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Abstract
In this paper, a residential energy systems for the production of electricity and heat based on renewable
energy sources (RES) is considered. In particular, the purpose is an analysis of RES systems applied in
an energy community composed by 10 familes, and located in Italy.
The analyzed system is formed by a photovoltaic plant (PV) coupled to a solar water heating (SWH)
system, and an auxiliary boiler for domestic hot water production.
As concerns the energy storage, two different strategies have been considered and compared in terms
of economic-financial convenience, by calculating the corresponding net present values (NPV). In fact,
the storage systems considered are: (i) a conventional system based on batteries; (ii) a hydrogen storage
based on a system formed by electrolyser, metal-hydride tanks hydrogen storage and a hydrogen fuel
cell (H-FC) regenerative system with heat recover.
The results of the comparison demonstrated that the hydrogen storage system can be a viable solution
to optimise and make the most of the energy produced by a photovoltaic system in an apartment
building, increasing its autonomy from the electricity and gas grid. However, the current costs involve
a very high financial commitment that requires a system of public incentives to cover the initial
investment.

1. Introduction
The application of renewable energy sources (RES) in the residential sector is one of the key solutions
considered by the European Community [1] to drive the energy transition and the reduction of
greenhouse gas emissions. In particular, photovoltaic panels are considered as the most suitable and
affordable technology in the residential segment [2].
Closely related to RES is the issue of storage, given that their production depends on weather conditions
and the mismatch between energy production and consumption.
Among the most widespread and common storage systems, batteries are the most common storage
facility, characterised by high electrical round-trip efficiency. A lot of prosumers are willing to
maximise their self-consumption and to optimize their consumption profile [2].
In recent years, however, interest in hydrogen systems as competitive storage devices has been
growning significantly [3, 4].
These are composed by the electrolyzer, to produce hydrogen through the exceeding amount of
electrical energy during the day, a tank to store and release the hydrogen and a fuel cell, to produce
electrical energy through the hydrogen.
Although these storage systems are characterised by lower electrical efficiency than the batteries, they
nevertheless embody some advantages such as the possibility of seasonal storage and polygeneration.
With regard to this last aspect, it should be noted that both the electrolyser and the fuel cell can generate
heat firstly, during hydrogen production, and secondarily, during hydrogen consumption. Therefore,
heat energy recovery enables an increase in the overall efficiency of the hydrogen storage system.
In order to analyse the actual technical and economic-financial conditions of these two storage
technologies, in this work we have carried out a comparative study based on the assumption of a

photovoltaic system, from 20 kWp to 40 kWp, installed in a residential building inhabited by 10
families. The systems envisaged also include a solar water heating system to consider the possibility of
recovering thermal energy.
In each case, the size of the storage systems is designed to store all of the average surplus electricity
during the day. The aim is to optimise the energy produced by the system, thereby increasing selfconsumption and reducing dependence on the grid.
In the analysis we have carried out, both the electricity balance and the overall energy balance have
been considered. Furthermore, in order to understand the system’s operating performance according to
different weather conditions, the analysis is applied by considering three different Italian cities: Milan,
Rome and Syracuse.
Concerning the economic-financial aspects, we analysed the costs of the cogeneration system in order
to assess the current financial commitment required by an apartment block or energy community
wishing to install it, identifying the cost items that have the greatest impact on implementation.

2. Case study description
Distributed energy generation from RES allowed the born of Renewable Energy Communities. Due to
the fluctuation of RES, it is necessary to store energy when it is widely available, to use it when it is
not sufficient.
One observation that could be made is that when speaking of Energy Communities (ECs), only the
supply of electricity is considered, forgetting that in residential applications both electricity and heat
are needed. An example of a thermal energy community can be considered central heating in buildings,
which used to be very common even in residential condominiums.
However, RES electric generation and RES thermic generation are not so simple to be coupled, so that
solar heater and PV/wind are usually considered separately.
The electrolysis of water introduces, instead, the possibility of storing electrical energy via hydrogen
and, coupled with fuel cells, allows for the introduction of a new paradigm [5] of combining the
generation of electrical and thermal energy.
Starting from this perspective, we considered green hydrogen energy communities as an opportunity
for further penetration and diffusion of RES technologies [6].
In order to assess the practical implications of the simulated system, we carried out an energy balance
and an economic-financial analysis to check the cost-effectiveness of the system.
As case study, an energy community sharing both electric and thermic energy has been considered. A
community formed by 10 families and located in Italy has been considered, so that also the Italian
Regulation opportunities and constraints have been considered in the case study construction. For
family size and consumption of electricity and hot water, the Italian statistics by considering the annual
resume of Italian Statistic Institute (ISTAT) [7], Italian Regulatory Authority for Energy, Networks and
Environment (ARERA) [8] and our results have been compared with the tool “kilovattene” by ENEA,
Italian National Agency for New Technologies, Energy and Sustainable Economic Development [9].
The benchmarking was carried out between the common configuration in a residential house consisting
of “PV + battery storage + solar heater” (PVBS) and the proposed configuration “PV +
electrolyser/hydrogen storage + fuel cells + solar heater” (PVHFS).
Due to the fact that PV generation is largely dependent by geographic location, the simulation was
carried out in 3 Italian towns Milan, Rome and Siracuse, representing the North, Centre and South Italy.
Moreover, three different sizes of installed PV, with optimal exposition, were considered: 20, 30 and
40 kWp. While for the solar boiler we considered a standard size of 40 m2 of surface with a 2,000 litres
hot water reservoir tank.
The layout of the plants considered is shown in Figure 1, while location data are given in Table I.

Figure 1: Left, conventional plant with PV+Batteries and Solar Boiler assisted by a gas auxiliary boiler.
Right, the proposed hydrogen based plant. Also the energy flows are reported.
Table I: Plant location data for simulation.
Location
Latitude
Longitude
PSH (kWh/m2/d)
PV specific daily energy
production (kWh/kWp)
Thermal energy covered
by the SWH plant (%)

Milan
45°28’
9°11’
4.63

Rome
41°54’
12°28’
5.29

Syracuse
37°5’
15°16’
5.50

3.42

4.07

4.28

50

55

60

The benchmark battery-based system consists of a photovoltaic roof and a solar boiler; no airconditioning was considered, only domestic hot water production. The connection to the electricity grid
and the presence of an auxiliary gas boiler were included as a standard approach to ensure the resilience
of the system.
The hydrogen based system consists in a PV roof coupled with an electrolyser. Hydrogen is stored in a
metal hydride storage system. This storage technology was chosen because it can work without
compressors. Moreover, as the Italian regulation for residential applications allows just up to 750
geometric litres flammable gas storage without undergoing to specific authorisations and controls, this
size was chosen for all cases independently by the PV roof and electrolyser sizes. Finally, a fuel cell or
an internal combustion engine generator is used for regenerative co-generation of heat and power
(CHP).
For comparing batteries and hydrogen storage was imposed the condition that the electrolyser size is
determined by the battery size, according to the PV installed size. In our preliminary analyses, to which
the cost evaluation below refers, the battery size was chosen on the basis of average daily storage needs,
considering that the DOD (Depth of Discharge) should not exceed 70% on regular runs.
Therefore, the power of the electrolyser was chosen to consume as much energy as the battery can store.
While the FC size was selected to consume all the hydrogen produced on average each day.
The storable energy was calculated by subtracting to the daily production the consumed energy during
sunlight.
Since the daily energy production averaged over a year was used, it can be assumed that both the battery
pack and the electrolyser are undersized in summer and oversized in winter. Our current research is
focusing on analyses based on the monthly average of daily energy production
The results of the energy balancing simulations are reported in Table II and Table III.

Table II: Energy balance results for PV+Batteries+Solar Boiler system.
Milan
PV plant:
Installed power (kWp)
Battery pack:
Installed capacity (kWh)
Solar boiler:
Capting surface (m2)
Hot water reservoir (l)
Daily electric energy to users
(kWh/d)
Daily thermal energy to
users (kWh/d)

Rome

Syracuse

20

30

40

20

30

40

20

30

40

63.69

112.6

161.51

79.4

136.17

192.96

88.04

149.16

210.26

145.47

79.38

117.88

156.37

40
2,000
64.03

94.85

125.66

73.93

82.19

109.70
90.41

98.63

Table III: Energy balance results for PV+Hydrogen+Solar Boiler system
Milan
PV plant:
Installed power (kWp)
Hydrogen storage system:
Electrolyser power (kW)
FC installed power (kWe)
Maximum
hydrogen
storage energy (kWh)
Solar boiler:
Capting surface (m2)
Hot water reservoir (l)
Daily electric energy to
users (kWh/d)
Daily thermal energy to
users (kWh/d)

Rome

Syracuse

20

30

40

20

30

40

20

30

40

14.4
1.55

24.0
2.73

36.0
3.92

16.8
1.93

30,0
3.30

42.0
4.68

19.2
2.13

32.4
3.95

46.8
5.10

923.91
40
2,000
37.74

48.57

59.24

41.26

53.66

66.07

43.14

56.49

69.84

104.94

122.61

140.13

118.88

134.40

151.93

130.44

152.53

174.61

On this basis, the energy balance simulation was carried out and the energy savings were calculated for
each case, a total of 18 cases.
Energy balancing and technical aspects are not the subject of this article. The results of these simulations
are currently being published in a scientific engineering peer review journal. Here, the results are used
to evaluate the economic-financial aspects of the simulated system and its possible application within
an energy community.

3. Methods
Financial analysis approach is in line with our previous works [10-12], i.e. we started with a literature
analysis for fixing the issue to be addressed. This was supported by a simplified survey and market
analysis. Then, a technical analysis of the system was carried out to verify the feasibility according to
available market products. Finally, the economic analysis was carried out..
The examined systems have been reported in the previous paragraph.We had assumed that these systems
were installed in three cities located in three different geographical areas in Italy – North, Centre, South
– which have different climatic and latitude conditions and consequently different solar radiation.
For the economic-financial analysis, hydrogen combined with ICE-CHP was not taken into account, as
this technology is in the development phase and there are currently no commercially available systems,
and consequently no cost estimates (CAPEX and OPEX) can be made.
The CAPEX and OPEX were calculated on the basis of data from the literature and a market analysis
carried out at a couple of companies.

In Table IV the parameters used for financial evaluation are reported.
Table IV: Financial and tax parameters.
Parameter
Value
Equity rate of return
5.0%
Inflation rate
1.2%a
Taxes refunding on
5.0%/year
investment
for 10 years
a
ISTAT (2019), referred to Italy in 2018 [13].
Starting from these values and the energy saving results obtained according to the previous paragraph,
the net present value (NPV) has been calculated according to the equation:
𝑁𝑃𝑉 = −𝐶𝐴𝑃𝐸𝑋 −

𝑂𝑃𝐸𝑋
+
(1 + 𝑟)

𝑅𝐸𝑉
(1 + 𝑟)

(1)

where CAPEX is the capital expenditure (i.e., the initial investment), OPEX are the annual operative
and maintenance costs, REV are the annual incomes (revenues and/or avoided costs), r is the discount
rate, and N is the number of periods. In particular, OPEX has been assumed to be a percentage of the
investment costs (3% in the case of battery based systems, and 5% for the hydrogen based system);
while, REV has been determined as the sum of the electric energy saving, the thermal energy saving
and an additional income deriving from a state grant for the first ten years of the project (see Table IV).
It should be remarked that, in the case of the battery based system, after the initial investment, an
additional investment cost has been considered for the replacement of the batteries after 8 years (see
Table V).
The discount rate has been determined by the following equation
𝑟 = 𝑊𝐴𝐶𝐶

=

1 + 𝑊𝐴𝐶𝐶
1 + 𝑖𝑛𝑓𝑙

−1

(2)

with
𝑊𝐴𝐶𝐶

=

𝑒 +

𝑒

(3)

is the nominal weighted average cost of capital, where e is the equity share, d the share of debt, 𝑒 the
equity rate of return, 𝑒 the interest rate on debt, and infl the inflation rate. Assuming no debt financing
(d=0), and based on the data reported in Table IV, the nominal weighted average cost results to be equal
to 5%, while the discount rate is 3.75%.

4. Results
Table V: Cost range and used cost for the components in the considered systems.
Cost analysis
Estimated lifetime
(y)
PV
700 -1,500 €/kWp
>25
Batteries
200 -700 €/kWh
5-12 **
Electrolyser
1,000-2,500 €/kW
7-20 ***
FC CHP
1,000 -7,000 €/kWe
5-15 ***
Solar Boiler
2,500 -3,500 €/unit*
10-20
* Unit for single family with 4 m2 collector and 200-250 litres reservoir.
** Max declared standard cycles / 365 cycle per year
*** Working lyfe hours / yearly working hours
Cost

Used values
Cost
Lifetime (y)
1,500 €/kWp
500 €/kWh
2,000 €/kW
5,000 €/kWe
3,000 €/unit

>15
8
>15
15
>15

4.1. Survey and market analysis
To define the CAPEX the costs of the each component of the systems have been defined by considering
both literature, web pages of sellers and private communication by some companies. As can be seen in
Table V, in some cases the oscillation range is very large and defining the component cost was not easy.
The estimated lifetime was obtained by dividing the available cycles or hour of work respectively for
batteries and electrolysers or fuel cells, for the expected use along 1 year. Usual guarantee for solar
boiler is 10 years.
PV cost of 1,500 €/kWp was extimated according to our previous works [10-12] and integrated with
quotations of Italian supplier/installers. It includes the costs for hybrid inverter design, installation,
administrative authorisation.
Batteries cost of 500 €/kWh is reported for large size batteries cost production, not as costs for end
users, while costs between 500 and 700 €/kWh are reported for small size integrated storage pack for
home applications. Online web quotations are usually around 500 €/kWh, while quotations from
installer companies are higher and can reach 900 €/kWh. So that 500 €/kWh was chosen for our analysis,
Electrolyser cost is largely dependent by the size and the used technology. Although some companies
declared a production cost so low as 750 €/kW, this is valid only for large size systems (>1 MW). This
because the auxiliaries have a significant impact. On opposite, some small integrated systems (< 3 kW)
are available at 3,500 €/kW or less. These extremes have been excluded and we considered a cost of
2,000 €/kW for the financial analysis.
For fuel cells combined heat and power system (FC CHP) the costs are obtained by integrating to the
FC a gas reformer for hydrogen supply, sometime adding a gas-boiler, this to have large reliability and
heat power, a system that is more complex of that considered in the system. Moreover, there are some
companies that propose integrated systems (electrolyser + FC+ H2 storage). In both cases the extraction
of FC CHP cost was not simple and previous experience was used for this purpose.
For solar boiler a simplified approach was adopted, the cost of one unit suitable for a single family was
considered, then installation cost was added and the results multiplied by 10 (the number of families).
Probably, by this approach the cost of the system was slightly overstimated. Also for hydrogen storage
we adopted that maximum available size, this results in an over-dimensioning.
4.2. Financial analysis
OPEX costs were fixed in percentage to CAPEX, 3% for PVBS system and 5% for PVHFS. This
because just annual check and test of the system is planned for batteries. While for PVHFS no enough
data was found about the maintenance.
As for the hydrogen storage system we considered the Italian regulation for the maximum allowed size,
also in the NPV calculation we considered the refunding of 50% of the system cost foreseen by the
Italian law (Legislative Decree no. 63/2013, converted by Law no. 90/2013), which is a transposition
of the European Union Directive 2010/31/UE [14]. This incentive for the renewable energies generate
a returs of 5% of CAPEX each year for 10 years, in the form of taxes refunding (see Table IV).
While, due to the fact that we like to compare batteries and hydrogen as storage approaches, the energy
released in the grid was not considered. This mainly because the the payback coming from this energy
depends on the choice of the contract with the grid manager. Moreover, as the electrolyser size was
chosen so that it can use the same energy the batteries can store, every day, the revenue of released
energy could generate just a shift of the same entity in the compared behaviours.
The energy saving, i.e. the energy supplied to the user with respect to full grid and full gas dependency,
was calculated using the statistics published by the Italian Authority for Regulation (ARERA) in early
2022. So that electric power was considered at 0.30 €/kWh, and gas was quoted at 0.91 €/m3, using a
conversion factor of 11.667 kWh/m3.
The NPV behaviour on 15 years is reported in Figure 2 and Figure 3 for PVBS and PVHFS systems,
respectively.

Figure 2: Net present value (NPV) calculated for the PBVS system.
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Figure 3: Net present value (NPV) calculated for the PVFHS system.

The results of energy balance show that by using CHP approach in using hydrogen, a total energy
efficiency close to that of the batteries can be obtained, but this approach needs also a more complex
system and management. This results in an increase of CAPEX and OPEX. Moreover, heat energy has
a lower value with respect to electric one, also because the grid management costs and taxes have a
strong effect on electricity end user cost. So that, while batteries are able to reach NPV close to 0 after

15 years for low power installation, hydrogen storage it is not able to reach this parity. For low power
installation (20 kWp PV) it is requested a reduction of 40% of PVHFS CAPEX to reach NPV=0.
To summarise, from an economic-financial point of view, the hydrogen-based system entails
considerable CAPEX costs compared to batteries and thus a long-term return on investment. The need
to replace batteries periodically is not sufficient to allow a real economic advantage of the hydrogenbased system over fuel cells, even if the costs of the additional water heater needed for the battery-based
system are taken into account. However, if low-power cogeneration becomes commercially available,
the hydrogen system could become attractive.

5. Conclusions
The aim of the study was to assess whether a hydrogen storage system could be technically and
economically feasible in a block of flats, given the state-of-the-art technology. A cogeneration system
was also evaluated and a technical and economic comparison with a battery storage system was made.
With the assumptions made for the storage systems size and the economic parameters, both batteries
and hydrogen storage systems do not allow to reach a NPV=0 in 15 years. This is due to the necessity
to replace the batteries for PVBS system and the very high CAPEX of PVHFS system.
But has to be noticed that if, in the future, the CAPEX of hydrogen based system will drop down of
about 30-40% [15], the PVHFS system will become comparable with the PVBS system. And a reduction
of 40% of this CAPEX will allow to reach a parity or positive NPV15.
Considering the reduction in the cost of electrolysers and FC expected in 2030 and 2050, the forecasts
seem to indicate that the hydrogen-based system will be competitive.
We should also point out that a further short-term innovation is expected for batteries with increased
life cycles, which could avoid their replacement in addition to a reduction in battery costs. In this way,
the two systems will continue to be competitive for a long time.
Finally, our results confirm our previous analyses: hydrogen costs can be reduced by exploiting the byproducts of its cycle, oxygen and heat. Furthermore, the hydrogen storage system can be a viable
solution to optimise and make the most of the energy produced by a photovoltaic system in an apartment
building, increasing its autonomy from the electricity and gas grid. However, the current costs involve
a very high financial commitment that requires a system of public incentives to cover the initial
investment.
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