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A B S T R A C T   

Concerning off-grid areas, diesel engines still dominate the scene of local electricity generation, despite the 
related pollution concerns and high operating costs. There is thus a huge global potential, in remote areas, for 
exploiting local renewable energy sources (RES) in place of fossil generation. Energy storage systems become 
hence essential for off-grid communities to cope with the issue of RES intermittency, allowing them to rely on 
locally harvested RES. 

In this work, we analysed different typologies of off-grid renewable power systems, involving batteries and 
hydrogen as means to store energy, to find out which is the most cost-effective configuration in remote areas. 
Both Li-ion and lead-acid batteries were included in the analysis, and both alkaline and PEM electrolysis tech
nologies were considered for the production of hydrogen. Starting from single cell electrochemical models, the 
performance curves of the electrolyser and fuel cell devices were derived for a more detailed techno-economic 
assessment. Lifetimes of batteries and H2-based components were also computed based on how the power-to- 
power (P2P) system operates along the reference year. The particle swarm optimization (PSO) algorithm was 
employed to find the component sizes that allow minimizing the levelized cost of energy (LCOE) while keeping 
the off-grid area energy autonomous. As a case study, the Ginostra village, on the island of Stromboli (North of 
Sicily, Southern Italy), was analysed since it is well representative of small insular locations in the Mediterranean 
area. The renewable P2P solution (0.51 €/kWh for the cheapest configuration) was found to be economically 
preferable than the current existing power system relying on diesel generators (0.86 €/kWh). Hydrogen, in 
particular, can prevent the oversizing of both battery and PV systems, thus reducing the final cost of electricity 
delivered by the P2P system. Moreover, unlike diesel generators, the RES-based configuration allows avoiding 
the production of local air pollutants and GHG emissions during its operation.   

1. Introduction 

Villages in off-grid remote areas mainly rely on the usage of diesel 
generators [1]. Grid connections, when feasible, are also considered as a 
possible choice. However, the required infrastructure to make the 
connection is generally expensive and invasive and the area would often 
face connection problems (e.g., instability and outages) due to its 
remoteness [2]. Alternative solutions need therefore to be considered to 
limit fossil fuels-related problems (e.g., environmental pollution and 
transportation/logistic issues) and avoid the need for unreliable and 
costly connections to the grid. There is hence significant potential for 
incorporating renewable energy sources (RES) into mini-grid systems. 
When dealing with RES, electrical energy storage (EES) technologies 
become key system components to make the community energy 

autonomous. EES devices allow in fact to match load and supply, thus 
solving the problem of intermittency of locally harvested RES [3,4]. 

In this contest, hydrogen can represent an interesting energy storage 
option given its high energy density, long-term storage capability and 
cleanness in terms of local pollutants and CO2 emitted [5]. Increasing 
attention is therefore focusing on the investigation of hydrogen usage in 
off-grid remote areas, also analysing its integration with batteries. An 
H2-based energy system is a so-called ‘power-to-power’ (P2P) solution, 
which comprises of an electrolyzer to convert the surplus RES energy 
into hydrogen, a pressurized container for gas storage and a fuel cell for 
producing electricity back during power shortage. Zhang et al. [6], 
Maleki et al. [7] and Nordin et al. [8] reported that a power system with 
batteries only is economically preferable to a configuration relying on 
hydrogen only, due to the high investment costs and short lifespan of H2- 
based components. The energy storage hybridization (i.e., both battery 
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and hydrogen) remains more expensive than the case with only batteries 
according to Castañeda et al. [9] and Hosseinalizadeh et al. [10]. How
ever, renewable hydrogen can become a competitive solution in stand- 
alone power systems since it can help to prevent the oversizing of bat
teries [2]. Off-grid systems relying on a suitable combination of both 
batteries and hydrogen are reported to be the most cost-effective solu
tion by Dong et al. [11] and Dawood et al. [12], who analysed and 
compared the performance of different combinations of hybrid renew
able energy systems (HRES) for remote communities. Similarly, an off- 
grid hybrid battery/hydrogen system was found to have lower cost 
than the other analysed configurations by Li et al. [13], due to the 
advantage of both the high efficiency of batteries and the low cost of 
high capacity hydrogen tanks. Richards et al. [14] showed that 
hydrogen-based technologies become economically viable for HRESs 
located at more extreme latitudes, where the seasonal variation of the 
solar radiation is relevant. The economic profitability of a stand-alone 
battery-hydrogen system was proved by Nordin et al. [15] in case the 
excess renewable energy is converted into hydrogen and then sold to 
local consumers for the transportation sector. Hydrogen was also found 
to be profitable by Gracia et al. [16] when the seasonality of PV pro
duction is relevant, the available surface for PV installation is limited 
and the electrical load during night is high. A similar consideration was 
derived by Perrigot et al. [17], who observed hydrogen to become more 
interesting than batteries when high amount of electricity consumption 
occurs at night. Stand-alone systems based on diesel generators can be 
more cost-effective [16,18]; however, their economic viability is highly 
dependent on the cost of fuel [19]. Ashourian et al. [18] showed that 
diesel-based systems become more expensive than the green energy 
configuration when the diesel fuel price is higher than 2.20 $/L. It is also 
noteworthy that, unlike diesel, RES integrated with battery/hydrogen 
technologies for the development of a self-sustained power system can 
lead to advantages from an environmental point of view, since GHG 
emissions are significantly reduced [20]. According to the economic 
analysis performed by Ozden et al. [21], solar-hydrogen based renew
able energy systems most likely will become an economically competi
tive alternative to conventional diesel generators in the near future 
thanks to the decreasing trend of PV panel costs and the rising diesel fuel 
prices. 

System cost and reliability must be addressed when designing a 
stand-alone hybrid renewable energy system. Optimal sizing means in 

fact to effectively satisfy the load demand at all times while minimizing 
a certain objective function, e.g., system cost (or cost of energy) in case 
single-objective optimization is performed. The HOMER software tool is 
often considered for the optimal sizing of HRESs [22]. Alternatively, 
metaheuristic optimization algorithms are also commonly employed 
[23]. Due to its high performance and robustness [7], the particle swarm 
optimization (PSO) is one of the most used methods when dealing with 
the optimal design of renewable power systems [24]. Genetic algorithm 
(GA) technique has also been extensively applied, showing its effec
tiveness especially when dealing with multi-objective optimization 
[25,26]. A broader overview about intelligent techniques adopted to 
optimally design stand-alone H2-based systems is shown in Table 1. 

In the present study, the optimal sizing of off-grid hydrogen-based 
energy systems has been investigated. The optimization was performed 
by means of the PSO technique with the aim of minimizing the levelized 
cost of energy (LCOE). As shown in Table 1, studies dealing with the 
design optimization of hydrogen storage systems usually model the 
electrolyzer and fuel cell devices by assuming a constant efficiency. In 
this work, detailed electrochemical models provide part-load perfor
mance curves of both the electrolyzer and fuel cell to be used within the 
optimization routine. This is particularly suited when dealing with de
vices that need to adapt continuously their operating point to match the 
intermittent power supply from on-site renewable sources. The elec
trolyzer and fuel cell lifespans were also derived based on the yearly 
number of simulated working hours and start-ups, for a better assess
ment of the P2P system costs. Moreover, cost estimation was made more 
precise by introducing scale dependencies of costs for the H2 devices. 
Different energy storage configurations were analysed considering 
various types of batteries (Li-ion and lead acid) and electrolyzers 
(alkaline and PEM) to better investigate the role and potential of 
hydrogen in off-grid environments. The optimal sizing methodology was 
then applied to assess the most cost-effective storage solution for a real 
off-grid insular community (southern Italy), which is well representative 
of many other insular locations across the Mediterranean area. The 
selected case study is also part of REMOTE [41], project belonging to the 
EU’s Horizon 2020 program. 

The structure of this paper is as follows: Section 2 describes the 
proposed RES-based solution and the models of all the system compo
nents along with the adopted control strategy. Section 3 provides the 
methodology for the optimal sizing of the system together with the 

Acronyms 
ABSO Artificial bee swarm optimization 
ACO Ant colony optimization 
ALK Alkaline 
ASR Area specific resistance 
BOP Balance of plant 
BT Battery 
C Configuration 
CSA Crow search algorithm 
CTF Cycles-to-failure 
DC Direct current 
DOD Depth-of-discharge 
EES Electrical energy storage 
EL Electrolyzer 
EMS Energy management strategy 
FC Fuel cell 
FPA Flower pollination algorithm 
GA Genetic algorithm 
GHG Greenhouse gas 
HRES Hybrid renewable energy system 
HS Harmony search 
HT Hydrogen tank 

KPI Key performance indicator 
LA Lead-acid 
LCOE Levelized cost of energy 
LHV Lower heating value 
LI Lithium-ion 
LOH Level of hydrogen 
LPSP Loss of power supply probability 
LT Lifetime throughput 
MBA Mine blast algorithm 
NPC Net present cost 
NR No replacement 
OM Operation & maintenance 
PEM Proton exchange membrane 
P2P Power-to-power 
PSO Particle swarm optimization 
PV Photovoltaics 
RES Renewable energy source 
SA Simulated annealing 
SC Supercapacitor 
SOC State of charge 
TMY Typical meteorological year  
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evaluation of the objective function to be minimized (i.e., the levelized 
cost of energy). Section 4 introduces the reference case study presenting 
its current situation and the necessity for alternatives to the diesel-based 
solution. In Section 5 main results from the optimal sizing of all the 
investigated system configurations are presented and discussed. Finally, 
conclusions are reported in Section 6. In the Appendix, more informa
tion about the electrolyzer and fuel cell models are shown, including the 
adopted model parameters and graphs displaying the various over
voltage contributions. 

The overall optimization framework considered in this work is 
summed up in Fig. 1. 

2. System modelling 

The stand-alone power system under analysis consists of the 
following components: PV panels, a bank of batteries (BT) and a 
hydrogen-based storage system, which includes an electrolyzer (EL), a 
pressurized hydrogen tank (HT) and a fuel cell (FC). The schematic 
representation of the system is reported in Fig. 2. Since the operating 
pressure of the electrolyzer is assumed to be equal to the H2 tank 
maximum pressure, the compression step between the electrolyzer and 
the pressurized hydrogen tank is not necessary [2]. 

2.1. PV system 

The output of the PV system was evaluated as follows [42]: 

PPV (t) = fPV ⋅PPV,rated⋅
G(t)
GSTC

⋅
(
1+ γT ⋅

(
Tcell(t) − Tcell,STC

) )
(1) 

Where G (in kW/m2) is the total irradiance incident on the PV array, 
GSTC (equal to 1 kW/m2) is the incident irradiance at standard test 
conditions, PPV,rated (in kW) is the rated PV power, Tcell (in ◦C) is the PV 

cell temperature, Tcell,STC (equal to 25 ◦C) corresponds to the PV cell 
temperature at standard test conditions, fPV is the derating factor and γT 
(in 1/K) is the temperature coefficient. 

The cell temperature Tcell was expressed as [43]: 

Tcell(t) = Ta(t) +
G(t)
0.8

⋅(NOCT − 20) (2) 

Where Ta (in ◦C) is the ambient temperature and NOCT (in ◦C) rep
resents the nominal operating cell temperature. 

The total irradiance G over the tilted PV surface was expressed as 
[44,45]: 

G(t) = Gb,n(t)⋅cos(θ) +Gd,h(t)⋅Fc,s +Gt,h(t)⋅ρg⋅Fc,g (3) 

Where Gb,n (in kW/m2) is the direct normal irradiance, Gd,h (in kW/ 
m2) is the diffusive irradiance on the horizontal surface, Gt,h (in kW/m2) 
is the total irradiance on the horizontal surface, ρg is the albedo of 
ground, Fc,s is the collector-sky view factor, Fc,g is the collector-ground 
view factor and θ is the angle of incidence of the beam solar radiation 

Table 1 
Literature review about the optimal design of stand-alone hydrogen-based en
ergy systems.  

Authors Year Algorithm 
for optimal 
sizing 

Storage 
configurations 

EL and FC 
performance 

Maleki et al. [7] 2014 PSO BT; H2 Const. 
Maleki et al. [27] 2014 ABSO H2 Const. 
Kalinci et al. [28] 2015 HOMERa H2 Const. 
Behzadi et al. [29] 2015 GA, 

HOMERa 
BT-H2 Eff. curveb 

Baghaee et al. [30] 2016 PSO H2 Const. 
Dong et al. [11] 2016 ACO BT; H2; BT-H2 Const. 
Fathy [31] 2016 MBA H2 Const. 
Ahadi et al. [32] 2017 HOMERa BT; H2; BT-H2 Const. 
Li et al. [33] 2017 GA BT-H2 Constc 

Gracia et al. [16] 2018 ODYSSEYa BT (*2); BT-H2 Eff. curved 

Duman et al. [34] 2018 HOMERa BT; H2 Const. 
Zhang et al. [6] 2018 SA BT; H2 Const. 
Samy et al. [35] 2019 FPA H2 Const. 
Moghaddam et al. [36] 2019 FPA H2 Const. 
Jamshidi et al. [19] 2019 CSA H2 Const. 
Luta et. al. [37] 2019 HOMERa H2-SC Const. 
Rullo et al. [38] 2019 GA BT-H2 Constc 

Attemene et al. [26] 2020 GA BT-H2-SC Const. 
Dawood et al. [12] 2020 HOMERa BT; H2; BT-H2 Const. 
Perrigot et al. [17] 2020 PSO BT-H2 Const. 
Xu et al. [39] 2020 GA H2 Const. 
Zhang et al. [40] 2020 HS H2 Const. 
Our work PSO BT (*2); H2 (*2); 

BT-H2 (*4) 
Eff. curvee  

a Simulation tool. 
b Linear expression for power and hydrogen consumption curves. 
c Linearization of the performance curve (MILP-based system operation). 
d Polinomial efficiency for electrolyzer and constant for fuel cell. 
e Efficiency curve derived from detailed bottom-up electrochemical models. 

Fig. 1. Optimization framework to optimally design the renewable P2P system.  

Fig. 2. Layout of the renewable P2P system.  
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on the tilted surface. 
The hourly values of diffusive and total irradiance on the horizontal 

plane, direct normal irradiance and ambient temperature were taken 
from the Photovoltaic geographical information system (PVGIS) soft
ware [46], referring to a typical meteorological year (TMY) for the 
location under analysis. 

The albedo of the ground was assumed equal to 0.2. This average 
value is suggested by Laoun et al. [44] when no specific information 
about the location are available. The terms Fc,s and Fc,g, which depend on 
the slope of the titled PV surface (β), were derived according to the 
relationship reported in [44]. The following equation was finally applied 
to evaluate the angle of incidence θ: 

cos(θ) = cos(β)⋅cos(θz)+ sin(β)⋅sin(θz)⋅cos(ϕs − ϕ) (4) 

Where θz is the zenith angle, ϕs is the solar azimuth and ϕ is the 
surface azimuth. The zenith angle and the solar azimuth were calculated 
from [44]. Optimal values for the PV surface slope and surface azimuth 
were derived from [46]. 

2.2. Electrolyzer and fuel cell 

Electrochemical models were formulated for the electrolyzer (alka
line and PEM) and PEM fuel cell devices. This allows for a proper 
description of their behaviour, which is typically nonlinear. Experi
mental polarization curves were used to calibrate the models and 
compute the value of various fitted parameters. More in detail, experi
mental data from Henao et al. [47], Marocco et al. [48] and Corrêa et al. 
[49] were considered for the validation of the alkaline electrolyzer, PEM 
electrolyzer and PEM fuel cell models, respectively. Fitted parameters, 
whose values were obtained by the calibration process, and fixed pa
rameters of the models are reported in the Appendix. Model calibration 
was carried out by minimizing the sum of the squares of the difference 
between experimental and model values of the cell operating voltage. 

The operating cell voltage is described by the reversible voltage 
increased (for the electrolyzer) or decreased (for the fuel cell) by irre
versible losses including the activation, ohmic and diffusion contribu
tions: 

Vcell = Vrev ± Vact ± Vohm ± Vdiff (5) 

Where Vrev (in V) stands for the reversible thermodynamic potential 
and Vact , Vohm and Vdiff (in V) represent the activation, ohmic and 
diffusion overpotentials, respectively. 

Below, main equations of the electrochemical models are reported. 

2.2.1. Alkaline electrolyzer 
The reversible cell voltage was expressed as [50]: 

Vrev = Vrev(T, p0)+
RU⋅T
2⋅F

⋅ln

((
pcat − pV,KOH

)
⋅
(
pan − pV,KOH

)0.5

aH2O.KOH

)

(6) 

Where F corresponds to the Faraday constant (equal to 96,485C/ 
mol), T (in K) is the operating temperature, RU is the universal gas 
constant (equal to 8.314 J/mol/K),pan/cat (in bar) is the anode/cathode 
operating pressure, pV,KOH (in bar) is the vapor pressure of the KOH so
lution and aH2O.KOH is the water activity of the KOH solution. 

The term Vrev(T, p0), which corresponds to the reversible voltage as a 
function of temperature and at reference standard pressure of 1 bar, was 
computed according to the polynomial expression from [50]. The vapor 
pressure and the water activity of the KOH solution were defined using 
the relationships presented in [51]. 

The activation overpotential at the anode and cathode side was 
derived from the Butler-Volmer equation: 

Vact,an/cat =
RU⋅T

αan/cat⋅F
⋅arcsinh

(
i

2⋅i0,an/cat⋅(1 − θ)

)

(7) 

Where αan/cat is the charge transfer coefficient (fitted parameter in 

our model), i (in A/cm2) is the operating current density, i0,an/cat (in A/ 
cm2) is the exchange current density and θ corresponds to the fractional 
bubble coverage of the electrode surface. 

The evaluation of θ value is very complex since depending of several 
parameters such as electrode surface characteristics, electrolyte surface 
tension, natural and forced circulation of the electrolyte. In the present 
study, the bubble rate coverage was expressed as a function of current 
density and temperature according to an empirical relationship reported 
by Hammoudi et al. [52]. A temperature-dependent Arrhenius expres
sion was applied to evaluate the exchange current density [53]: 

i0,an/cat = γM ⋅i0,ref ,an/cat⋅exp
[
− Ea,act,an/cat⋅103

RU
⋅
(

1
T
−

1
Tref

)]

(8) 

Where γM is the roughness factor, i0,ref ,an/cat (in A/cm2) is the reference 
exchange current density at the reference temperature Tref (298.15 K) 
and Ea,act,an/cat (in kJ/mol) corresponds to the activation energy. The 
terms i0,ref ,an/cat and Ea,act,an/cat were considered as fitted parameters in the 
present model. 

In order to compute the overall ohmic overpotential term, the 
various contributions were modelled as electrical resistances: 

Vohm = ASRohm⋅i = (ASRelectric +ASRKOHsol +ASRmem)⋅i (9) 

Where ASRohm (in Ω∙cm2) is the overall ohmic area specific resis
tance (ASR), ASRelectric (in Ω∙cm2) is the electrical ASR due to contact and 
electrode resistances (which was treated as fitted parameter), ASRKOHsol 

(in Ω∙cm2) represents the ionic ASR due to the electrolyte and ASRmem 

(in Ω∙cm2) corresponds to the ionic ASR of the membrane. 
The resistance of the membrane separator was computed according 

to the formula adopted by Abdin et al. [53], which depends on the 
membrane thickness, tortuosity, porosity and wettability factor (this last 
imposed as fitted parameter). The resistance of the electrolyte was 
derived starting from the ionic conductivity of the KOH solution as a 
function of temperature and molarity and corrected to take into account 
the gas void fraction according to the Bruggeman equation [47]. 

The diffusion overpotential was not considered for the alkaline 
electrolyzer because its effect is assumed to be negligible [50]. 

The Faraday’s law, with the inclusion of the Faraday efficiency term, 
was employed to evaluate the amount of hydrogen produced by the 
electrolyzer. The following commonly employed expression was adop
ted for the estimation of the Faraday efficiency [54]: 

ηF =
i2

f1 + i2⋅f2 (10) 

The parameters f1 and f2 were derived from Ulleberg [54], consid
ering an operating temperature of 70 ◦C, which is the value we used 
during the simulations. 

2.2.2. PEM electrolyzer 
The reversible cell voltage was expressed as [55]: 

Vrev(T, p) = Vrev(T, p0)+
RU⋅T
2⋅F

⋅ln

((
pcat − pH2O

)
⋅
(
pan − pH2O

)0.5

pH2O

)

(11) 

Where pH2O (in bar) corresponds to the water partial pressure, which 
is assumed to be equal to the water saturation pressure since gases 
produced during electrolysis are generally saturated with water vapour 
[56]. The water saturation pressure as a function of temperature was 
estimated according to the relationship reported by Balej [51]. 

Eq. (7) without the presence of the θ term was used to compute the 
activation overvoltage. Analogously to the alkaline electrolyzer, the 
exchange current density was modelled by employing a temperature- 
dependent Arrhenius expression (Eq. (8)) [55]. 

The ohmic overpotential is caused by electrical and ionic resistances. 
The electrical contribution is due to the resistance of the electrically 
conductive components to the passage of electrons. The ionic one is 
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instead caused by protons flowing through the membrane. Most of 
electrical resistance is generally caused by the lack of proper contact 
between various components. However, ionic resistance is usually the 
major contributor [57]. The overall ohmic overpotential can be written 
as: 

Vohm = ASRohm⋅i = (ASRelectric +ASRmem)⋅i (12) 

The electrical ASR (ASRelectric) was treated as fitted parameter in the 
model calibration. The area specific resistance of the membrane to the 
proton flow (ASRmem) was instead computed starting from the membrane 
ionic conductivity, which is highly dependent on the operating tem
perature and the membrane water content. Analogously to the approach 
performed by Espinosa-López et al. [58] and García-Valverde et al. [59], 
the temperature dependence of the membrane ionic conductivity was 
expressed using an Arrhenius expression in the following form: 

σmem = σmem,ref ⋅exp
[
− Ea,mem⋅103

RU

(
1
T
−

1
Tref

)]

(13) 

Where σmem,ref (in 1/Ω/cm) is the reference membrane ionic con
ductivity at the reference temperature Tref (298.15 K) and Ea,mem (in kJ/ 
mol) is the activation energy that is required for the proton transport 
through the membrane. Both pre-exponential and exponential terms of 
Eq. (13) were derived by the model calibration. 

Diffusion losses are caused by mass transport limitations, with 
consequent concentration gradient between the bulk flow and elec
trode/membrane interface. Diffusion losses are generally lower than the 
activation and ohmic ones. Their contribution is thus neglected in 
various studies [60]. However, their role can become relevant when 
operating at high current densities. In this work, the concentration 
overpotential is assumed to occur only at the anode side since its 
contribution is dominant compared to the cathode [59]. It was modelled 
by considering the limiting current density parameter: 

Vdiff,an =
RU⋅T
4⋅F

⋅ln
(

1 −
i

il,an

)

(14) 

Where il,an (in A/cm2) is the limiting current density at the anode, 
whose value was assumed to be 6 A/cm2 [61]. 

The Faraday efficiency (depending on the operating conditions, i.e., 
temperature, pressure and current) was evaluated as a function of the H2 
and O2 fluxes across the membrane and the production rate of gases 
according to the following relationship [56,62]: 

ηF = 1 −
2⋅F

i
⋅
(

ṄH2 ,tot + 2⋅ṄO2 ,tot

)

(15) 

Where ṄH2 ,tot and ṄO2 ,tot (in mol/cm2/s) are the overall hydrogen and 
oxygen fluxes across the PEM membrane. In the above formula it is 
supposed that all the oxygen moving to the cathode is electrochemically 
reduced or catalytically react with hydrogen generating water. In order 
to evaluate ṄH2 ,tot and ṄO2 ,tot, both the diffusive and convective contri
butions of the H2 and O2 fluxes crossing the membrane were computed 
[63]. 

2.2.3. PEM fuel cell 
The reversible cell voltage was evaluated according to the following 

expression [64–66]: 

Vrev(T, p) = 1.228 − 0.85⋅10− 3⋅(T − 298.15)+ 4.3086⋅10− 5

⋅T⋅ln
(

pH2 ,an,ch⋅p0.5
O2 ,cat,ch

) (16) 

Where pH2 ,an,ch and pO2 ,cat,ch (in bar) correspond to the hydrogen and 
oxygen effective partial pressures at the anode and cathode channel, 
respectively. The effective oxygen partial pressure was approximated 
using a log-mean average of the oxygen partial pressure at the inlet and 
outlet. The arithmetic mean was instead used to compute the effective 
hydrogen partial pressure [66]. 

The activation overvoltage term was evaluated according to Eq. (7), 
without the presence of the θ parameter. Eq. (8) was used for the eval
uation of the exchange current density. 

Analogously to the PEM electrolyzer, Eq. (13) was applied to 
compute the membrane ionic conductivity and hence the membrane 
ASR. The total ohmic overpotential was then derived by employing Eq. 
(12). 

The following concentration overvoltage term needs also to be added 
to take into account mass transport phenomena effects: 

Vdiff,an/cat =
RU⋅T

zan/cat⋅F
⋅ln
(

1 −
i

il,an/cat

)

(17) 

Where the zan/cat parameter is equal to 2 and 4 at the anode and 
cathode side, respectively. il,an/cat (in A/cm2) stands for the limiting 
current density at the anode/cathode side. 

2.2.4. Electrolyzer and fuel cell performance 
Main input parameters used to evaluate the performance curve of the 

electrolyzer and fuel cell are reported in Table 2. The operating tem
perature and pressure were taken from [2]. Referring to the alkaline 
electrolyzer, the maximum achievable current density was set to 0.35 A/ 
cm2, in line with Refs. [67,68]. A maximum current density of 1.8 A/cm2 

was instead considered for the PEM electrolyzer. This value is between 
1.7 A/cm2 and 2 A/cm2, which are reported by Mayyas et al. [69] and 
Parra et al. [67], respectively. Referring to the PEM fuel cell, the adopted 
value of 1.2 A/cm2 lies in the range 1–1.5 A/cm2 [49,70]. In order to 
move from the cell to the system efficiency curve, it is required to know 
the power consumption due to auxiliary components. It was assumed 

Fig. 3. Polarization curves of electrolyzer and fuel cell devices at the selected 
operating conditions. 

Table 2 
Main technical input parameters to evaluate the performance curve of the H2- 
based technologies.   

ALK EL PEM EL PEM FC 

Operating temperature 70 ◦C [2] 60 ◦C [2] 60 ◦C  
[2] 

Operating pressure 30 bar [2] 30 bar [2] 1 bar  
[2] 

System minimum power (% of rated 
power) 

15% [71] 10% [2] 6% [2] 

Max. current density 0.35 A/cm2  

[67,68] 
1.8 A/cm2  

[72] 
1.2 A/ 
cm2 

Aux. consumption in nominal 
condition (% of rated power) 

10% [73] 10%  
[69,73] 

8% [2] 

Aux. consumption in stand-by (% of 
aux. nom. consumption) 

29% [74] 29% [74] 50%  
[74]  
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auxiliary consumption to vary linearly from stand-by to nominal 
conditions. 

For the sake of comparison, Fig. 3 reports the polarization curves of 
both alkaline and PEM electrolyzers and PEM fuel cell at the selected 
operating conditions. The PEM electrolyzer is able to operate at a much 
higher current density (i.e., hydrogen production per unit of active 
area), which also results in greater compactness of the PEM stack 
compared to the alkaline one. On the other hand, the alkaline technol
ogy is currently less expensive and with higher stack lifetime than PEM 
electrolysis. 

Fig. 4a–c report the cell and system efficiency (on LHV basis) of the 
electrochemical devices as a function of the normalized operating 
power. Fig. 4d shows instead the cell and system efficiency of the 
alkaline and PEM electrolyzer as a function of the specific input elec
trical power (with no normalization). The cell efficiency curve without 
the Faraday efficiency term is also depicted. Nominal specific energy 
consumptions that were derived from the model are in line with values 
reported in the literature. Referring to the alkaline electrolyzer system, 
the obtained nominal value of 5.26 kWh/Nm3 (i.e., LHV efficiency of 
0.56) lies in the range 5.0–5.9 kWh/Nm3 reported by Buttler et al. [68]. 
The specific energy consumption of 5.76 kWh/Nm3 (i.e., LHV efficiency 
of 0.52) computed for the PEM electrolyzer system is also within the 
reported range of 5.0–6.5 kWh/Nm3 [68]. Finally, referring to the PEM 
fuel cell, the nominal system efficiency of around 0.43 is close to what 
stated in [2]. 

The system efficiency curves were then approximated by means of 
polynomial fitted curves to be used in the optimal sizing problem. 

2.3. Hydrogen and battery storage 

The battery storage was modelled by means of the state-of-charge 
(SOC) term, representing the ratio between the total amount of energy 

currently contained in the battery bank and the battery maximum ca
pacity. It was defined according to the following relationship [2]: 

SOC(t) = SOC(t − 1)⋅(1 − σBT)+
PBT,ch(t − 1)⋅Δt⋅ηBT,ch⋅ηBT,conv

CapBT

−
PBT,dc(t − 1)⋅Δt

ηBT,dc⋅ηBT,conv⋅CapBT

(18) 

Where σBT is the battery self-discharge coefficient, PBT,ch and PBT,dc (in 
kW) correspond to the battery charging and discharging power (at the 
DC bus level), Δt is the time step (in h) CapBT (in kWh) is the battery 
rated capacity, ηBT,ch and ηBT,dc are the battery charging and discharging 
efficiencies and ηBT,conv is the efficiency of the battery converter. 

Similarly, the hydrogen tank was described by introducing the level- 
of-hydrogen (LOH) parameter, which is defined as the ratio between the 
total amount of energy currently contained in the hydrogen tank and its 
maximum capacity [2]: 

LOH(t) = LOH(t − 1)+
PEL(t − 1)⋅Δt⋅ηEL

CapH2
−

PFC(t − 1)⋅Δt
ηFC⋅CapH2

(19) 

Where PEL and PFC (in kW) correspond to the electrolyzer and fuel cell 
operating power (at the DC bus level), CapH2 (in kWh) is the hydrogen 
storage tank rated capacity, ηEL and ηFC are the electrolyzer and fuel cell 
efficiencies (already including converter losses). 

Constraints on the SOC and LOH are given by: 

SOCmin ≤ SOC(t) ≤ SOCmax (20)  

LOHmin ≤ LOH(t) ≤ LOHmax (21) 

The SOC should not go below SOCmin in order to avoid significant 
degradation of the battery component. The LOHmin limit must also be 
satisfied to allow hydrogen to be supplied to the fuel cell (it is computed 

Fig. 4. Cell and system efficiency of the electrolyzer and fuel cell devices at the selected operating conditions.  
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as the ratio between the minimum and maximum operating pressure of 
the H2 tank). 

2.4. Energy management strategy 

Energy balance simulations have been carried out over a reference 
year with 1 h-time step resolution. An energy management strategy 
(EMS) needs thus to be developed to model the operation of the RES- 
based system. The detailed logical block diagram of the adopted ruled- 
based EMS is reported in [2]. Batteries and the hydrogen equipment 
are allowed to intervene if the SOC and LOH values lie within their lower 
and upper boundaries, respectively. Electrolyzer and fuel cell are also 
forced to operate within their modulation ranges. In case the electrical 
demand is higher than the renewable power, priority of intervention is 
given to the battery discharging. The fuel cell device is then activated to 
cover the remaining energy deficit in order to avoid the over- 
discharging of the battery, i.e., keep the SOC parameter higher than 
SOCmin. Instead, in case the electrical demand is lower than the renew
able power, the surplus RES energy is first used to charge the battery 
bank until reaching the maximum SOC, then converted into hydrogen 
through the electrolyzer and finally curtailed. In the considered EMS, 
batteries act thus as shorter-term storage operating first when required 
(and thus limiting the number of start-ups of the electrolyzer and fuel 
cell); whereas hydrogen works as longer-term storage medium inter
vening when the upper and lower operating limits of the battery are 
reached (so as to limit the degradation, and hence loss of performance, 
of the battery). 

3. Optimal system sizing 

3.1. Sizing method 

The LPSP index over a given time period T (in this case, the whole 
year) was employed in order to evaluate the reliability of the off-grid 
system in covering the electrical load [23]: 

LPSP =

∑T
t=1PNS(t)⋅Δt

∑T
t=1PLD(t)⋅Δt

(22) 

Where PLDand PNS (in kW) represent the electrical power demand and 
the demand fraction that is not satisfied at each time step t, respectively. 
An LPSP equal to 0 means that the load demand is satisfied at all times by 
the stand-alone power system throughout the year. 

The objective function to be minimized by the sizing optimization is 
the levelized cost of energy. More in detail, the optimization method
ology employs the PSO algorithm to search for the system configuration, 
i.e., sizes of the various components (PV, EL, FC, HT, BT), that allows to 
minimize the LCOE while satisfying the following reliability and sus
tainability constraints: 

LPSP ≤ LPSP* (23)  

EBT (tend) ≥ EBT(tstart) (24)  

EH2 (tend) ≥ EH2 (tstart) (25) 

Where LPSP* corresponds to the maximum allowed LPSP, EBT (in 
kWh) is the energy stored in the battery and EH2 (in kWh) is the energy 
stored in the form of hydrogen in the pressurized tank. A LPSP* value of 
0 is used to simulate a completely energy autonomous site. Eq. (24) and 
Eq. (25) verify that the stored energy within the BT and H2 systems at the 
end of the year is not lower than the amount present at the beginning of 
the year [38]. The initial SOC and LOH were set to 0.5 in the present 
study. 

Component sizes to be optimized are also forced to vary between 
specific lower and upper bounds (with i = {PV, EL, FC, HT, BT}): 

Si,min ≤ Si ≤ Si,max (26) 

Where Si,min is set to 0 for all the variables. 
Concerning the PSO algorithm, a value of 100 was considered for the 

size of population and both the cognitive and social acceleration con
stants [7] were set to 2. During the PSO main loop, the velocities and 
position of the particles are iteratively updated until reaching one of the 
following stopping criteria: 1) reaching a maximum iteration number 
equal to ItMAX or 2) no changes in 30 iterations for the global best po
sition (relative change less than 10-6). ItMAX is the maximum number of 
iterations which should be chosen high enough so as not to be reached. 

3.2. Objective function evaluation 

The levelized cost of energy (in €/kWh) was computed as follows: 

LCOE =
CNPC,tot
∑LPR

j=1
Etot,j

(1+d)j

(27) 

Where CNPC,tot (in €) is the total net present cost (NPC), Etot,j (in kWh) 
corresponds to the total amount of energy provided by the RES + P2P 
system to the final user along the j-th year, LPR is the project lifetime and 
d corresponds to the real discount rate, which was derived as [2]: 

d =
d’ − ir
1 + ir

(28) 

Where d’ and ir stand for the nominal discount and inflation rate, 
respectively. 

The total net present cost is given by the sum of the present value of 
all the costs incurred by the system (capital, O&M and replacement 
contributions) minus the present value of all the revenues (i.e., salvage 
contributions) over its lifetime: 

CNPC,tot = Cinv,tot +CNPC,OM,tot +CNPC,rep,tot − CNPC,sal,tot (29) 

The investment and O&M terms were computed as follows (with 
i = PV, EL, FC, BT, HT): 

Cinv,tot =
∑

i
Cinv,i,0 (30)  

CNPC,OM,tot =
∑LPR

j=1

∑
iCOM,i,j

(1 + d)j (31) 

The replacement and salvage contributions were instead derived as 
(with i = EL, FC, BT): 

CNPC,rep,tot =
∑LPR

j=1

∑
iCrep,i,j

(1 + d)j (32)  

CNPC,sal,tot =
∑

i

Csal,i,LPR

(1 + d)LPR
(33) 

Where Cinv,i,j, COM,i,j, Crep,i,j and Csal,i,j (in €) correspond to the invest
ment, O&M, replacement and salvage costs referred to the i-th compo
nent for the j-th year. Investment costs are performed at the beginning of 
the analysis period (i.e., j=0). The replacement cost of a certain i-th 
component is accounted for at the end of its lifetime (and no replace
ment is allowed at LPR year). As described by Eq. (33), it is assumed the 
salvage cost to occur at the end of the project lifetime. 

The salvage value represents the economic value of a component at 
the end of the analysis period (LPR) and it is supposed to be directly 
proportional to its remaining life. This term is considered for compo
nents that are potentially subjected to replacement (i.e., BT, EL and FC): 

Csal,i = Crep,i⋅
Lrem,i

Li
(34) 

Li (in years) is the component lifetime; whereas Lrem,i (in years) is the 
remaining lifetime of the component at the end of the project lifetime 
and is given by (for Li ∕= LPR): 
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Lrem,i = Li −

[

LPR − Li⋅INT
(

LPR

Li

)]

(35) 

Where INT is a function that returns the integer amount of a real 
number. Lrem,i is zero in case Li = LPR. 

Main input data for the techno-economic analysis are shown in 
Tables 3–5 for the PV, battery and hydrogen-based systems, respec
tively. Other techno-economic assumptions are reported in Table 6. 

The scale dependencies of costs have been considered for the elec
trolyzer and fuel cell devices. The EL and FC investment costs were 
modelled by means of a power function in the following form (with i =
EL, FC): 

cinv,i =

(
Si

Sref,i

)ni

⋅
cinv,ref,i⋅Sref,i

Si
(36) 

Where cinv,i (in €/kW) represents the specific investment cost of the 
component, whose size is Si (in kW). The term cinv,ref ,i (in €/kW) corre
sponds instead to the specific investment cost of the same equipment 
with reference size Sref ,i (in kW). The term ni stands for the cost exponent 
of the power function. The values adopted for these parameters are re
ported in Table 5. Referring to the alkaline electrolyzer, the reference 
specific investment cost of 2000 €/kW was taken from [85] considering 
a reference size of 312 kW. The cost exponent n was set equal to 0.65 to 
be in agreement with the cost trend reported by Proost [82]. A reference 
specific cost of 4600 €/kW for a size of 50 kW with a cost exponent of 

0.65 was instead considered for the PEM electrolyzer [82]. The fuel cell 
specific cost of 3947 €/kW was taken from [87] considering a reference 
size of 10 kW. The cost exponent n was set equal to 0.7 in agreement 
with previous studies [67]. The cost curve thus obtained is in accordance 
with values from [16] and [89]. 

The O&M cost referred to electrolyzer and fuel cell systems is 
assumed to be 4% of the total system investment cost. It is composed of 
1/3 fixed and 2/3 variable contributions, similarly to what reported in 
Ref. [71]. The variable costs are supposed to be proportional to the EL/ 
FC operating time, as described by the following relationship (with i =
EL, FC): 

cOM,i,var =
2
3

⋅
4

100
⋅cinv,i⋅

Nh,yr,i

8760
(37) 

Where cOM,i,var (in €/kW) corresponds to the annual O&M cost per 

Table 5 
Main techno-economic input parameters for the hydrogen-based system.  

Hydrogen tank 

Investment cost 470 €/kg [71] 
O&M cost (% of inv. cost) 2% [71] 
Lifetime Project lifetime  
Minimum pressure 3 bar [2] 
Maximum pressure 28 bar [2]  

PEM electrolyzer 
Ref. specific cost (cinv,ref )  4600 €/kW [82] 
Ref. size (Sref )  50 kW [82] 
Cost exponent (n)  0.65  
Stack replacement cost (% of inv. cost) 26.7% [83,84] 
O&M cost (fixed) (% of inv. cost) 1/3∙(4%) [71] 
O&M cost (variable) (% of inv. cost) 2/3∙(4%) [71] 
BOP lifetime Project lifetime  
Efficiency degradation 0.25%/1000 h [71] 
Operating hours (Nh,tot,EL)  40,000 h [71] 
On-off cycle number (Nst,tot,EL)  5000 [83]  

Alkaline electrolyzer 
Ref. specific cost (cinv,ref )  2000 €/kW [85] 
Ref. size (Sref )  312 kW [85] 
Cost exponent (n)  0.65  
Stack replacement cost (% of inv. cost) 26.7% [83,84] 
O&M cost (fixed) (% of inv. cost) 1/3∙(4%) [71] 
O&M cost (variable) (% of inv. cost) 2/3∙(4%) [71] 
BOP lifetime Project lifetime  
Efficiency degradation 0.13%/1000 h [71] 
Operating hours (Nh,tot,EL)  76,923 h [71] 
On-off cycle number (Nst,tot,EL)  7500 [86]  

PEM fuel cell 
Ref. specific cost (cinv,ref )  3947 €/kW [87] 
Ref. size (Sref )  10 kW [87] 
Cost exponent (n)  0.7 [67] 
Stack replacement cost (% of CAPEX) 26.7% [83,84] 
O&M cost (fixed) (% of CAPEX) 1/3∙(4%) [71] 
O&M cost (variable) (% of CAPEX) 2/3∙(4%) [71] 
BOP lifetime Project lifetime  
Operating hours (Nh,tot,FC)  30,000 h [33,38] 
On-off cycle number (Nst,tot,FC)  10,000 [88]  

Table 4 
Main techno-economic input parameters for the battery system.  

Li-ion battery 

Investment cost (system) 550 €/kWh [2,16] 
Replacement cost (% of inv. cost) 50% [76,77] 
Lifetime of the battery bank DOD-CTF [78] 
BOP lifetime Project lifetime  
O&M cost 10 €/kWh/y [79] 
Charging efficiency (ηBT,ch)  0.95 [79,80] 
Discharging efficiency (ηBT,dc)  0.95 [79,80] 
Self-discharge (σBT)  5%/month [16] 
Maximum SOC (SOCmax)  1  
Minimum SOC (SOCmin)  0.2 [16,79]  

Lead acid battery 
Investment cost (system) 250 €/kWh [77] 
Replacement cost (% of inv. cost) 50% [76] 
Lifetime of the battery bank DOD-CTF curve [81] 
BOP lifetime Project lifetime  
O&M cost 7€/kWh/y [79] 
Charging efficiency (ηBT,ch)  0.85 [16] 
Discharging efficiency (ηBT,dc)  0.85 [16] 
Self-discharge (σBT)  0.25%/day [16] 
Maximum SOC (SOCmax)  1 [16] 
Minimum SOC (SOCmin)  0.5 [79]  

Table 3 
Main techno-economic input parameters for PV renewable generation systems.  

PV power plant parameters 

Investment cost (mono-crystalline silicon) 1547 €/kW [2] 
Replacement cost (converter) 80 €/kW [2] 
Lifetime (PV panels) Project lifetime  
Lifetime (converter) 10 years [2] 
O&M cost 24 €/kW/y [2] 
Derating factor (fPV)  0.86 [46] 
Nominal operating cell temperature (NOCT)  44 ◦C [75] 
Temperature coefficient (γT)  − 0.003 1/K [75] 
PV surface slope (β)  34◦ [46] 
PV surface azimuth (ϕ)  18◦ [46] 
Albedo of the ground (ρg)  0.2 [44]  

Table 6 
Other techno-economic assumptions.  

Other techno-economic assumptions 

Nominal discount rate (d’)  7% [2] 

Inflation rate (ir)  2% [2] 
Project lifetime (LPR)  20 years  
DC/DC converter efficiency 0.965 [74] 
DC/AC converter efficiency 0.955 [74]  

P. Marocco et al.                                                                                                                                                                                                                                



Energy Conversion and Management 238 (2021) 114147

9

unit of size of the EL/FC component and Nh,yr,i is the yearly number of 
operating hours of the EL/FC (which depend on the simulation). 

BT, EL and FC lifespan values are needed so as to know when their 
replacement occurs for a proper evaluation of the replacement and 
salvage costs. In the literature, the lifetime of components is often 
treated as a value known a-priori and imposed as an initial input data of 
the techno-economic analysis. In this study lifespan of components 
potentially subjected to replacement (i.e., battery bank and EL/FC 
stacks) was instead derived according to how they operate along the 
reference year. 

The battery life was evaluated by computing the total amount of 
energy that can flow throughout it, i.e., the lifetime throughput (LT). 
This parameter was estimated starting from the lifetime curve, which is 
provided by the battery manufacturer. The curve shows different depth- 
of-discharge (DOD) values and the related cycles-to-failure (CTF). The 
lifetime throughput was obtained as [81]: 

LT =
∑n

i=1

2⋅CapBT⋅DODi⋅CTFi

n
(38) 

Where CapBT (in kWh) is the battery rated capacity, DODi and CTFi 

correspond to the DOD and CTF values of the i-th point of the lifetime 
curve, respectively and the term n stands for the number of points in the 
lifetime curve. 

The battery lifetime can be then derived as: 

LBT = min
(

LT
AT

,LPR

)

(39) 

Where AT (in kWh), i.e., the annual throughput, represents the en
ergy flowing throughout the battery along the year and can be evaluated 
at the end of the yearly time horizon as: 

AT =
∑8760

t=1

(

PBT,ch(t)⋅ηBT,ch⋅ηBT,conv +
PBT,dc(t)

ηBT,dc⋅ηBT,conv

)

(40) 

Referring to Li-ion (LI) batteries, data for the lifetime throughput 
evaluation were taken from Zia et al. [78] and are shown in Table 7. 
They are in accordance with what reported by Few et al. [90], who stated 
around 2500 cycles at 80% DOD, and May et al. [91]. Lifetime curve 
values for the lead acid (LA) battery, from Bordin et al. [81], are instead 
displayed in Table 8. 

The electrolyzer stack replacement is usually planned when the en
ergy efficiency drops to 90% of its initial nominal value [71]. The same 
considerations are also valid for the fuel cell stack [92]. Referring to the 
electrolyzer, the total amount of working hours was computed by 
considering the efficiency degradation over time with continuous 
operation. By supposing an efficiency degradation of 0.13%/1,000 h for 

the PEM EL and 0.25%/1000 h for the ALK EL [71] and imposing the 
stack replacement when efficiency goes below 90% of its initial value, 
the total amount of operating hours is around 80,000 and 40,000 h for 
the alkaline and PEM stacks, respectively. A value of 30,000 h was 
instead supposed for the PEM fuel cell stack lifetime [33,38]. As well as 
by the number of working hours of continuous operation, the EL/FC 
lifetime is also affected by the number of start-ups. A value of 5000 on/ 
off switching cycles was reported by Santos et al. [83] referring to the 
PEM electrolyzer. The alkaline device is instead reported to tolerate 
around 5000–10,000 start/stop cycles [86]. A value of 7500 cycles was 
then taken as an average in the present study. Finally, referring to the 
PEM fuel cell, Torreglosa et al. [88] stated that a FC start-up corresponds 
to approximately 3 working hours in continuous operation. 

The lifetime of the electrolyzer and the fuel cell was computed based 
on the effective number of operating hours and start-ups occurring 
during the year according to the simulation. The following formula was 
adopted (with i = EL, FC): 

Li = min

((
Nh,yr,i

Nh,tot,i
+

Nst,yr,i

Nst,tot,i

)− 1

,LPR

)

(41) 

Where Nh,tot,i and Nst,tot,i represent the total amount of working hours 
and start-ups of the EL/FC component during its lifetime, respectively. 
The terms Nh,yr,i and Nst,yr,i correspond instead to the number of working 
hours and start-ups of the EL/FC occurring during the yearly simulation, 
respectively. 

As shown by Eqs. (39) and (41), the lifetime of the battery and H2- 
based components is set equal to the project lifetime if the computed 
lifespan value is higher than the project lifetime. 

4. Reference case study 

The sizing optimization is performed on a renewable P2P system 
assumed to be installed in Ginostra, village on the Stromboli island in 
southern Italy [2]. The site is completely off-grid since not connected to 
neither the Italian grid nor the main Stromboli island microgrid. 
Currently, the site load is covered exclusively by the usage of diesel 
generators. The final cost of electrical energy is thus heavily dependent 
on the cost of fossil fuel, its logistic and transportation (which is only 
possible by helicopter due to the remoteness of the area). Being diesel 
genset the only source of electricity generation, any failure to the power 
system would expose the inhabitants to the possibility of a prolonged 
period of absence of the electrical service. It is therefore of great interest 
for the site to maximize the exploitation of local RES with the aim of 
increasing the reliability of the power supply service and decrease the 
current LCOE value. The investigation of different typologies of elec
trical energy storage solutions becomes hence essential to ensure high 
level of RES penetration and try to achieve the complete energy 
independence. 

Input data used in this work for the Ginostra site, namely the hourly 
profiles along the year of the solar irradiance on the PV plane (in kW/ 
m2), ambient temperature (in ◦C) and electrical demand (in kW), are 
shown in Fig. 5. PVGIS is used to evaluate the meteorological data, 
referring to a TMY. Hourly electrical load data are instead taken from 
[2]. The total yearly electrical demand to be covered is around 172 
MWh. The load is characterized by a relevant seasonal variation (with a 
summer peak load slightly higher than 60 kW) because of the increased 
power consumption due to summer tourism. 

5. Results and discussion 

Main results from the sizing optimization are reported in Table 9. 
Table 10 shows instead the main technical KPIs for the various renew
able P2P configurations: lifetimes of P2P devices and number of yearly 
operating hours and start-ups of the electrolyzer and fuel cell. A 
graphical comparison of the LCOE of all the investigated configurations 

Table 8 
Lead-acid battery: Cycles to failure versus depth-of-discharge [81].  

Depth of discharge (%) Cycles to failure 

10 5700 
25 2100 
35 1470 
50 1000 
60 830 
70 700 
80 600 
90 450  

Table 7 
Li-ion battery: Cycles to failure versus depth-of-discharge [78].  

Depth of discharge (%) Cycles to failure 

50 50.00 
70 3000 
80 2500  
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is displayed in Fig. 6, where it is also reported how the different com
ponents contribute to the overall LCOE. Configurations 1 and 2 rely only 
on batteries as energy storage medium. The third and fourth configu
ration instead use hydrogen to store the surplus renewable energy. 

Finally, the remaining ones present a hybrid storage, i.e., with both 
batteries and hydrogen. 

Generally, it can be observed that the usage of Li-ion batteries is 
more convenient than the lead-acid technology. As summarized in 

Fig. 5. Input data (meteorological and load) for the simulation of Ginostra site: ambient temperature, solar irradiance and electrical load at a resolution of 1 h.  

Table 10 
Main technical KPIs for the different renewable P2P configurations.  

Configurations Nh,yr,EL  Nst,yr,EL  LEL  Nh,yr,FC  Nst,yr,FC  LFC  LBT  

[h] [− ] [yr] [h] [− ] [yr] [yr] 

C1. PV + LA BT – – – – – – 7 
C2. PV + LI BT – – – – – – NR* 
C3. PV + H2 (PEM EL) 2794 417 7 5200 394 5 – 
C4. PV + H2 (ALK EL) 2647 420 11 5214 396 5 – 
C5. PV + LA BT + H2 (PEM EL) 1563 304 10 140 20 NR* 5 
C6. PV + LA BT + H2 (ALK EL) 1267 251 NR* 266 57 NR* 4 
C7. PV + LI BT + H2 (PEM EL) 1527 292 10 225 47 NR* 13 
C8. PV + LI BT + H2 (ALK EL) 1371 266 19 228 48 NR* 13 

*NR: No replacement. 

Table 9 
Sizing results and LCOE values for the different renewable P2P configurations.  

Configurations PV EL FC HT BT LCOE 
[kW] [kW] [kW] [kWh] [kWh] [€/kWh] 

C1. PV + LA BT 336 - - - 1331  0.654 
C2. PV + LI BT 285 – – – 948  0.548 
C3. PV + H2 (PEM EL) 320 154 64 9753 –  0.844 
C4. PV + H2 (ALK EL) 310 163 64 9519 –  0.743 
C5. PV + LA BT + H2 (PEM EL) 209 5 30 4375 959  0.613 
C6. PV + LA BT + H2 (ALK EL) 213 12 33 3562 809  0.608 
C7. PV + LI BT + H2 (PEM EL) 205 8 33 3493 593  0.521 
C8. PV + LI BT + H2 (ALK EL) 203 9 33 3366 592  0.510  
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Table 4, despite the higher specific investment costs, LI BTs are in fact 
characterized by a higher roundtrip efficiency, lower self-discharge rate, 
higher lifetime and wider cycling modulation range than LA BTs. As an 
example, referring to the first two configurations, the LCOE moves from 
0.65 to 0.55 €/kWh when changing from LA to LI batteries. The lithium- 
ion technology allows in fact to have lower PV panel nominal size (285 
kW instead of 336 kW) and battery rated capacity (948 kWh instead of 
1331 kWh). Moreover, as shown in Table 10, unlike the lead-acid 
technology (C1), no replacement is required for the LI battery bank 
(C2) during the course of the project lifetime. 

Comparing C1 and C2 to C3 and C4 configurations, it can be noticed 
that a stand-alone power system with only batteries as energy storage is 
currently cheaper than a configuration relying only on hydrogen. 
Focusing on the hydrogen-based configuration, as clearly shown by C3 
and C4 sizing results, alkaline electrolyzers are a more cost-effective 
choice with respect to PEM devices. A levelized cost of energy of 
approximately 0.84 €/kWh is obtained in case a PEM-type electrolyzer is 
considered. The LCOE drops to 0.74 €/kWh for the P2P system with 
alkaline electrolyzers, thanks to their lower cost and higher durability 
(the frequency of stack replacement is found to be every 11 years and 7 
years for the alkaline and PEM electrolyzers, respectively, as displayed 
in Table 10). 

As shown by the sizing outcomes of configurations 5–8, the energy 
storage hybridization (i.e., both battery and hydrogen) allows obtaining 
the cheapest RES-based power system configuration. Concerning a 

system with Li-ion batteries, the inclusion of hydrogen leads to a LCOE 
reduction from 0.55 €/kWh to around 0.52 and 0.51 €/kWh when PEM 
and alkaline electrolyzers are employed, respectively. Similarly, the 
LCOE value of 0.65 €/kWh of C1 (LA BT) drops to approximately 
0.60–0.61 €/kWh if batteries are coupled with hydrogen to store the 
excess renewable energy. In fact, the presence of hydrogen makes it 
possible to avoid the battery over-sizing: as an example, the LI BT rated 
capacity moves from 948 kWh for configuration 2 to around 590 kWh 
for the hybrid storage cases. Moreover, when considering both BT and 
H2, the required installed PV rated power also decreases, from roughly 
300 to 200 kW, thus meaning that the local renewable resource is better 
exploited. The lower cost share attributed to the PV component for 
configurations with storage hybridization (i.e., C5 to C8) can be 
graphically observed in Fig. 6. 

It is noteworthy that the usage of lifetime values depending on the 
P2P system operation along the reference year (i.e., by employing Eq. 
(39) and Eq. (41)) leads to a more precise estimation of the LCOE. As an 
example, when considering only hydrogen (i.e., C3-C4), the fuel cell 
lifetime becomes around 5 years, which coincides with a commonly 
adopted value in techno-economic evaluations [2]. If instead batteries 
are coupled with hydrogen, this results in lower usage of the H2-based 
components with consequent no necessity to replace the FC stack over 
the course of project lifetime. Similarly, the electrolyzer lifespan im
proves as well when considering the hybridization of the storage me
dium (with no stack replacement occurring only for configuration 6). 
Unlike the H2-based devices, the battery component shows a higher 
lifetime when considering a power system including only batteries, 
which is due to the battery over-sizing. 

The resulting optimal HT capacities are in line with sizes considered 
within the framework of the REMOTE project [41] (whose sizes have 
been authorized in different European countries: Italy, Greece and 
Norway). However, as a general consideration, in case of excessive 
storage capacity and consequent safety (e.g., Seveso-III directive) or 
space issues, an upper limit on the storage capacity could be set during 
the optimal sizing process. Problems of space unavailability could also 
be faced by increasing the H2 storage pressure (with inclusion of a 
compressor after the electrolyzer). The level of hydrogen trend along the 
year is reported in Fig. 7 for configurations 4 and 8, both of which rely 
on alkaline electrolyzers to produce hydrogen. The LOH graphs referred 
to the PEM EL device are analogous. A value of 0.5 was imposed for the 
LOH at the beginning of the year. It can be noticed the LOH at the end of 
the reference year to reach again the initial value as described by the 
sustainability constraint of Eq. (25). When only hydrogen is employed to 
store the surplus renewable energy, a H2 storage rated capacity of 
slightly more than 9500 kWh is required (C4). The hydrogen storage 
capacity is around three times lower when both batteries and hydrogen 
are included within the off-grid power system (C8). However, for both 

Fig. 7. LOH along the year for configuration 4 with PV + H2 (H2 capacity of 9519 kWh) and configuration 8 with PV + LI BT + H2 (H2 capacity of 3366 kWh). In both 
configuration the electrolyzer is of alkaline type. 

Fig. 6. Contributions to LCOE for the various renewable P2P configurations.  
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configurations it is clearly visible the hydrogen long-term storage 
capability: the pressurized tank is filled with hydrogen earlier in the 
year; the LOH then sharply decreases during summer to face the increase 
in the electrical load due to tourism. Referring to the hybrid storage case 
(Fig. 7b), the initial LOH increase is more gradual. The main function of 
the electrolyzer is in fact to guarantee the H2 tank to be full for the start 
of the summer season. It is thus not required to have an electrolyzer with 
high nominal size since the EL device can gradually fill the H2 tank along 
the spring period. Instead, concerning configuration 4 (Fig. 7a), the fuel 
cell has to be used more continuously since it is the only power source 
when local RES is not enough to cover the load. The H2 storage capacity 
and the electrolyzer size are therefore higher (the EL size is around 163 
kW and 9 kW for C4 and C8, respectively). It can be also noticed that the 
LOH line is more scattered for C4 than for C8 due to the fuel cell 
intervention which is more frequent for C4 (the yearly number of fuel 
cell start-ups is 396 and 48 for C4 and C8, respectively). 

The LCOE referred to the current configuration based on diesel 
generators is around 0.86 €/kWh [2]. This high electricity generation 
cost is strongly affected by the fuel transportation cost, which is around 
2 €/L because of the site remoteness (fuel transportation is performed 
mainly by helicopter due to the geographical location of the Ginostra 
site). The analysed renewable P2P systems are thus more economically 
competitive than the exiting fossil fuel-based option, even considering 
the most expensive configurations relaying only on local RES and 
hydrogen (around 0.84 €/kWh referring to the case with PEM electro
lyzers). Moreover, besides the proven economic profitability, environ
mental advantages are also associated to these types of stand-alone 
renewable power systems since they allow to significantly reduce the 
emission of pollutants. In order to evaluate the amount of CO2 released 
in the current diesel-based scenario, for each hour along the year the 
diesel fuel consumption was computed by applying the relationship 
adopted by Marocco et al. [2], which is function of both the diesel rated 
and operating power (the rated power was assumed equal to the load 
peak power). The overall yearly fuel consumption was then derived by 
the sum of the various hourly contributions. The annual amount of CO2 
released by the power system was thus calculated by considering the 
CO2 emission coefficient for the diesel fuel consumption, which was 
assumed equal to 3 kg/L in agreement with Jakhrani et al. [93]. It is 
found that approximately 286 tons of CO2 are at present emitted per 
year by using diesel generators in Ginostra. Their release could be 
avoided by employing a renewable P2P system, such as those presented 
in this work. 

6. Conclusion 

A methodology for the optimal sizing of a stand-alone renewable P2P 
system has been developed by means of the PSO technique. Detailed 
electrochemical models of the electrolyzer and fuel cell devices were 
implemented within the optimization process. Lifetimes of components 
were also computed based on their operating schedule. The sizing 
methodology was then applied to the off-grid village of Ginostra. 
Different typologies of batteries (Li-ion and lead-acid) and electrolyzers 
(alkaline and PEM) were investigated to provide a wider overview on 
different technology options for a P2P system in off-grid remote areas. 

The adoption of Li-ion battery is currently a better economic choice 
compared to the lead acid-alternative even though investment and O&M 
costs of Li-ion batteries are higher. Concerning the H2-based energy 
system, alkaline electrolyzers are at present more cost-effective than 
PEM devices because of the lower cost and higher durability. However, 
the PEM electrolyzer is characterized by greater compactness and better 
dynamic performance (which is positive when coupled with highly 
intermittent RES). Local RES coupled with battery and/or hydrogen 
were found to be cost-competitive with respect to the current power 
system based on diesel generators. A configuration relying only on 
batteries (0.55–0.65 €/kWh) is cheaper than a system with only 
hydrogen (0.74–0.84 €/kWh). However, the cheapest configuration is 
the one with both batteries and hydrogen since it allows to avoid battery 
over-sizing and to better exploit the local source of solar energy. The 
presence of hydrogen is required due to its longer-term storage capa
bility which enable to cope with the increase of the electrical load in the 
summer period. The configuration with a hybrid storage including Li-ion 
batteries and alkaline electrolyzers was shown to be the cheapest option 
with a levelized cost of energy of around 0.51 €/kWh. The LCOE of the 
current diesel-based system is instead higher (approximately 0.86 
€/kWh), mainly because of the high fossil fuel cost due to transportation 
and logistic issues in remote locations. Moreover, environmental bene
fits related to renewable generation systems make these solutions even 
more attractive. Avoiding the usage of diesel generators would in fact 
allow to reduce or even eliminate the related CO2 emissions. Approxi
mately 286 tons of CO2 are released each year due to diesel fuel con
sumption in the Ginostra site. Considering that diesel engines are still 
the dominant technology for electricity generation in off-grid areas, 
there is thus a high potential for reducing pollutants by introducing 
these kinds of renewable P2P systems. 
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Appendix 

Parameters of electrolyzer and fuel cell models 

As described in Section 2.2, the calibration of the models was performed by minimizing the sum of the squares of the differences between 
experimental and related model voltage values. 

Referring to the alkaline electrolyzer model, the resulting fitted parameters (see Table A1) allow obtaining a maximum relative error on voltage of 
around 1.28%. Values for the charge transfer coefficient (α) are reported to be in the range 0–2 and 0–1 for the anode and cathode, respectively [94]. The 
anodic and cathodic reference exchange current densities (i0,ref ) are expected to lie in the range 10− 11–10− 7 and 10− 4–10− 1 A/cm2, respectively [53]. 
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Reported values for the activation energy can be up to around 80 kJ/mol at the anode and 50 kJ/mol at the cathode [53]. A membrane wettability factor 
(ωmem) of around 0.8–0.9 was found by Abdin et al. [53]. The values we found by the model calibration lie within the above cited ranges. 

Main parameters referred to the PEM electrolyzer model are shown in Table A2. By performing the calibration process, the maximum relative error 
(modelled voltage with respect to experimental voltage) is approximately 1.55%. The fitted values for the charge transfer coefficients (α) lie within 
common ranges reported in the literature (around 0–2 for the anode and 0–1 for the cathode [96]). The anode and cathode reference exchange current 
density values (i0,ref ) obtained from the calibration process are in accordance with values adopted by other studies and summarized by Carmo et al. 
[97]. The pre-exponential (σmem,ref ) and exponential (Ea,mem) terms of the membrane ionic conductivity are also well in line with conductivity values 
estimated by an alternative relationship reported in Refs. [98,99] (when considering the membrane exposed to liquid water). Finally, the fitted values 

Table A2 
Fitted and fixed parameters for the PEM cell electrolyzer model (the latter from 
Refs. [61,100]).  

Fitted parameters Value 

ASRelectric  7.48∙10− 2 Ω∙cm2 

Ea,act,an  59.95 kJ/mol 
Ea,act,cat  8.57 kJ/mol 
Ea,mem  10.32 kJ/mol 
i0,ref ,an  4.38∙10− 9 A/cm2 

i0,ref ,cat  4.94∙10− 3 A/cm2 

αan  0.69 
αcat  0.56 
σmem,ref  0.106 1/Ω/cm  

Fixed parameters Value 
il,an  6 A/cm2 

Tref  298.15 K 
An. catalyst density* 22.56 g/cm3 

Cat. catalyst density* 21.45 g/cm3 

An. catalyst crystallite diameter* 2.9∙10− 7 cm 
Cat. catalyst crystallite diameter* 2.7∙10− 7 cm 
An. catalyst fraction in contact with ionomer* 0.75 
Cat. catalyst fraction in contact with ionomer* 0.75 
An. catalyst loading* 0.001 g/cm2 

Cat. catalyst loading* 0.0003 g/cm2 

Membrane thickness 0.0183 cm 
*Parameter used to derive the roughness factor [100]   

Table A1 
Fitted and fixed parameters for the alkaline cell electrolyzer model (the 
latter from Refs. [47,53,54,95]).  

Fitted parameters Value 

ASRelectric  0.17 Ω∙cm2 

Ea,act,an  82.27 kJ/mol 
Ea,act,cat  32.76 kJ/mol 
i0,ref ,an  9.83∙10− 8 A/cm2 

i0,ref ,cat  7.32∙10− 3 A/cm2 

αan  0.99 
αcat  0.92 
ωmem  0.81  

Fixed parameters Value 
f1  225 
f2  0.9825 
Tref  298.15 K 
γM,an  2.5 
γM,cat  1.5 
Distance an. electrode-membrane 0 cm 
Distance cat. electrode-membrane 0 cm 
Membrane thickness 0.05 cm 
KOH weight percentage 30% 
Membrane porosity 0.42 
Membrane tortuosity 2.18  

Table A3 
Fitted and fixed parameters for the PEM cell fuel cell model (the latter from Refs. 
[49,57,66,100,101]).  

Fitted parameters Value 

ASRelectric  2.96∙10− 2 Ω∙cm2 

Ea,act,an  19.92 kJ/mol 
Ea,act,cat  70.09 kJ/mol 
Ea,mem  9.82 kJ/mol 
i0,ref ,an  4.6∙10− 3 A/cm2 

i0,ref ,cat  1.39∙10− 8 A/cm2 

αan  0.44 
αcat  0.74 
σmem,ref  0.070 1/Ω/cm  

Fixed parameters Value 
il,an  2 A/cm2 

il,cat  2 A/cm2 

Tref  298.15 K 
An. catalyst density* 21.45 g/cm3 

Cat. catalyst density* 22.56 g/cm3 

An. catalyst crystallite diameter* 2.7∙10− 7 cm 
Cat. catalyst crystallite diameter* 2.9∙10− 7 cm 
An. catalyst fraction in contact with ionomer* 0.75 
Cat. catalyst fraction in contact with ionomer* 0.75 
An. catalyst loading* 0.0003 g/cm2 

Cat. catalyst loading* 0.001 g/cm2 

Membrane thickness 0.0183 cm 
An. hydrogen excess 1.2 
Cat. air excess 2 
An. relative humidity 0.5 
Cat. relative humidity 1 
*Parameter used to derive the roughness factor [100]   
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of activation free energy (Ea,act) are comparable with what reported in Ref. [57]. 
Table A3 reports main parameters related to the PEM fuel cell model. A maximum relative error on the voltage of around 2.41% was achieved by 

the calibration process. The reference exchange current densities (i0,ref ) for the cathodic O2 reduction and anodic H2 oxidation are reported to be in the 
range 10− 9–10− 12 and 10− 4–10− 3 A/cm2 [57]. The charge transfer coefficients (α) for anode and cathode are stated to be 0–1 and 0–2, respectively 
[57]. Our fitted values for i0,ref and α parameters lie within these ranges. The activation free energy values (Ea,act) we found are in accordance with 

Fig. A1. Contributions of the various overpotentials to the ALK electrolyzer (70 ◦C, 30 bar), PEM electrolyzer (60 ◦C, 30 bar) and PEM fuel cell polarization curve 
(60 ◦C and 1 bar). 
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what suggested by Abdin et al. [57]. Finally, the fitted terms referred to the membrane ionic conductivity formula (Ea,mem and σmem,ref ) provide 
conductivity values in line with common values for PEM fuel cells [101]. 

Fig. A1 shows the contributions of overpotential terms to the polarization curve for the various investigated electrochemical devices. 
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