Apartment”
building whose principal features are reported in Table 1.
Surface
3,135 m2

Chilling based
−5◦ C
33◦ C

For clarity, only the maximum, average, and minimum demands are reported in Figure 1. However, the instantaneous
energy requests, reported by (Office of Energy Efficiency and
Renewable Energy, 2016), have been employed in the present
analysis.
Heating based
Moderate
Chilling based

City
Milan
Malaga
Athens

Electricity
0.2427 e/kWh
0.2235 e/kWh
0.1720 e/kWh

Natural gas
21.80 e/GJ
21.31 e/GJ
16.90 e/GJ

Table 4: Energy prices for all the considered climatic conditions. Data are
retrieved from (Eurostat, 2016).

Table 2: Heating and cooling degrees days per year and representative city for
the considered climatic conditions (Laustsen, 2008).

The reference cities for each climatic condition are located
in different European countries, as evidenced in Table 2. Each
climate has a peculiar energy price, as highlighted in Table 4.
Energy prices in each country are retrieved from the Eurostat
database (Eurostat, 2016).
Despite several European countries promote the selling of
renewable electricity through feed in tariffs and other subsidiary
mechanisms, we assumed that electricity eventually produced
in excess by the PV field is not remunerated by the grid. This
assumption allows to identify the conditions that promote the
self-consumption of electrical power locally produced by the
PV, thus minimizing the impact of RES production on the electrical grid. The study of such conditions would be hindered by
the high revenues yielding from subsidiary electricity tariffs.

The minimum (Tmin ) and maximum ambient temperature
(Tmax ) registered throughout the year, influence both the energy demand and the design of the air conditioning systems.
Such temperatures are retrieved from the typical meteorological
year (TMY) for each of the considered locations (Photovoltaic
geographical information system , 2017) and reported in Table
3.
Figure 1 schematically represents the energy demand for
the chosen residential building, according to the different climatic conditions. The electricity demand is not influenced by
the climatic condition, while the external temperature significantly influence the heat and chilling requests. The base load is
relevant only for the electricity demand (about 15 kW out of a
3

the ambient temperature the lower are the Coefficient of Performance (COP) and the effective power of the chiller (see Figure 3).
The available surface for the PV field on the roof of the
building is APV = 750 m2 , resulting in a peak rated power of
PPV = 112 kWp. The peak value is obtained from the formula:

2.2. Power plant configurations
We considered 5 possible power plants (including the reference case) that are characterized by different technologies for
the production of thermal energy. In particular, the effects of
TES and PV energy production are considered, as summarized
in Table 5 and in Figure 2. The reference case represents the
baseline state of art of thermal production in residential installations. Specifically a condensing natural gas boiler satisfies
the thermal demand. Also case A utilizes such a technology.
Vapor compression heat pumps (HP) are considered as an alternative to condensing natural gas boilers for heat production in
cases B, C, and D. The the considered model utilizes the R410A as refrigerant fluid and is equipped with 3 scroll compressors.
An R410-A single stage, scroll compressor, vapor compression
mechanical chiller is utilized in all the plant configurations. A
sensible heat thermal energy storage that utilizes water as a storage medium is present in all the configuration except for case
D. Despite we utilized a sensible heat storage, due to its low
initial cost and technological reliability the presented methodology is general and can be applied also to phase change or
chemical energy storages by simply varying the investment cost
and, eventually, the round trip efficiency.
Reference
Case A
Case B
Case C
Case D

Boiler
X
X

HP

PV
X

X
X
X

X
X

TES
X
X
X
X

PPV = PPTC APV ,

where PPTC is the mono-crystalline PV module rating per unit
area under PVUSA Testing Conditions (PTC) (Dows and Gough,
1996), according to the modules’ manufacturer spec sheet (Mitsubishi Electric, 2017). Note that this corresponds to a PV system rated efficiency of ηPV = 15%.
The efficiency of all the energy converters varies as a function of the set-point, as reported in Figure 4. We note that low
load operation (below 40%) is particularly critical for all the
energy systems. Therefore, the TES option is considered (see
Table 5) to release the boiler and the HP from strict thermal
tracking. Note that TES technologies have already been widely
recognized as one of the most feasible options to increase the
energy efficiency in buildings (Arce et al., 2011; Navarro et al.,
2016a,b). In our case, the power that can be delivered by the
TES is always equal to the peak thermal request and its capacity
is assumed equal to 3 equivalent hours. The TES effectiveness
is measured through its round trip efficiency

Chiller
X
X
X
X
X

ηTES =

Ein
,
Eout

(2)

where Ein is the energy introduced in the reservoir and Eout is
the energy that can be extracted. The round trip efficiency of
the TES is assumed to be ηTES = 0.9 (Facci et al., 2014c).

Table 5: Relevant energy conversion systems for each of the considered plant
configurations.

Table 6 reports the rated power for all the plant subsystems
as functions of the climatic conditions. The HP design power
is generally higher compared to the boiler power and the difference is larger for colder climates. In fact, the lower is the
external temperature, the lower is the power that the HP can effectively deliver (see Figure 3). The HPs are designed to satisfy
the peak thermal demand at the lower external temperature of
the TMY (see table 3) for each climatic condition.

Boiler
HP
Chiller
PV
TES

(1)

3. Methodology
The effective plant efficiency is largely determined by its
control strategy (Onovwiona and Ugursal, 2006; Hawkes and
Leach, 2007; Fabrizio et al., 2009; Andreassi et al., 2009; Chiappini et al., 2011; Facci et al., 2014a,b; Tribioli et al., 2016).
Thereafter, we compare the performances of the different configurations assuming an optimized control strategy that is obtained through the methodology introduced in (Facci et al., 2014b),
and further developed in (Facci et al., 2014c) and (Facci et al.,
2014a). Such a methodology minimizes a prescribed objective
function accounting for: (i) the design performances of all the
subsystems; (ii) the derating of the performances at part load;
(iii) the effects of environmental conditions; (iv) energy demand and costs as functions of time; (v) maintenance and cold
start costs; (vi) constraints related to the dynamic behavior of
the equipment, such as the minimum time interval between two
consecutive starts or shutdowns.
All the energy converters are modeled as black-boxes, through
their efficiency curves as functions of the set-point and the environmental conditions. Specifically, the power output of the
i-th subsystem at time t is calculated as:

Maximum power [kW]
Chilling based Moderate Heating based
130
35
60
180
45
80
75
50
95
112
112
112
130
35
60

Table 6: Relevant energy conversion systems for each of the considered plant
configurations at different climates.

Similar to the HPs, the chillers are designed to produce the
peak chilling demand at the highest temperature for each climatic condition. Thus, their rated power is generally higher
compared to the peak chilling request. In fact, the higher is

pi (t) = si (t)p∗i αi (t) ,
4

(3)
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Figure 2: Schematics of the considered power plant configurations: (a) Reference case; (b) Case A; (c) Case B; (d) Case C; (e) Case D; (f) Legend of the relevant
energy streams.

1.2

ui (t) =

1
Derating

1
Derating

required input power is:

(b) Heat pump

(a) Chiller
1.2

0.8
0.6
0.4
−10

0

10

20

30
◦

40

0.4
−10

COP
Power

Temperature [ C]

0

10

20

30

40

◦

Temperature [ C]

Figure 3: Performance derating as function of the environment temperature
for the chiller and the heat pump. The reference temperature is 15◦ C. Data
retrieved from (Daikin, 2015).
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(5)

being h the time interval, Cf the cost of fuel, Cm the maintenance cost, Cs the cold-start cost, and R the revenue/cost yielding from the electricity exchanged with the grid. Costs are functions of the time interval and the plant state (i.e. the set-point of
the subsystems) s(h).
Equation (5) is subject to constraints related to the energy
flows and to the dynamic behavior of the plant subsystems. The
thermal energy balance reads:

2

0.2

Cf (h, s(h)) + Cm (h, s(h))+
+Cs (h, s(h)) − R(h, s(h)) ,

4

0.6

8760
X
h=1

5

1

3

GCost =

(c) Chiller

(b) Boiler

4

(4)

where ηi (si (t)) is the efficiency, and and β( t) is the efficiency
derating coefficient, that is function of the environmental temperature, pressure, and altitude. Note that the problem is nonlinear, since the efficiency is a function of s(t).
Economic optimization is performed through the following
objective function:

0.8
0.6

si (t)p∗i αi (t)
ηi (si (t))βi (t)

0 25 50 75 100

Uth − Pth + Pst ≥ 0 ,

Set-point [%]

(6)

where Uth is the thermal energy demand, Pth is the heating
power produced by the energy converters within the plant, and
Pst is the the thermal power of the heat storage. Noter that, Uth
and Pth are positive, while Pst is positive when the system is
storing energy and negative when it is releasing the heat. The
cooling energy balance reads:

Figure 4: Efficiency of the considered energy systems as functions of the setpoint. Data retrieved from (Fabrizio et al., 2009).

where si (t) is the set-point, p∗i is the design power, and α( t) is
the power derating coefficient, that is function of the environmental temperature, pressure, and altitude. The corresponding

Uco − Pco ≥ 0
5

(7)

being Uco and Pco the cooling power demand and production
respectively. The system of eqs. (8) represents the constraint
related to the dynamic behavior of the subsystems.
(
if τi (t) < τi∗ and si (t − 1) > 0 → si (t) > 0
(8)
if θi (t) < θi∗ and si (t − 1) = 0 → si (t) = 0 ,

and we safely assumed that iTES = 10 e/kW. Note that we discarded the costs of those components that are common to all the
scenarios for this comparative analysis. Thereafter, the capital
cost of the reference scenario is Iref = IBoi + ITES .
Carbon dioxide emissions are calculated through the following equation,

where t is the time interval, si (t) is the set-point of the i-th
energy system, τi is the time spent since the last cold start, and
τi∗ is the minimum time interval between two consecutive cold
starts. Similarly, θi (t) is the time spent since the last shut down
and θi∗ is the minimum interval between two consecutive shut
downs.
Equation (5) is discretized with respect to the plant state
and in time, and the problem is represented as a weighted and
oriented graph. The optimal control strategy is determined by
seeking for the shortest path across the graph. The reader can
refer to (Facci et al., 2014a,b,c) for more details on the optimization methodology.
Having determined the optimal control strategy, that is the
set-point of the subsystems for all the time steps, the global
performance parameters are easily calculated.
Economic performance is evaluated through the total cost,
retrieved through eq. (5) and through the Pay Back Period (PBP),
that is given by:
I − IRef
,
(9)
PBP =
C − CRef
where C and Cref are the global cost of the considered case and
of the reference case respectively, I is the initial investment and
Iref is the capital cost of the reference scenario. For each of the
considered cases, the initial investment is calculated as,
I = IHP + IBoi + IPV + ITES ,

mCO2 =

0.61

IBoi = 510(PBoi )

Heating based
Moderate
Chilling based

kNG
0.1998 kg/kWh
0.1998 kg/kWh
0.1998 kg/kWh

kgrid
0.433 kg/kWh
0.341 kg/kWh
0.767 kg/kWh

Table 7: Natural gas and electricity carbon intensities as functions of the climatic condition. Data retrieved from (Moro and Lonza, 2017) for the electricity
and from (Sari and Bayram, 2014) for natural gas.

Fuel burners are also sources of local pollutants such as
NOx , CO, VOC, SOx and PM. The emitted mass of the generic
pollutant species mx can be calculated as
mx =

NX
comb

(Ej Ψj,x ) ,

(15)

j=1

(10)

where Ncomb is the number of combustion sources (e.g. fuel
boilers, internal combustion engines, etc), Ej is the energy input for the j−th combustion source, and Ψj,x is its emission
factor for the species x. The emission factors for natural gas
burners are reported in Table 8 (United States Environmental Protection Agency, 2017)

(11b)

where PHP and PBoi are the design power of the boiler and the
HP respectively. The cost of the PV field is:
IPV = iPV PPV ,

(14)

where Nfuel is the number of different fuels utilized in the plant,
mi is the mass of the i−th fuel, ki is its CO2 emission factor,
Egrid is the electrical energy exchanged with the grid, and kgrid
is the carbon dioxide intensity of the grid. The emission factors
of natural gas (KNG ) and grid electricity, retrieved from (Sari
and Bayram, 2014) and from (Moro and Lonza, 2017), respectively, are reported in Table 7.

(11a)
,

(mi ki ) + Egrid kgrid

i=1

where the cost of HP IHP and of the boiler IBoi are estimated
as (Fabrizio et al., 2009):
IHP = 579(PHP )0.79

N
fuel
X

Pollutant species
NOx
CO
VOC
SOx
PM

(12)

being iPV the specific capital cost required to install 1 kWp of
PV panels, that includes the cost of the PV modules and the
balance of system (BOS) and PPV the peak power of the photovoltaic system. According to (Candelise et al., 2013) the BOS
represents between 50% and 65% of the total installed cost
of grid connected PV systems. Here, we assume that iPV =
1200 e/kWp for a PV field in the power range [100 kW, 200 kW]
(Tilli et al., 2017; Paul, 2017; UNEF, 2017). The investment
cost of the thermal storage is

Emission factor
3.974 × 10−5 kg/MJ
1.680 × 10−5 kg/MJ
2.309 × 10−6 kg/MJ
2.519 × 10−7 kg/MJ
3.190 × 10−6 kg/MJ

Table 8: Emission factor for the relevant local pollutants for natural gas burners and furnaces according to the data reported in (United States Environmental Protection Agency, 2017)

4. Results and discussion

Cases A and C are the only power plant configurations which
include both PV electricity generation and the thermal storage,
while the thermal storage is also present in the reference conwhere QTES is the TES capacity and iTES is its specific cost.
According to (IEA-IRENA, 2013), 0.1 e/kW < iTES < 10 e/kW figuration and in Case B.
ITES = iTES QTES ,

(13)
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put energy. Note that, γ and ξ are close for all the considered
cases. However, for the heating based case ξ = 3.09 and is
larger compared γ = 3.78. On the contrary, γ > ξ for the other
climatic conditions. Specifically, ξ = 2.92 and γ = 4.37 for
the moderate climate and ξ = 2.83 and γ = 4.24 for the chilling based climates. As expected, the lower is ξ the higher is the
cash flow.

4.1. Identification of the optimal plant configuration
Figure 5 reports the yearly operative cost (OPEX) for all
cases and for all the considered climatic conditions. Case C always yields the minimum cost thanks to the simultaneous presence of PV, TES and HPs for heating. Specifically, this configuration reduces the OPEX by 35% for the heating based climate,
by 41% for the moderate climate and by 40% for the chilling
based climate with respect to the reference cases.

Purchased energy

400

Cost [ke]
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−200

Sold energy
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−400
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Comparing Case D to Case C elucidates the role of the TES
in promoting the synergy between electrical heating and PVs.
The OPEX of Case D (i.e without TES) is always higher compared to the one of Case C. In particular, the operative cost
increases by 66%, 16%, and 22% for heating based, moderate, and chilling based climate respectively. The absence of the
TES has a twofold negative effect. First, the HP is forced to
follow the heat demand, thus reducing its efficiency since the
thermal demand is higher during the colder hours of the day.
Second, since the heat demand and the PV production are not
contemporary, the electricity consumed by the HP is largely retrieved from the grid, increasing the purchased electricity (see
Figure 6). Both aspects are particularly critical for the heating based climate that has the lowest external temperature and
the higher ξ. Notably, for heating based climate the electricity
acquired and the OPEX of case D are higher compared to the
Reference Case.

The utilization of the PVs without the HPs (Case A) reduces the OPEX by 23% for the heating based climate, by 31%
for the moderate climate and by 30% for the chilling based climate. Nevertheless, the usage of boilers instead of HPs does
not allow to take full advantage from the PV installation. Compared to Case C, the OPEX of Case A is 18% higher for heating
based climate, and 16% higher for heating based and moderate
climates. Notably, has a minor impact on the cost difference
between Case A and Case C despite the warmer is the temperature, the larger is the efficiency of the HP (see Figure 3) and the
PVs produce more electricity.
In case B, the utilization of HPs in substitution of traditional
boilers, without introducing further RES does not yield significant economical benefits. In particular, for the heating based
climate the OPEX decreases by 3.2% compared to the reference case. For moderate and chilling based cases, the OPEX is
reduced by 3.4% and 3.7%, respectively. Comparing the ratio
ξ = cel /cNG between the electricity cost (cel ) and the natural
gas cost (cNG ) to γ = COPHP /ηboi , explains such a trend.
Here, γ is calculated through effective working conditions of
the HP and the boilers rather than utilizing design data. In fact,
the average COP of the HP is estimated as:

300
CO2 Emission [Ton]

Eth,HP
Uel,HP

Moderate

Figure 6: Electricity sold to and purchased from the grid for all the considered
cases and climatic conditions. Purchased energy is positive and sold electricity
is negative.

Figure 5: Yearly operative cost for the considered power plant as a function of
the climatic condition and of the unit energy costs.

COPHP =

Heating based

(16)

where Eth,HP is the total cooling energy delivered by the HP
throughout the year and Uel,HP is the corresponding required
electrical energy. Similarly, the average efficiency of the boiler
is:
Eth,boi
ηboi =
(17)
Uboi
where Eth,boi is the total cooling energy delivered by the boiler
throughout the year and Uboi is the corresponding required in-
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Case C

200
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0

Heating based
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Figure 7: Carbon dioxide emission at different climatic conditions.

Figure 7 reports the CO2 emission for each power plant
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climate, Cases D and A double the PBP compared to Case B,
but has a much larger effect on operative cost and GHG emissions. Similarly, for chilling based climate the PBP of Cases A
and D is higher compared to Case B (that has the lowest PBP
together with Case C) but the cash flow and GHG reduction is
much higher. On the contrary, for heating based climate Case B
the highest PBP while PBP cannot be defined for heating based
climate conditions due to the negative yearly cost performance.
Cases A and C are the most attractive for all the considered
performance parameters and in all climatic conditions. Nevertheless, Case C has always the shortest PBP, higher cash flow,
and, limited to moderate and heating based climate conditions,
also lower CO2 emission.

configuration and climatic condition. The average carbon dioxide emission factor for the boiler is kboi = kNG /ηboi and is
equal to 0.22 kg/kWh for all the considered climates. Figure 7
evidences that Case C delivers the lowest emission for the heating based and moderate climate reducing the CO2 emitted by
46% and by 73% respectively, compared to the Reference Case.
In fact, according to the effective working conditions of the HP,
the average carbon dioxide emission factor of the HP, kHP =
kgrid /COP, is 0.13 kg/kWh and 0.087 kg/kWh for heating based
and moderate climates respectively, and is much lower compared to kboi . Thus, in these climates, Case C reduces CO2
emissions both with respect to the Reference Case and to Case
A, despite Case C acquires 3% (moderate climate) to 20% (heating based climate) more electricity (See Figure 6) and sells 7%
(heating based climate) to 30% (moderate climate) less energy
than Case A.
For the chilling based climate kgrid is about twice than for
heating based and moderate ones (see Table 7) thus increasing
kHP up to 0.20 kg/kWh. As a consequence, the advantage of
substituting the boiler with the HP is limited. Moreover, the
high kgrid emphasizes the curtailment of CO2 emissions related to feeding the electricity produced through the PVs into
the grid. Thus, Case A has the lowest emission for the chilling
based condition, due to the larger amount of electricity sold to
the grid (see Figure 6), 76% lower with respect to the Reference
Case. Case C reduces the CO2 emission by 50% compared to
the Reference Case. Case B does not generate significant emission reduction regardless of the climatic condition, while Case
D benefits from the PV installation in the moderate and chilling
based climate scenarios.
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Moreover, Case C completely avoids local pollutant emissions (i.e. NOx , CO, VOC, and PM) thanks to the electricallydriven heating equipment, which will be partly fed by the PV
electricity generated on site and, for the other part, by grid electricity. Figure 9 reports local pollutant emissions for the reference power plant, which are related to the combustion of natural
gas in the boiler for space heating and domestic hot water production. PM and SOx emissions are relatively low, thanks to the
gaseous nature of the adopted fuel, but NOx and VOC reach
30 kg/year in heating based climate and more than 10 kg/year
for the other climatic conditions. Boilers also emit a significant amount of CO (between 5 kg/year and 13 kg/year), due
to poorly controlled combustion. Case A has the same local
emission levels because it utilizes the same heating equipment
of the reference plant. We comment that, fuel combustion for
residential heating is a major source of pollution in urban areas (Balaras et al., 2005). We also note that an EURO 6 Diesel
passenger car should cover between 200,000 km and 500,000
km to emit such an amount of PM, and between 100,000 km
and 350,000 km for what concerns NOx (European Parliament,
2016). Boilers CO and VOC emissions are comparatively lower
with reference to traffic pollution, yet these are equivalent respectively to 20,000 km, to 60,000 km and to 30,000 km to
10,000 km of a EURO 6 Diesel passenger car. According to
(European Automobile Manufacurers Association, 2017), the
average annual distance traveled by a car in Europe is about
14,000 km, only part of which in urban areas. Comparing the
average car mileage to the emissions of boilers (Reference Case

11
4

−20

Heating based

Figure 9: Local pollutant emissions for the reference plant and for Case A at
different climatic conditions.
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Figure 8: Comparison between the different scenarios: the area of the circles is
proportional to the pay back period and the center of the circles defines relative
cost and CO2 emission reduction. Cases D for the heating based climate has
negative cash flow and is not represented since the PBP is not defined in this
case.

A comprehensive evaluation of all the scenarios, in terms
overall economic performance and GHG reduction potential, is
presented in Figure 8.
Case B has the shortest PBP for moderate climate, but the
impact on cost and GHG emission reduction is marginal. In this
8

and Case A), and considering that the studied building consists
of 31 apartments (i.e. 31 families) we conclude that the system configuration of Case C could significantly contribute to
improve the air quality in cities.
The results reported in Figures 5 to 9 clearly evidence that
Case C is the overall best performing plant configuration for
all the considered climatic conditions. The PBP ranges from 6
to 7 years and is much lower compared to the expected useful
life of the energy system, specifically of the PVs (Reichelstein
and Yorston, 2013) that represent the larger investment. Such a
remarkable result derives from the synergy between the electrically driven heating, PV electricity production, and thermal energy storage. Thanks to the presence of the HP, the heat storage
acts as and electricity storage promoting the self-consumption
of locally produced electricity. The HP marginally contributes
to the initial investment compared to PV representing between
5% to 15% of the capital cost of Case C. On the other hand
it has a major impact on the plant economic and environmental performance by further reducing GHG emissions (except for
chilling based climate) and avoiding local pollutants. The latter
positive effect cannot be achieved by the sole utilization of PVs.

severe performance derating (see Figure 3). Moreover, the HP
is operated at higher load around midday, when the production
of the PVs is higher.
Another critical situation is the summer for the chilling based
climate due to the very large cooling demand. In this case, a
significant part of the PV production cannot be directly utilized
to satisfy the chiller demand because production and request
are not contemporary, as evidenced by comparing Figure 13 to
Figure 14. Such a comparison envisages the possibility to implement also a cooling energy storage.
We recall here that the TES capacity is assumed equivalent
to 3 hours of the peak thermal demand, following the results of
the analysis performed by (Facci et al., 2014c). To confirm the
validity of such an assumption and to further dissect the role of
the thermal storage we analyzed the economic performance of
the thermal storage varying its capacity from zero to 24 equivalent hours. Figure 15 shows that, if we assume as 100% the
energy cost savings obtainable with a 6 hours thermal storage
capacity, 96% of such cost savings are already achievable with
a 3 hours capacity. Moreover, it is also evident that increasing
the capacity above 6 hours does not bring significant further
energy cost reductions. Thereof, we confirm that 3 hours can
be considered an optimal techno-economic compromise for the
thermal storage sizing.
The state of charge map throughout the year, reported in
Figure 16, clearly emphasizes the role of the thermal storage in
heating based climatic conditions. In fact, during fall or winter
days, the TES releases heat at night and runs typically out of
charge in the early morning hours. It is subsequently refilled
by heat pumps at daytime. During spring or summer, the TES
is still used to fulfill the heat demand at night, but the state of
charge does not usually fall below 50%.

4.2. Thermal storage, Heat pump, and solar energy integration
for Case C
In this section we further dissect the operation of Case C,
with particular reference to the TES effects, with the aim to
identify the specific drivers that promote the positive synergy
evidenced in section 4.1.
Figure 10 compares the consumption from all electrically
driven devices with the PV production, for all climatic conditions and on a seasonal basis. Apparently, the electricity produced by the PV plant more than compensates the additional
demand generated by the HP for all the climatic conditions. As
a partial exception, for the heating based climate, in the colder
months the electricity demand of the HP is 11% higher than
the energy produced by the PVs. However, such a difference is
more than balanced by the PV production in the warmer months
(see Figure 10). As a consequence, for Case C, the energy purchased from the grid is always lower than in the Reference Case
(see Figure 6). For warmer climates the solar production is similar to the electricity required by illumination and by the appliances. Figure 10 shows that, during warm seasons, renewable
electrical energy exceeds the chilling demand, thus guaranteeing high comfort standards while reducing primary energy demand and GHG and pollutant emissions. Moreover, thanks to
the PVs and the TES, thermal and cooling energy productions
does not increase the load of the electrical grid.
Figure 10 shows that the operation of the HP and of the TES
is particularly critical for the heating based climate during winter months. Figure 11 represents the optimal set-point of the
HP for the first 120 days of the year. Similarly, figure 12 reports the thermal energy demand for the same period. In this
case, the thermal storage effectively decouples the heat production and consumption, as evidenced by comparing Figure 11
and 12. It promotes the operation of heat pumps at their optimal set-point and during daylight, (see Figure 11) when the
external temperature is higher and there is less probability of

5. Conclusions
In this paper we present a study on the optimal integration
between photovoltaic electricity production and heating/cooling devices, for the fulfillment of a typical residential energy
demand. The study has been performed considering the energy demand from a reference midirise apartment building, under different climatic conditions, and evaluating several power
plant configurations with and without the presence of a thermal storage option. For each power plant an optimal control
strategy, previously developed and validated by the authors, has
been implemented. Electricity selling towards the grid was purposely not admitted, in order to promote the self-consumption
of the locally produced renewable energy.
The outcomes from this study shows that the decoupling of
heating energy production and consumption, introduced by the
thermal storage, has a fundamental role in the optimal power
plant operation, both in terms of energy cost savings and GHG
emission reduction. Specifically, if heat pumps are used instead
of natural gas boilers, an average energy cost reduction of 39%
can be achieved among all climatic conditions (41% peak value
in moderate climate), while the average CO2 emission reduction is of 56% (73% peak value in moderate conditions). Our
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replace natural gas fueled heating in urban areas, with a relatively fast return on investment and with a significant reduction
of GHG and local polluting emissions.

results demonstrate that an increase in PV installations, if efficiently coupled with electricity based heating, could effectively
10
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We note that we did not consider any subsidiary mechanism for RES, such as feed in tariffs, and the result of the paper demonstrate that PVs integrated in a residential buildings
does not require specific incentives to be competitive with traditional sources. In fact, the integration of PVs, HPs, and thermal storage guarantees a reasonable PBP, a significant reduction of GHG emissions and totally avoids local pollutant emissions. The key point of such a system is that the thermal storage
acts as an electrical storage thanks to the utilization of the HPs,
promoting self consumption of electricity. We comment that
in many European countries the actual regulation hinders such
a positive synergy favoring the selling of the electricity to the
grid, and thus requiring feed in tariffs to allow RES to compete
with traditional sources. Moreover, a building level micro-grid
is required to effectively implement plant configuration C. Such
a micro-grid is not permitted in many European legislations. On
the other hand, our results clearly shows that legislations should
move towards promoting the self consumption of the renewable
electricity.
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