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Abstract. Nowadays, buildings are responsible for almost 40% of global energy consumption, which is addressed 

by thermal (e.g., heating, cooling, and hot water) and electric (e.g., lighting and household appliances) loads. To 

meet the residential energy demand and, at the same time, ensure the decarbonisation of the energy infrastructure, 

hydrogen-based cogeneration systems might represent a viable solution. This work aims at evaluating the 

performance of a green hydrogen integrated system consisting of a Proton Exchange Membrane (PEM) 

electrolyser, hydrogen storage tanks, and a PEM fuel cell to meet both the electricity and, partially, the thermal 

energy demands of a condominium located in the center of Italy. The analysis considers a single energy scenario 

in which a Photovoltaic (PV) plant installed on the roof is directly connected with the hydrogen integrated system 

without any withdrawal from the national grid (e.g., off-grid operation mode). Results showed that, during the 

year, the user is completely self-sufficient from the electricity demand point of view. Furthermore, 22% of the 

thermal need can be satisfied through the fuel cell cogeneration system. 

 

1.  Introduction 

Global issues regarding climate change and greenhouse gas emissions are the most discussed 

international priorities so far. The 26th Glasgow Conference of the Parties (COP26) stressed the need to 

keep the global average temperature increase below +1.5°C [1]. Subsequently, the Sharm el-Sheikh 

COP27 confirmed the COP26 conclusions, also highlighting the urgent target of reaching carbon 

neutrality by 2050 [2]. In such a scenario, the penetration of Renewable Energy Sources (RESs) into the 

global energy sector is strictly required to meet the ever-increasing energy demand of end-users. Among 

the most contributors, the residential sector is responsible for almost 40% of global energy consumption. 

The European statistics state that households accounted for 27% of the final energy consumption in the 

EU in 2020 [3]. 

To meet the residential energy demand and, at the same time, ensure the decarbonisation of the energy 

infrastructure, hydrogen-based cogeneration systems might represent a viable solution; indeed, 

hydrogen produced with renewable sources, known as “green hydrogen”, can be used as energy vector 

to store energy for medium-long term periods as well as solve the variability issue of renewable sources 

that leads to grid instability. Maestre et al. [4] provided an analysis of standalone Renewable Hydrogen-
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based Systems (RHSs) focusing on both the residential and building sectors. The analysed pilot plants 

reflected the possibility of achieving 100% energy self-sufficiency; however, the system is still not cost-

competitive with current electricity grid prices, and economic incentives are needed to deploy this 

technology further. Lubello et al. [5] investigated the applicability of hydrogen systems and batteries in 

different geographical conditions in Italy. Their work highlighted how such systems are not 

economically competitive for a single dwelling, while another study from Jin et al. [6] demonstrated 

how hydrogen could be competitive from both the energy and the economic points of view when dealing 

with highly variable renewable sources such as small-scale hydropower. 

However, to the authors’ knowledge, an energy evaluation of stand-alone hydrogen systems in the 

residential sector has not been carried out yet where all the design phases, including the power 

calculation of the renewable source, are considered. This work aims at covering this research gap by 

evaluating the performance of a green hydrogen integrated system consisting of a PEM electrolyser, 

hydrogen storage tanks, and a PEM fuel cell to meet both the electricity and, partially, the thermal energy 

demands of a condominium located in Fano, center of Italy, by exploiting the available rooftop space 

for the PV plant. The analysis is performed considering a single energy scenario in which the PV plant 

is directly connected with the hydrogen integrated system without any withdrawal from the national grid 

(e.g., off-grid operation mode). In this case, the sizing of system components and energy production and 

consumption evaluations have been carried out to assess the energy self-sufficiency of such a system in 

the residential sector. 

The paper is structured as follows: Section 2 describes the methodology used to design and model the 

system components. Section 3 describes the results by highlighting the main energy analysis outcomes. 

Finally, Section 4 reports the conclusions of the work and its future developments.  

 

2.  Methods 

In this section, two semi-empirical models to model and resemble both the PEM electrolyser and the 

PEM fuel cell have been adopted and used for carrying on the energy analysis. The models have been 

then validated with experimental data available in the scientific literature; in particular, two datasets at 

three different temperatures have been used for both the electrolyser and the fuel cell model validation. 

 

2.1.  PEM electrolyser modelling and validation 

The main performance curve of an electrolyser is the polarization one, which represents the relation 

between the current density and the cell voltage. This relation is expressed as follows: 

𝑉 = 𝑁𝑐 ∗ (𝐸𝑂𝐶𝑉 + 𝑉𝑎𝑐𝑡,𝑎 + 𝑉𝑎𝑐𝑡,𝑐 + 𝑉𝑜ℎ𝑚)      (1) 

 

where 𝑁𝑐 is the number of electrolyser cells, 𝐸𝑂𝐶𝑉  (V) is the open circuit voltage, 𝑉𝑎𝑐𝑡,𝑎 (V) and 𝑉𝑎𝑐𝑡,𝑐  

(V) are the anode and cathode activation overpotential, respectively, and 𝑉𝑜ℎ𝑚 (V) is the ohmic 

overpotential. The cell voltage is also affected by concentration losses that occur at high current 

densities. Indeed, the reaction rate is slowed down by the overpopulation of reacting molecules when 

dealing with high current densities. In PEM electrolysers, this behaviour is not observed until mild 

operating current densities are achieved (e.g., 1.6 A/cm2) [7]. For this reason, this value of current has 
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been chosen as the maximum limit of the model to have a good compromise between efficiency and 

hydrogen production. The open circuit voltage is determined using the Nernst’s equation [7]: 

𝐸𝑂𝐶𝑉 = 𝐸𝑟𝑒𝑣 +
𝑅∗𝑇

𝑛∗𝐹
∗ 𝑙𝑛

𝑃𝐻2∗𝑃𝑂2
0.5

𝑃𝐻2𝑂
       (2) 

 

where 𝑃 (Pa) is the partial pressure of reactants/products, 𝑇 (K) is the cell temperature, 𝐹 (C/mol) is the 

Faraday’s constant, 𝑅 (J/mol*K) is the universal gas constant, and 𝐸𝑟𝑒𝑣 (V) is the reversible cell 

potential. The latter is calculated using the empirical expression [7]: 

𝐸𝑟𝑒𝑣 = 1.229 − 0.9 ∗ 10−3 ∗ (𝑇 − 298)      (3) 

 

Regarding the calculation of partial pressures, it has been assumed that i) the liquid water circulating 

into the electrolyser exerts a partial pressure, which is equal to its saturated vapour pressure at a given 

temperature [8], and ii) both the anode and the cathode operate at atmospheric pressure. 

Regarding the activation overpotential calculation, a simplified expression based on the Butler-Volmer's 

equation, which is the so-called Tafel’s equation, is used for both anode and cathode [7]: 

𝑉𝑎𝑐𝑡,𝑥 =
𝑅∗𝑇

𝑛∗𝐹∗𝛼𝑥
∗ ln (

𝑖

𝑖0,𝑥
)        (4) 

 

where 𝛼𝑥 is the charge transfer coefficient of the anode and the cathode [9], 𝑖 (A/cm2) is the current 

density, and 𝑖0,𝑥  (A/cm2) is the exchange current density of the anode and the cathode. The latter is 

calculated with the Arrhenius’ equation [10] by knowing the reference exchange current density of the 

anode and the cathode 𝑖0𝑥,𝑟𝑒𝑓  (A/cm2) [11] and their activation energy 𝐸𝑎𝑐𝑡,𝑥  (J/mol) [10, 12] as well. 

Ohmic losses are evaluated with the Ohm’s law, which is commonly used to consider the membrane 

resistance, but it can also be applied to both diffusion and catalytic layers [7]. The equation is the 

following: 

𝑉𝑜ℎ𝑚 =
𝛿

𝜎
∗ 𝑖         (5) 

 

where 𝛿 (m) is the membrane thickness and 𝜎 (S/m) is the membrane conductivity. The latter is 

calculated with the Arrhenius’ equation by knowing the membrane reference conductivity 𝜎𝑟𝑒𝑓  (S/m) 

[13] and the proton membrane activation energy 𝐸𝑝𝑟𝑜 (J/mol) [14]. The rate of produced hydrogen is 

evaluated with the Faraday’s law [9] as follows: 

ṅ𝐻2 =
ɳ𝑓∗𝑖∗𝐴𝑐𝑒𝑙𝑙∗𝑁𝑐

2∗𝐹
         (6) 

 

where 𝐴𝑐𝑒𝑙𝑙 (m2) is the cell area and ɳ𝑓 is the Faraday’s efficiency that is assumed equal to 100% 

according to [9]. The electric power consumption is evaluated as follows: 

𝑃𝑒𝑙 = 𝑉 ∗ 𝑖 ∗ 𝐴𝑐𝑒𝑙𝑙 ∗ 𝑁𝑐        (7) 

 

and, finally, the energy efficiency (electricity conversion into hydrogen) is given by: 
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ɳ =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

ṁ∗𝐻2∗𝐿𝐻𝑉

𝑃𝑒𝑙
        (8) 

 

The PEM electrolyser model validation has been performed using experimental data of [15]. The 

validation referred to 60°C, 70°C, and 80°C since these temperatures represent the typical operating 

range of this kind of technology [11]. As shown in Figure 1, the proposed model provides a good fit 

between simulated and real data, although there is a deviation of the experimental points from the model 

in the activation zone. This behavior is mainly due to differences in i) electrode materials and their 

catalysts, which affect the activation energy and the exchange current density, and ii) different 

membrane materials that affect the charge transfer coefficient and the proton activation energy. 

However, the calculation of the Root Mean Square Errors (RMSEs) reported in Figure 1, whose range 

goes from 0.019 V to 0.068 V, confirms the reliability of the proposed model. 

 

 
 

Figure 1 – PEM electrolyser model validation. 

 

2.2.  PEM fuel cell modelling and validation 

Similarly, the main representation of the PEM fuel cell performance is the polarization curve, which is 

expressed as: 

𝑉 = 𝑁𝑐 ∗ (𝐸𝑂𝐶𝑉 − 𝑉𝑎𝑐𝑡,𝑎 − 𝑉𝑎𝑐𝑡,𝑐 − 𝑉𝑜ℎ𝑚 − 𝑉𝑐𝑜𝑛𝑐 )     (9) 

 

where 𝑉𝑐𝑜𝑛𝑐  (V) is the concentration overpotential. The open circuit voltage is calculated with the same 

equation as for the electrolyser (see Eq. 2), where 𝐸𝑟𝑒𝑣 (V) is obtained by knowing the entropy and 

enthalpy change as a function of the temperature [16]. Partial pressures of reactants, if they are pure, are 

considered equal to the fuel cell inlet pressure. If there is air instead of oxygen at the cathode, the oxygen 

partial pressure will be equal to 21% of the inlet pressure according to the air chemical composition. 

The partial pressure of water is equal to 1 bar when the product of the reaction is liquid water [17]. 

Regarding the activation overpotential calculation, the same approach used for the electrolyser is applied 

(see Eq. 4) once 𝛼𝑥 [18], 𝑖0𝑥,𝑟𝑒𝑓 (A/cm2) [16, 19], and 𝐸𝑎𝑐𝑡,𝑥  (J/mol) [19] are determined. Ohmic losses 

are evaluated as follows: 
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𝑉𝑜ℎ𝑚 = 𝑖 ∗ 𝐴𝑐𝑒𝑙𝑙 ∗ (𝑅𝑚𝑒𝑚 + 𝑅𝑐)       (10) 

 

where 𝐴𝑐𝑒𝑙𝑙 (m
2) is the cell area, 𝑅𝑚𝑒𝑚 (Ω) is the fuel cell electrode electronic resistance [20], and 𝑅𝑐 

(Ω) is the membrane ionic resistance [19]. Concentration losses are calculated as follows: 

𝑉𝑐𝑜𝑛𝑐 =
𝑅∗𝑇

𝑛∗𝐹
∗ 𝑙𝑛

𝑖𝑚𝑎𝑥

𝑖𝑚𝑎𝑥−𝑖
         (11) 

 

where 𝑖𝑚𝑎𝑥 (A/cm2) is the limit current density, namely the one generated when the reactants 

concentration is equal to zero that means that they are instantly consumed in the electrochemical cell 

[16]. The electric power production is evaluated through Eq. 7, while the thermal power production is 

written as: 

𝑃𝑡ℎ = 𝑖 ∗ 𝐴𝑐𝑒𝑙𝑙 ∗ 𝑁𝑐 ∗ (𝑉𝐻2 − 𝑉)       (12) 

 

where 𝑉𝐻2 (V) is the equivalent voltage corresponding to the Higher Heating Value (HHV) of hydrogen 

[16]. Finally, the PEM fuel cell energy efficiency is given by Eq. 13: 

ɳ =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝑃𝑒𝑙

ṁ𝐻2∗𝐻𝐻𝑉
        (13) 

 

while hydrogen consumption can be evaluated through the Faraday’s law [16]: 

ṅ𝐻2 =
𝑖∗𝐴𝑐𝑒𝑙𝑙∗𝑁𝑐

2∗𝐹
         (14) 

 

The PEM fuel cell model validation has been performed using experimental data of [21]. Experimental 

data of PEM fuel cells operating at 50, 60, and 70°C have been used since these temperatures represent 

the typical operating range of this type of technology [16]. As shown in Figure 2, the proposed model 

provides a good agreement with real data. This result is also confirmed by RMSEs values, whose range 

goes from 0.0154 V to 0.0159 V that makes the model reliable as much as the electrolyser one. 

 

 
Figure 2 – PEM fuel cell model validation. 
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2.3.  PV plant and hydrogen system design 

This work is focused on the energy analysis of a condominium located in Fano, centre of Italy, when it 

is directly connected with a hydrogen integrated system powered by a PV plant installed on the roof. In 

this case, both the roof surface exposition and the available area have been analysed and calculated to 

evaluate the maximum capacity of the PV plant. All the technical parameters referred to the latter are 

listed in Table 1. 

The PEM electrolyser design has been performed considering the number of occurrences for the electric 

power input from the PV plant. In particular, it was found that most of the produced electric powers lies 

in the range 0-3 kW, even though the PV plant production range goes from 0 to 15 kW. However, since 

the hydrogen production corresponding to this electric power range is low, it has been decided to cut the 

electric power below 3 kW to exploit the higher power rating from the PV plant, which allows to produce 

more hydrogen. The PEM fuel cell design has been performed considering the electric load to be 

satisfied. 

 

Table 1 – Technical parameters of the PV plant. 

 

 Roof exposition: S-E Roof exposition: N-W 

Available surface (m2) 104 82 

Occupied surface (m2) 70.56 54.6 

DC-DC converter (V) 220 220 

Output current (A) 44 29.32 

Rated power (kW) 15 12 

 

3.  Results and comments coming from a case study 

In this section, the PV plant production and the PEM electrolyser consumption and PEM fuel cell 

production are discussed together with their hydrogen flow rate production and consumption, 

respectively. 

The yearly PV production has been calculated (e.g., hourly resolution) and reported in Figure 3: these 

data are related to the technical characteristics of the PV plant reported in Table 1. The energy production 

profile has a peak of 15.77 kW at 11 am on May 28th. 

 

 
 

Figure 3 – PV plant hourly production during the year (8,760 h). 
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The daily electricity consumption profile (e.g., hourly basis) of the building has been assumed according 

to [22]. Starting from the average daily electricity consumption profile of an Italian family with four 

persons, the hourly electricity demand has been obtained based on the overall electricity consumption 

of the building under investigation. However, due to the lack of data, this profile has been repeated all 

over the year. The peak power is 3.38 kW and the total electricity demand in the year is 13,362 kWh. 

 

 
 

Figure 4 – Daily electricity consumption profile.  

 

 

The energy analysis of the hydrogen integrated system allowed to establish the quantity of excess 

electric energy flowing into the electrolyser and used to produce hydrogen, as well as the quantity of 

electric energy that must be produced by the fuel cell. In particular, 21,062 kWh are used throughout 

the year to produce hydrogen, while 8,290 kWh must be generated by the PEM fuel cell. It is worth 

noting that, in the case of only PV production without the hydrogen integrated system, the electric energy 

produced by the PEM fuel cell must be withdrawn from the national grid. 

Both the PEM electrolyser and the PEM fuel cell have been sized based on energy flow results. It is 

worth noting that values of the number of cells and cell area (m2), which come from calculations, are 

within the ranges provided by [23, 24]. 

 

Table 2 – PEM electrolyser and PEM fuel cell characteristics. 

 

 PEM electrolyser PEM fuel cell 

Rated power (kW) 13 3 

Number of cells 200 200 

Cell area (cm2) 42.6 25 

Hydrogen flow rate (Nm3/h) 5.66 2.83 

Electric efficiency range 0.67-0.76 0.42-0.77 

Current density (A/cm2) 0.4-1.6 0-1.35 

Cell potential (V) 1.65-1.88 0.5-0.9 

 

As it can be noticed, the electrolyser has been slightly oversized to always meet the energy demand; 

indeed, the yearly hydrogen production is 7,095 Nm3, while the yearly hydrogen consumption is 6,902 

Nm3. As a result, there is an annual excess of hydrogen equal to 2.7% of the total production of hydrogen 
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by the electrolyser. This excess is stored in hydrogen storage tanks. The energy excess from the PV 

plant is directly sent to the electrolyser to produce hydrogen. The yearly hydrogen production is strictly 

connected to the PEM fuel cell operation since this technology will supply the electricity demand of the 

condominium completely. That said, knowing the electricity profile that the fuel cell must supply to the 

condominium, the highest hydrogen volume needed to fully cover the worst day of the year from an 

energy point of view must be calculated. Finally, it has been obtained that August 24th is the worst day 

as shown in Figure 5, where the difference between energy production and consumption is always lower 

than 0. This means that it will be necessary to use the hydrogen stored in the previous days to satisfy the 

electricity demand; thus, it must be verified that a proper quantity of hydrogen is stored. It has been 

verified that, starting from 22nd August, the amount of hydrogen stored in proper tanks to be sent to the 

PEM fuel cell can satisfy the electricity demand of the condominium on August 24th, as well as in the 

next days of the year. This means that, during the year, the hydrogen produced is always sufficient to 

cover the electricity demand of the condominium through the PEM fuel cell. End-users can therefore be 

energetically independent with the integrated hydrogen system. Furthermore, the thermal power demand 

for heating and for hot water (73,251 kWth) is partially covered by the PEM fuel cell heat production 

(cogeneration mode): indeed, 22% of the thermal power need during the year by the condominium is 

satisfied. 

 

 
 

Figure 5 – Difference between PV plant production and consumption in August 22nd, 23rd,24th, and 

25th. 

 

4.  Conclusions 

The present work has the aim to evaluate the feasibility of a hydrogen integrated system applied in the 

residential sector from an energy point of view. Considering a condominium located in the center of 

Italy, a PV plant installed on the roof is directly connected with the hydrogen integrated system without 

any withdrawal from the national grid (e.g., off-grid operation mode). The electrolyser has been slightly 

oversized to always meet the energy demand; thus, there is an annual excess of hydrogen equal to 2.7% 

of the total production of the PEM electrolyser, which is stored in hydrogen storage tanks. It has also 

been verified that, during the worst energetically day of the year (e.g., August 24th), the electricity 

demand is completely covered by the PEM fuel cell. This means that, during the year, the electricity 



ATI-2023
Journal of Physics: Conference Series 2648 (2023) 012057

IOP Publishing
doi:10.1088/1742-6596/2648/1/012057

9

 
 

 

 
 

 

demand is satisfied by the PEM fuel cell, thus guaranteeing the independency of the end-users. 

Furthermore, if the PEM fuel cell operates in cogeneration mode, it is possible to supply 22% of the 

total thermal power required by the condominium. Finally, the energy analysis gave positive results, 

demonstrating that the application of a hydrogen integrated system without any other equipment for 

energy storage (e.g., electric batteries) is energetically feasible in the residential sector. Future studies 

will be devoted to the optimization of the hydrogen integrated system size, as well as distinguishing 

thermal energy demand in heating and hot water ones for the proper assessment of the thermal energy 

demand fulfilled by the PEM fuel cell. Then, an economic analysis of the overall system will be also 

investigated. 
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