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ARTICLE INFO ABSTRACT

Handling editor: Suleyman I. Allakhverdiev This study investigates the integration of on-site green hydrogen as a substitute for methane in steam generation
in the dairy industry, specifically in the production of Parmigiano Reggiano cheese. This represents a novel
application of green hydrogen in industrial dairy processing, with the potential to reduce greenhouse gas
emissions. Hydrogen is assumed to be generated via electrolysis powered by photovoltaic energy. A compre-
hensive techno-economic assessment was conducted, with simulations covering key design variables such as
hydrogen fraction in steam production, photovoltaic panel orientation, and storage pressure. A wide range of
scenarios was defined in order to account for variability in system structures and performance, and a compre-
hensive economic assessment was then carried out using a Monte Carlo simulation approach and a sensitivity
analysis. Results indicate that, in all scenarios, the net present value over a 15-year period remains negative
when benefits are limited to methane savings. Indeed, the high capital expenditure associated with hydrogen
systems presents a major barrier. The most favorable cases occur at low hydrogen shares with seasonal storage,
while full conversion to hydrogen maximizes CO5 abatement but is least economical. With public funding, the
emissions saved per euro of public support range from 1.58 to 2.14 kg CO2q/€.
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T™MY Typical Meteorological Year
Greek Letters

Seasonal storage scenario
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3 Discount rate

n Efficiency

v Inflation rate

p Density (kg/m®)

® Mass fraction

Lower-case Roman

b Boiler

c component

cp Specific heat at constant pressure
d Daily storage scenario
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n Molar flow rate

m Mass
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P Pressure

s

v

Upper-case Roman

Faraday constant

Current (A)
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Power (kW)

Thermal energy demand (kWh or GWh/year)
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Temperature (°C or K)

Voltage (V)
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1. Introduction

The dairy sector accounts for approximately 4 % of global anthro-
pogenic greenhouse gas emissions [1,2]. According to the Food and
Agriculture Organization of the United Nations (FAO), cheese con-
sumption has been steadily increasing in recent years, a trend that is
expected to continue. In Italy alone, approximately 13 million tonnes of
milk are processed annually to produce more than one million tonnes of
cheese [3]. The cheese-making industry requires substantial amounts of
raw materials, water, and energy, leading to significant environmental
impacts [4]. Among these processes, milk pasteurization and heating are
particularly energy-intensive, with thermal energy requirements
ranging from 0.1 MJ/kg for soft cheeses with short ripening times and
high water content to as much as 8 MJ/kg for other varieties [3]. Given
this high energy demand, increasing the integration of renewable energy
sources into milk processing is essential [3].

In this context, hydrogen presents a promising solution for decar-
bonizing thermal processes in the dairy industry. Hydrogen combustion
generates zero direct carbon emissions, and depending on its production
method, it can significantly reduce CO, emissions [5]. Green hydrogen,
produced through water electrolysis powered by renewable energy
sources, has been recognized as a viable option as a sustainable energy
carrier for decarbonizing hard-to-abate sectors such as steel, cement,
and chemicals [5,6].

Several studies have explored the techno-economic feasibility of
green hydrogen production from renewable energy sources. Mostafaei-
pou et al. [7] conducted an evaluation of the economic viability of uti-
lizing wind energy for the generation of electricity and hydrogen in four
cities in Iran. Their research examined the potential for wind power by
employing the energy pattern factor and Weibull distribution, in addi-
tion to performing an economic analysis of both 3.5 kW and 100 kW
wind turbines. Focusing on a specific high-potential region, Rehman
et al. [8] performed a techno-economic evaluation for an onshore wind
farm in the Aqaba Gulf, determining the optimal sizing of the electro-
lyser and storage systems to produce green hydrogen at a levelized cost
of 5.26 $/kg. In a similar techno-economic study focused on a renewable
energy hub in Vietnam, Minh et al. [9] utilized the HOMER optimization
model to determine the optimal configuration of a hybrid solar and wind
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system, achieving a Levelized Cost of Hydrogen of $5.37/kg while
producing 300 kg of hydrogen per day. Similarly, Shboul et al. [10]
conducted a comprehensive techno-enviro-economic analysis of a
hybrid PV-Fuel Cell system for green hydrogen and power production,
utilizing detailed numerical modeling in MATLAB/Simulink and ma-
chine learning methods for performance optimization. In related
optimization-oriented research, Abd Elaziz et al. [11] employed a hybrid
approach combining machine learning with metaheuristic optimization
techniques, notably utilizing the mayfly optimization algorithm, to
forecast the operational performance of an integrated solar photo-
voltaic-thermal (PV/T) system coupled with an electrolytic hydrogen
generation unit. Investigating a different economic framework to
improve sustainability, Vance et al. [12] performed a techno-economic
optimization utilizing curtailed renewable energy in Ireland. Their
findings indicated that the levelized cost of hydrogen might vary be-
tween 1.20 and 9.39 €/kg, contingent upon prospective renewable en-
ergy capacity and grid limitations. Lastly, Okonkwo et al. [13]
investigated different off-grid energy solutions to produce hydrogen for
a refueling station in Oman using HOMER software. The results showed
that the most cost-effective hybrid system is: photovoltaic — wind tur-
bine - fuel cell combination.

Within the agricultural sector specifically, various applications for
on-site hydrogen have been explored. Yamaguchi et al. [14] imple-
mented a hydroponic system for growing lettuce, powered by a hybrid
energy configuration combining a hydrogen fuel cell and a lead-acid
battery. Nguyen and Matsuhashi [15] utilized wind turbines and
photovoltaic (PV) panels to generate electricity for a shrimp farm, using
excess energy to produce hydrogen for ammonia-based fertilizer pro-
duction. Carroquino et al. [16] examined a renewable energy system at a
vineyard in Spain, where surplus PV energy was used to produce
hydrogen for refueling hybrid fuel cell electric vehicles. Farhani et al.
[17] investigated the combination of photovoltaic and fuel cell tech-
nologies within a self-sufficient hybrid energy system tailored for an
agricultural farm located in Kairouan, Tunisia. Temiz and Dincer [18]
introduced an “agri-CSP” system that merges solar photovoltaic tech-
nology with concentrated solar power to produce electricity, process
heat, fresh water, and hydrogen. Janke et al. [19] assessed the feasibility
of on-site hydrogen production for farm vehicles in Sweden, while
Ceylan and Devrim [20] proposed a PV-integrated hydrogen system for
electricity and heat generation in greenhouses. Al-Ali et al. [21] inves-
tigated the contribution of renewable hydrogen to the energy transition
within agricultural communities in Glensaugh, Scotland. Their study
evaluated two configurations of renewable hydrogen, Solar-Hy and
Wind-Hj, aimed at fulfilling energy requirements for residential, com-
mercial, and transportation sectors by utilizing excess renewable energy
storage. Beyond direct electrolysis from solar and wind, other green
hydrogen production methods have been investigated in the existing
literature. For instance, geothermal energy has been investigated as a
potential source for hydrogen production [22,23], while biological
hydrogen production methods, such as photo-fermentation using bac-
teria has been examined by other researchers [24]. Additionally,
biomass-based hydrogen production, utilizing processes like gasification
has been studied as an alternative approach [25,26]. Various strategies
underscore the extensive array of approaches for incorporating
hydrogen into sustainable energy systems for agriculture.

Hydrogen use in industrial or domestic boilers has also been
explored. Schiro et al. [27] compared CO; emissions from different fuels,
highlighting the advantages of hydrogen-enriched natural gas (HENG).
Wang et al. [28] examined the efficiency and emissions of an industrial
boiler fuelled with varying hydrogen-methane ratios. Balanescu and
Homutescu [29] studied a 25 kW condensing boiler using
hydrogen-methane mixtures, finding improved condensation efficiency
with higher hydrogen content.

Building on the advantages in natural gas condensing boilers, Yang
et al. [30] evaluated a 2.8 MW unit and found that Hy enrichment
significantly boosts thermal efficiency, increasing it from 101.83 % to
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110.60 % (based on Lower Heating Value) as the hydrogen share rises
from 0 to 100 %, and confirmed that the existing condenser could
manage the increased latent heat recovery without modification. Cellek
and Pinarbasi [31] conducted CFD simulations to evaluate the impact of
hydrogen content on emissions and performance in a 1085 kW low-swirl
boiler, reporting a reduction in fuel consumption when switching to 100
% hydrogen. Xin et al. [32] further analysed combustion characteristics
in a swirl burner, demonstrating increased combustion temperature and
reduced CO, emissions with higher hydrogen ratios. Boulahlib et al.
[33] utilized a 15 kW domestic boiler with varying methane-hydrogen
blending ratios (0-45 %) to investigate the emission values of NOy,
COy, CO, and C4Hy, as well as the thermal performance. Wang et al. [34]
utilized a 4.2 MW gas-fired boiler powered by HENG as a case study to
examine its thermodynamic properties and pollutants emission. The
findings indicated that the inclusion of an external economizer
enhanced the overall thermal efficiency of the system by 0.4 %-0.7 %.
Cheng et al. [35] conducted an extensive CFD simulation to examine the
combustion characteristics in industrial boilers. Their research
confirmed that higher levels of hydrogen doping result in elevated
combustion temperatures and a notable decrease in CO concentration,
while also observing an increase in NOx emissions.

This research evaluates the practicality of incorporating green
hydrogen as a partial replacement for methane in the steam generation
process used in the production of Parmigiano Reggiano cheese. Parmi-
giano Reggiano is a semi-fat, extra-hard cheese made from raw cow’s
milk, requiring a long ripening period. Its production follows a strict
process, carried out in select provinces of northern Italy [36]. Currently,
methane is the main fuel utilized for steam production, which is
essential for the coagulation of milk and the cooking process in
bell-shaped copper vats [37]. Despite the widespread use of methane,
some producers continue to operate diesel-fired burners. To evaluate the
feasibility of hydrogen integration, various hydrogen-methane blending
ratios were analysed for fuelling the steam boiler in a Parmigiano
Reggiano cheese production facility. The energy demand and, conse-
quently, the boiler specifications were determined through an extensive
assessment of multiple cheese factories in the region, also determining
the characteristics of key system components, including the required
number of PV panels (Npy), PV system capacity in kWp (Ppy), electro-
lyser power (P;), compressor power (Pcomp), DC-DC converter capacity
(Pcony), as well as the necessary hydrogen storage volume in cubic meters
(Sy) and storage capacity in kilograms (S;,). Additionally, electrolyser
efficiency (y,,) was computed for different system configurations. The
solar power system was simulated using the System Advisor Model
(SAM) software, while the alkaline electrolyser was modelled via
MATLAB/Simulink.

This study addresses a critical gap in sustainable energy integration
by providing an end-to-end techno-economic assessment of green
hydrogen to supply process heat in the dairy industry. The analysis
explicitly models PV-powered electrolysis, compression and storage,
and hydrogen-methane boiler operation, quantifying system sizing,
costs, uncertainty, and emissions impacts. In contrast to prior work that
focuses on hydrogen production for sale or examines agro-livestock
systems at a broad sectoral level without process-specific appraisal
[38,39] the present study evaluates the practical advantages and limi-
tations of on-site hydrogen generation and utilization for a defined dairy
process (steam demand in Parmigiano Reggiano production). Although
the case study is sector-specific, the methodology and most findings are
applicable to other industries with methane-fired thermal loads seeking
decarbonization via renewable-hydrogen-based process heat.

2. Materials and methods

This study proposes a model for a hydrogen production, storage, and
utilization system designed to support the thermal energy requirements
of Parmigiano Reggiano cheese manufacturing, either by supplementing
or replacing the use of methane. Hydrogen production is assumed to
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originate from solar photovoltaic energy, which powers electrolysers.
The produced hydrogen can be used immediately or stored, depending
on the balance between production and demand, and the specific ther-
mal requirements at any given time. To capture the wide range of po-
tential conditions that could significantly affect the feasibility and
economic viability of hydrogen implementation, a comprehensive set of
scenarios was analysed. These scenarios accounted for several key fac-
tors, including the volumetric fraction of hydrogen f used in steam
generation, the tilt and azimuth angles of the photovoltaic system, and
the operating pressure of the hydrogen storage system. Finally, a
detailed economic analysis was conducted to assess the cost implications
and overall practicality of the various scenarios.

2.1. Energy load calculation

First, it was necessary to identify a quantitative indicator to be used
for the energy load calculation. In this case, the specific energy con-
sumption for producing a unit of product was adopted [40], in partic-
ular, the thermal energy load required for manufacturing a Parmigiano
Reggiano cheese wheel. To achieve this, a survey was conducted with six
cheese factories. Between 2022 and 2023, their annual production
ranged from 10,000 to nearly 60,000 wheels of Parmigiano Reggiano
per year. The average capacity of the analysed cheese factories was 30,
000 wheels per year, which was considered a suitable size for the type of
investment proposed in this study. Consortium defines “Small cheese
factories” as cheese factories where the production of wheels is fewer
than 2000 per year [41]. Even if small factories are quite common, the
proposed solution is considered more suitable for bigger ones (e.g. 30,
000 wheels/year) due to the complexity of installing a hydrogen pro-
duction, storage and combustion facility. Additionally, another cheese
factory, producing 65,000 wheels per year and requiring over 6 GWh of
thermal energy annually, was examined but excluded from the analysis.
In this specific case, it was not possible to separate the methane con-
sumption for cheese production from that used in the whey processing
facility. Only the total methane consumption for both processes was
available, making it impossible to allocate a realistic value solely to
cheese production. For other two cheese factories, methane was used for
the storage and for another whey processing facility. However, in these
cases the owner was able to provide an estimate of the quantity of
methane used solely for the cheese factory producing Parmigiano
Reggiano. To avoid potential overestimation resulting from including
heating requirements during the winter period (energy use not directly
related to cheese production), the thermal energy consumption was
assessed both on a yearly basis and separately for the months between
May and September for the years 2022 and 2023. The energy re-
quirements were assessed based on the number of wheels produced,
calculating the power needs for each wheel for every cheese factory.
When the data referred to the milk processed, the thermal need per ki-
logram of milk was converted into thermal need per wheel, assuming
that one wheel is produced by processing 550 kg of milk [42]. This
survey resulted in a thermal energy requirement of 66 + 6 kWh per
Parmigiano Reggiano wheel (6 represents the standard deviation of the
sample) when considering the annual average consumption, and 63 +
10 kWh considering only the warmer months. The survey was consid-
ered representative as the six cheese factories analysed have an overall
wheel production of approximately 180,000 wheels of cheese. Consid-
ering that the overall production of Parmigiano Reggiano cheese is
approximately 3 million wheels per year, this was considered a repre-
sentative sample of medium-large size Parmigiano Reggiano cheese
factories [43]. To remain conservative and to avoid over-accounting for
other potential thermal users that may be present during production and
require methane but are not connected to steam generation, the pro-
posed solution was designed to meet a thermal requirement of 66 kWh
per wheel for a cheese factory that produces 30,000 wheels every year.
This results in 1.98 GWh per year (5.425 MWh/day).
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2.2. Hydrogen utilization strategies

Two distinct hydrogen storage and utilization strategies were
designed to meet the thermal energy demands of Parmigiano Reggiano
cheese manufacturing: seasonal and daily.

The primary distinction lies in their operational approach to man-
aging hydrogen availability throughout the year. The seasonal strategy
aims to balance hydrogen production over the annual cycle, storing
surplus generated during high-production periods (e.g., summer) for use
during low-production periods (e.g., winter), assuming a constant
amount of hydrogen used each day. In contrast, the daily strategy ad-
dresses short-term fluctuations between hydrogen production and con-
sumption. It operates with a dynamic daily fuel mix where the quantity
of hydrogen used is adjusted based on the hydrogen produced the pre-
vious day, utilizing the maximum amount available from short-term
storage; this includes the immediate use of hydrogen generated during
boiler operating hours (e.g., 7:00-9:00 a.m.) with subsequent produc-
tion stored for the following day. While the production system size is
identical for both seasonal and daily strategies (PV array, electrolyser,
and compressor), the operational dynamics significantly influence the
required hydrogen storage capacity and configuration. In this study,
four different hydrogen volumetric fractions f were considered to meet
the thermal energy demand of the process: 0.2 (20 % Ha, 80 % CHy), 0.5
(50 % Ha, 50 % CHy), 0.75 (75 % Ha, 25 % CHy4) and 1 (100 % Hy). The
interpretation of f differs depending on whether the scenario involves
seasonal or daily, except for the case that relies entirely on hydrogen for
thermal energy production (f = 1). In this case, there is no distinction
between the two strategies, as the system operates solely on hydrogen
throughout the year. In the seasonal storage strategy, f represents a fixed
hydrogen content used in the steam generation process throughout the
year. Conversely, in the daily storage strategy, the hydrogen fraction
varies dynamically on a daily basis. It is calculated as the actual volume
of hydrogen used relative to the total fuel consumed over the course of
the year. To clarify, an f ratio of 0.2 in the daily storage strategy means
that 20 % of the total gas volume used for steam production over the
entire year was hydrogen. However, this percentage can vary signifi-
cantly from day to day depending on hydrogen availability. This daily
variability reflects the fluctuating availability of solar irradiation, which
influences the quantity of hydrogen produced via electrolysis each day.
The f ratios used for the evaluation were selected based on existing
literature and relevant data [28,30]. An f ratio of equal or lower than 0.2
is not expected to significantly influence the combustion process within
steam boilers. At this level, the characteristics of the fuel mixture are
primarily governed by methane, which guarantees that the operational
efficiency of the boiler is maintained. Furthermore, the release of the
UNI/TS 11854 technical standard in 2022, which addresses boilers
operating with hydrogen-methane blends up to 20 % hydrogen by vol-
ume, facilitates the deployment of such systems, particularly for boilers
with a nominal thermal capacity of 300 kW [44]. However, since the
thermal power considered in the present study exceeds this value, the
applicability of this standard is not further considered. At higher
hydrogen concentrations, combustion dynamics may be substantially
altered, potentially requiring modifications to the combustion system or
the installation of an additional boiler to ensure stable operation [45].
Accordingly, in this study, a single boiler was considered for the seasonal
scenario where f = 0.2, and for f = 1. For all other cases, two separate
boilers were assumed: one operating exclusively on methane and the
other exclusively on hydrogen.

2.3. Photovoltaic system design and simulation

The solar irradiance data refer to a Parmigiano Reggiano production
center located in Modena, Italy, which lies in the central province of the
Parmigiano Reggiano production zone. The data were obtained from the
Photovoltaic Geographical Information System (PVGIS) website [46].
PVGIS is an online platform that offers complimentary access to solar
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radiation and temperature datasets, typical meteorological year (TMY)
information, and tools for evaluating photovoltaic performance across
various global locations. Furthermore, PVGIS serves as an advanced
GIS-based resource that delivers accurate solar radiation predictions and
simulations of photovoltaic energy output and numerous studies have
employed PVGIS models to enhance the dependability of photovoltaic
power generation [47,48].

Fig. 1 depicts the total observed solar irradiation values over the
course of an entire year for the selected location obtained from the
PVGIS web page [46]. Direct normal irradiance (DNI) is the solar energy
received per unit area, measured perpendicular to the sun’s rays. Global
horizontal irradiance (GHI) refers to the cumulative shortwave radiation
incident on a horizontal plane at the Earth’s surface and Diffuse hori-
zontal irradiance (DHI) is the sunlight that reaches a flat surface after
being scattered by the atmosphere [49,50].

Using SAM software, the potential energy production for different
solar system tilt and azimuth angles in the selected region was deter-
mined. The SAM software was created by the National Renewable En-
ergy Laboratory (NREL). SAM’s performance models conduct
calculations of a power system’s electrical output at each timestep,
producing a series of timeseries data that reflects the system’s electricity
generation throughout a year. Using SAM, it is possible to model energy
systems such as PV, concentrating solar power (CSP), wind, geothermal
power, geothermal co-production, and biomass [51]. A review of the
literature revealed that SAM is commonly used for calculating energy
production in PV systems [52-54]. Furthermore, the software’s avail-
ability as a free techno-economic tool was a key factor in its selection for
this study.

The simulation methodology involved optimizing the performance of
a selected solar panel model, the Panasonic EVPV350K (350W), chosen
for its high efficiency and dependability. Initially, a comprehensive
parametric analysis was conducted in SAM across various azimuth and
tilt angles to identify the optimal configuration for maximum annual
energy yield in the specific geographic and climatic conditions. This
analysis established that peak energy output (497.05 kWh per panel
annually) is achieved at a tilt angle of 39.05° and an azimuth angle of
149.85°. The results of this parametric analysis are demonstrated in
Fig. 2.

In addition to the optimal configuration, several other scenarios were
simulated to assess performance under practical constraints and com-
mon installation practices. These included a tilt angle of 12° (approxi-
mately 21.3 %) [55], representing a typical roof angle for cow barns
suitable for PV installation, and three azimuth orientations, considering
that barns may have various alignments, particularly west, south and
east. Therefore, six distinct PV system configurations were evaluated
using SAM, representing the following tilt-azimuth pairs: the optimal
(39.05°, 149.85°), optimal tilt with south orientation (39.05°, 180°),
practical tilt with optimal azimuth (12°, 149.85°), and practical tilt with
south, east, and west orientations (12°, 180°; 12°, 90°; 12°, 270°). While
the 12° tilt scenarios reflect practical installation feasibility on existing
structures, the optimal tilt and azimuth configuration remains compat-
ible with alternatives like static agrivoltaic systems [56,57].

The hourly energy output data simulated by SAM for each of these six
PV configurations were subsequently used as the primary input for
calculating the hourly, daily, and annual hydrogen production rates via
the electrolyser model (described in Section 2.4) and for determining the
required sizes of the various system components (electrolyser,
compressor, converter, storage) under different operational scenarios.

A systematic, multi-stage optimization methodology was employed
to determine the photovoltaic system dimensions for all scenarios. For
each hydrogen demand level, the analysis first established a baseline by
determining the system size for the single most productive PV configu-
ration (39.05° tilt, 149.85° azimuth). This was achieved through itera-
tive simulations to find the minimum quantity of panels needed to meet
that specific annual hydrogen target. The annual electrical energy
generated in this baseline case then served as a reference target for that
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demand group. This energy target was used to make a preliminary
calculation of the panel count for the other PV configurations with
different tilt and azimuth angles. However, this initial figure was
considered tentative due to two constraints: the necessity for an integer
number of panels and, more significantly, the electrolyser’s variable
efficiency. The electrolyser’s performance is sensitive to the hourly
power delivery pattern, meaning that different system orientations
produce varying hydrogen outputs, even with comparable total annual
energy. Consequently, each of the other configurations within that de-
mand group underwent a final, detailed refinement. Beginning with the
preliminary count, the number of panels was incrementally altered, and
a complete annual simulation was conducted for each change. This was
done to pinpoint the lowest integer panel count that fulfilled the precise
hydrogen production requirement for that specific hydrogen need. By
systematically applying this staged methodology across all demand
levels, the study ensured an accurately and efficiently sized system for
every unique scenario.

The sizing of the DC-DC converter represented a pivotal aspect of the
system’s design framework. This sizing was dictated by the maximum
hourly power output of the PV array, ensuring that the converter could
effectively handle peak energy production without encountering bot-
tlenecks or energy losses. By opting for a converter capable of accom-
modating the highest energy output levels from the PV system, the
overall efficiency and reliability of the energy conversion process were

significantly enhanced.

2.4. Electrolyser modelling

Electrolysers are electrochemical systems designed to generate
hydrogen by means of water electrolysis. In this study, an alkaline
electrolyser was selected because it represents the most prevalent
technology, owing to its established reliability, affordability, and sub-
stantial capacity for hydrogen production [58]. The equations of the
chemical reactions for the alkaline electrolyser are given.

Anode : 20H — % 0, +H,0 + 2e” (@D)]
Cathode : 2H,0 + 2e~ — H, + 20H 2
Overall Cell : 2H,0 — O, + 2H, 3

The electrolyser model used in this study is an advanced alkaline
device with a maximum power output of 26 kW. It operates at nominal
conditions of 7 bar and 80 °C and consists of 21 bipolar cells connected
in series, each with an active area of 0.25 m? The model has been
created based on the mathematical model of Ulleberg [59]. The same
model was used in other studies to calculate the H, production [60,61].
The cell voltage V. can be calculated with the following equation [62]:
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Vcell = Vrev + Vohm + Vact (4)
rn+rT
Vot ==~ 1 (5)
t+E+5
Ve =2zlog| —L—T141 6)

In these equations, V,,, shows the reversible voltage (1.184 V at 80 °C
and 1 bar), V,pu, is the ohmic losses and V. is the activation losses.
Parameters for the current - voltage curve which are r1, 73,2, t;,t; and t3
were determined considering the study of Ulleberg [59]. T is the oper-
ating temperature (°C), A is the area of the electrode (m?) and I shows
the electrode current (A). The total hydrogen production from the
electrolyser, riy, is:

. Nl
g, = o @)
2
()
A
Np=——""—75f2 (8)

fl+ (%)

Here, 7, is the faraday efficiency, F is the Faraday constant (96,485
coulombs per mol), N is the number of cells in series for one stack, and
f1 and f2 are specific parameters for the modelled electrolyser [59]. The
electrolyser model was validated by comparing the measured values
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[59,63] with the numbers from our model, as shown in Fig. 3.

As stated in earlier sections of this study, the hourly power output
from the PV panels was calculated using the SAM software. It is
important to highlight that increasing the number of cells arranged in
series within an electrolyser generally leads to an increase in its rated
power. Each individual cell in an electrolyser operates at a specific
voltage, and when connected in series, their voltages are summed,
resulting in a higher total voltage for the electrolyser. In designing this
system, both the power generated by the PV system and the current
through the electrolyser were taken into consideration. Assuming a 95 %
efficiency for the DC-DC converter [65,66], power losses between the PV
system and the electrolyser, as well as hydrogen production, were
calculated using a MATLAB/Simulink model. The sizes of the electro-
lysers were selected in multiples of 26 kW to ensure operational effi-
ciency and to avert any potential system overload.

2.5. Hydrogen storage and compressor power

It is well-established that low-pressure hydrogen storage requires a
significantly larger storage volume. Appropriate pressure storage for
industrial application varies from about 30 bar to 1000 bar [67]. In this
study, we have calculated the system properties for two different
hydrogen storage tank pressure values (S,): 30 bar and 350 bar. A review
of the literature highlights that storing hydrogen at 350 bar is commonly
employed due to the cost-effectiveness and widespread use of this
method [68,69]. However, for stationary agro-industrial applications,
where space constraints are typically less critical, and considering safety
factors [70], storage at a lower pressure of 30 bar is also a viable option
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Fig. 3. Comparison between observed [59,64] and calculated values for: a) Hydrogen production, b) Cell voltage and c) Faraday efficiency 7, relative to cur-

rent density.
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and was therefore included in the analysis. The power required for the
compressor was calculated using the following equation [71]:

g () 1]
comp = M-Cp+ A=) =1 9
Peomp b ncomp bi

Here, m is the mass flow rate of the hydrogen (kg/s), ¢, is the specific
heat at constant pressure, Ty is the hydrogen temperature before the
compression in kelvin, 7, is the compressor efficiency, p is the inlet
pressure and p; is the outlet pressure of the hydrogen and k is the ratio of
hydrogen specific heats (assumed constant). k and ¢, were taken as 1.4
and 14.4 kJ/(kg K), respectively. The compressor efficiency was
assumed to 75 % [72] and the py and T}, values were defined according
to the modelled electrolyser [59].

Furthermore, the power of the compressor was entirely provided by
the PV system, indicating that there were no supplementary energy re-
quirements for compressor operation. Analysis reveals that approxi-
mately 2 % and 7 % of the total power output from the PV system must
be allocated to the compressors for storage pressures of 30 bar and 350
bar, respectively (see Eq. (9)). This allocation further underscores the
self-sufficiency and efficiency of the proposed system design.

2.6. Hydrogen demand

A literature review indicates that low-capacity boilers (0.1-4 MW)
generally achieve efficiencies between 90 % and 92 % [73]. Previous
studies on Hy-CH4 mixtures have reported boiler efficiencies of up to 92
% [28,30]. However, for f ratios higher than 0.2, the installation of two
boilers was considered: one operating 100 % on methane and the other
operating 100 % on hydrogen. In this study, the boiler efficiency is
assumed to be 92 % for systems operating on a single type of fuel, either
pure methane or pure hydrogen. In contrast, for the co-firing configu-
ration involving a 20 % hydrogen-methane mixture (corresponding to
the seasonal storage case with f = 0.2), a slightly lower efficiency value
of 90 % is considered. This reduction reflects possible performance
losses when a boiler originally optimized for natural gas is used with a
blended fuel composition. Such a conservative assumption aligns with
observations in previous studies. For example, Boulahlib et al. [33]
experimentally demonstrated that thermal efficiency tends to decline as
the hydrogen content in the mixture increases. Likewise, Wang et al.
[28] reported that industrial boilers not fully optimized for
hydrogen-rich fuels exhibit efficiency drops as the hydrogen share rises.
Although several studies indicate that introducing up to 20 % hydrogen
does not significantly impact boiler integrity or component wear, a
minor decrease in operational efficiency remains plausible [45].
Therefore, adopting a 2 % efficiency reduction for this co-firing case
provides a reasonable and literature-supported estimation.

The properties of Hy and CH4 used were taken from Ref. [27]. To
ensure a consistent basis for thermodynamic calculations, the volu-
metric fraction (f) was first converted to a mass fraction (wg,) for each
fuel blend scenario. The mass fraction of hydrogen is given by:

fpu
= - "2 10
s = F o+ 0~ P, 4o
wc, =1 — wpy, an
Pmixture :f'pH2 + (1 7f)'/)CH4 (12)

Subsequently, the mass-based Higher Heating Value (HHVpmixur.) of the
fuel blend was determined using a mass-weighted average of the indi-
vidual fuel components:

HHVisure(kWh/kg) = (wp,-HHV4,) + (@cn,-HHVy, ) (13)

The properties of the pure fuels and the calculated properties for the
mixtures are shown in Table 1.
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Table 1
Properties of Hydrogen, Methane and their mixtures [27].
H, CH,4 f=02 f=05 f=075 f=1
W, 1 0 0.03038 0.11139 0.27328 1
WcH, 0 1 0.96962 0.88861 0.72672 0
p [kg/ 0.09 0.718 0.5924 0.404 0.247 0.09
m®]
HHV 39.35 15.405 16.133 18.07274 21.94951 39.35185
[kWh/
kg]

The following formula was used to calculate the required quantities
of Hy and CH4 to meet the energy demand of the boiler [74]:

Myt = Quuet / HHVjy a4

Here, my,; shows the required fuel mass in kg, Qg is the heat demand
(kWh) and HHV; is the higher heating value of the fuel mixture (kWh/
kg).

The objective was to meet the boiler’s thermal energy demand (1.98
GWh) using a combination of hydrogen and methane. Table 2 presents
the annual hydrogen demand required to satisfy this thermal load for the
four f ratios considered. In contrast, the estimated annual methane
consumption needed to meet the full 1.98 GWh energy demand using
only methane would be approximately 128,526 kg.

2.7. COy savings and Nox emissions

The reduction in CO5 emissions was estimated based on the avoided
methane consumption, multiplied by its global warming potential
(GWP). Although methane combustion primarily produces CO, and
H20, additional factors must be considered, such as methane leakages
from oil and gas operations. The emission metrics provided by IPCC
indicates that CH4 has a radiative forcing 29.8 times greater than CO4
over a 100-year horizon (GWP;¢) and 82.5 times greater over a 20-year
horizon (GWP4). Methane also acts as a precursor to tropospheric ozone
(03) [69,75]. For these reasons, the avoided CO, emissions cannot be
approximated solely by the 2.75 kg of CO-, released per kg of CH4 burned
[76]. Following the Guidelines provided by IPCC, a value of 3.11 kg of
CO;, released per kg of CH4 burned were used for the economic assess-
ment. Details regarding the chosen values are provided in Appendix C.

This techno-economic study did not include a predictive model for
NOx emissions, as there is still no clear consensus in the literature on
how hydrogen addition influences them [34]. The effect of hydrogen
enrichment on NOx formation is quite complex, involving a balance
between competing physical processes. On one hand, introducing
hydrogen can intensify NOx generation by raising combustion temper-
atures and increasing reactive radicals such as OH, H, and O that facil-
itate thermal NO formation. On the other hand, hydrogen’s combustion
characteristics allow for stable flame operation even at higher excess air
ratios. Operating under these leaner conditions can lower the flame
temperature sufficiently to counteract the mechanisms that promote
NOx formation, potentially leading to an overall reduction in emissions
[27].

2.8. Economic assessment

The economic model proposed to analyze the full-scale investment
consists of the initial investment and maintenance costs of all

Table 2
Properties of the fuel mixture, H, and CH,4 need in kg.
f=02 f=05 f=075 f=1
H, need in kg/year 3729.12 12,203.2 24,651.7 50,315.3
CH4 need in kg/year 119,000 97,354.1 65,555.3 0
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components, components’ amortization and degradation with residual
values, and benefits from cost-savings from the reduced methane
needed. The output of the economic analysis is the Net Present Value
(NPV) of the investment, expressed as the difference between net present
benefits (methane savings) and net present costs (installation and
maintenance costs). In this analysis, a Monte Carlo simulation approach
is employed, assuming that a given set of input parameters is randomly
generated from predefined probability distributions. The Monte Carlo
simulation method is widely adopted to investigate the behavior of
deterministic models when the main input parameters are allowed to
vary according to specified probability distributions [77]. The following
section describes the input variables and the corresponding probability
distributions adopted for the simulation. A total of 10,000 model rep-
lications were performed to obtain the final outputs of the analysis. A
sensitivity analysis on parameters and full discussion of all main as-
sumptions of the model were also provided. A time horizon of 15 years
was assumed.

2.8.1. Component costs and residual value

Components fixed costs include the compressor, the electrolyser, the
converter, the PV panels, the Storage unit, and the additional boiler
needed (only for certain scenarios, as explained in previous sections).
The CAPEX for compressor, electrolyser and converter, are reported in
Table 3, Panel a, while for the boiler, since it is scenario-specific, it is
reported in Table B1. Moreover, we consider for each component yearly
maintenance costs to be paid from year 1 to year 15, scaling with
inflation. The maintenance cost is assumed to be 2 % of the initial CAPEX
[21,78]. The cost for PV panels and storage are considered as an input of
the Monte Carlo simulation (Table 3, Panel b). For those parameters, we
assume uniform distribution between, respectively 550 €/kW and 800
€/kW for the PV panels and 75 €/kg and 150 €/kg for the storage. The
maintenance (O&M) costs for these two parameters will be, for each
simulation, the 2 % of the sampled cost. In other words, for each
replication of the model, the O&M percentage on the CAPEX is constant.

The time horizon of the project, 15 years, matches the minimum
lifetime among components, which is the one of the converter [85,86].
For the other components, it is assumed a life-span of 25 years, and a
residual value at year 15 which should be interpreted as the value
generated by the asset after the end of the project lifetime, by selling or
by employing it in other projects. The residual value of component ¢
(RV,) is computed using a linear depreciation method:

RL capEx. 5)

RV.=
T TL

Where RL. and TL. are the residual life and the total life of the

Table 3
Cost considered for the economic analysis.
CAPEX 0&M Life time Inflation
rate
Panel a
Compressor 7250 €/kW [79,80] 145 €/kW 25 years 1.50 %
[81]
Electrolyser 750 €/kW [80,82] 15 €/kW 25 years 1.50 %
[82,83]
Converter 85 €/kW [84-86] 1.7 €/kW 15 years 1.50 %
[85,86]
Panel b Distribution
PV panels Uniform (550 2 % of the 25 years 1.50 %
€/kW,800 €/kW) simulated cost [20,86,
[87,88] 89]
Storage Uniform (75 2 % of the 25 years 1.50 %
€/kg,150 €/kg) [90] simulated cost [20,89]

Note: This table provides the main fixed capital costs for the economic assess-
ment, as well as the inflation rate and the O&M costs considered. Some values
have been readapted from the displayed references to ensure consistency with
the context and the objectives of this study.
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component c, respectively. The net present value of all costs was
computed by summing the CAPEX with the O&M costs and the residual
value of all components, specifically discounted to take into account the
time value of money.

For hydrogen energy projects, discount rate typically fall in the range
between 2 % and 15 % (e.g., see Refs. [91-94]). In this work, a discount
rate of 4 % was assumed to highlight potential benefit in the long term of
energy and green projects, while large discount rates tend to discourage
investment that have positive return in the longer term. A sensitivity on
this value was also provided in the range of 3 %-8 %.

The final Net Present Total Costs (NPTC) is a function of the PV tilt
and azimuth, the storage pressure S, and the f ratio used, and it is
computed as follows:

OPEX,.(1+v.)" RV,
NPTC = ZCAPEX + ZZ TR (16)

Where v and 6 are the inflation rate and the discount rate, respectively.

2.8.2. Methane savings

The methane savings from its substitution with hydrogen were
included in the economic assessment for each scenario (Table B1), for
both daily storage and seasonal storage. The prices and inflation rate
considered in this analysis represent a balance between insights from
previous academic research and real-world market trends. Notably,
methane prices can experience significant fluctuations due to geopolit-
ical factors. To account for these uncertainties, data from the Eurostat
database of Natural gas price statistics database [95] were used to
consider fluctuations of this parameter, focusing on non-household
consumers. These data are provided in €/kWh and were converted to
€/kg by dividing by the methane higher heating value (HHV) reported in
Table 1. Henceforth, the natural gas price was adopted as an input for
the Monte Carlo simulation, assuming uniform distribution between its
maximum and minimum level in Italy between 2021 and 2022-sl.
2022-s2, 2023 and 2024 were excluded since there was a huge spike
variations that might distort the analysis. As a matter of fact, 2022-s2 are
three times higher than 2021-s1 data, while 2023-s2 and 2024-s1 data
are both lower than 2022-s1. For daily storage, a uniform distribution
between 0.4636 €/kg and 0.6932 €/kg was used for the summer period,
and a between 0.6932 €/kg and 0.9226 €/kg for the winter period. For
the seasonal storage, a uniform distribution between 0.4636 €/kg and
0.9226 €/kg was applied. The assumed inflation rate for methane is 3 %,
for which a sensitivity analysis was provided. The Net Present Benefit
(NPB) from methane savings was computed by simply discounting each
year savings:

NPB= Z

1+ VCH4 a7
1 +6)

Where vcy, represent the methane inflation rate, and thus MS(1 + ve, )
is the annual positive cashflow from saving methane.

The main variable of interest considered to perform the economic
assessment was the Net Present Value. From the NPTC and the NPB, it is
possible to derive the NPV of the investment, as the difference between
the two values in egs. (16) and (17);

B MS(1+ vm, OPEX“ + OPEX. (1 +v.)'
—_— CAPEX, +

NPV = Z T

t=1

721+5

18)

Given the model’s assumptions, the NPV will be negative in nearly all
scenarios. Therefore, it should not be viewed in isolation but rather in
the context of a cleaner production and of the investment impact on
reducing GHG emissions by lowering methane usage. Henceforth, as an
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additional result aimed to analyze the potential public support for the
green transition (in the form of a grant that covers a part of the initial
capital cost), we compute the minimum Public Funding Rate (PFR) for
each scenario. The minimum PFR was defined as the value that sets the
Net Present Value of the investment equal to zero. Therefore, the PFR is
computed as follows:

15 MS(1 +vew, )" OPEX,,(1 +vc)
2= T (1 - PFR)S CAPEX, e 2
yoME e I Soapex + 30y P

RV,
( 5)15

=0
19
The minimum PFR is crucial as it provides a benchmark for under-
standing how public support can help enterprises in the green transition
by reducing the financial burden of sustainable investments on their
operations. Specifically, a minimum PFR of 40 % indicates that if public

grants cover 40 % of the initial CAPEX, the investment in the green
transition reaches the break-even point.
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Lastly, to assess cost-effectiveness, in relation to the public support,
we calculate the ratio between saved COz¢q emission and the public
funding that can support the investment at zero NPV. This variable, that
can be defined as Emissions Saved per euro of Public Support (ESPS) is
measured in kgCOzeq/€, and it can be read as an eco-cost indicator, and
it is computed as follows:

Co2eq savings

ESPS=_——"—"———
SPS PFR-CAPEX,

(20)

The denominator is the amount of money from public support that
reduces the burden of the investment to the singular entrepreneur so
that the NPV is zero. Thus, this indicator could be interpreted as an in-
dicator of efficiency of public spending into the green transition: the
higher the ESPS, the higher the reduction of CO2¢q emission per euro of
public funding support invested.

Table 4
Component sizing for the various scenarios.
No  Tilt Azimuth  Sp, f Ppy, P, Peony, Peomp. Pyp,d Ppp, s Sm.d> Sy Smys, Sys,
[bar] [kw] [kw] [kw] [kw] [kw] [kw] [kg] [m®] kgl [m®]
1 39.05° 149.85° 350 0.20 157.85 130 148 8.5 638 - 14.98 0.64 582.8 24.9
2 39.05° 149.85° 30 0.20 149.8 130 140 2.26 638 - 14.98 6.24 582.9 242.71
3 39.05° 180° 350 0.20 163.45 130 151.7 8.75 661 - 16.17 0.69 556.6 23.78
4 39.05° 180° 30 0.20 155.05 130 143.8 2.32 661 - 16.16 6.73 555.6 231.34
5 12° 149.85° 350 0.20 172.2 130 149.5 8.61 725 - 17.21 0.74 737.3 315
6 12° 149.85° 30 0.20 163.45 130 142 2.3 725 - 17.22 7.17 737.8 307.2
7 12° 180° 350 0.20 174.65 130 152 8.75 731 - 17.59 0.75 728.3 31.12
8 12° 180° 30 0.20 165.9 130 144.5 2.33 731 - 17.60 7.33 730.8 304.3
9 12° 90° 350 0.20 182.7 130 154 8.84 757 - 17.72 0.76 822.8 35.15
10 12° 90° 30 0.20 173.25 130 145.5 2.35 757 - 17.71 7.37 820.8 341.76
11 12° 270° 350 0.20 201.6 156 161.4 9.42 816 - 19.96 0.85 838.3 35.82
12 12° 270° 30 0.20 191.1 156 153 2.5 816 - 19.94 8.30 835.3 347.8
13 39.05° 149.85° 350 0.5 513.45 442 479 279 2084 660 49.00 2.09 1897.9 81.09
14 39.05° 149.85° 30 0.5 490.35 416 457.3 7.38 2082 660 48.94 20.38 1893.1 788.24
15 39.05° 180° 350 0.5 532.35 442 494 28.6 2159 660 52.87 2.26 1810.7 77.36
16 39.05° 180° 30 0.5 507.85 416 471 7.58 2156 660 52.83 22.00 1809.0 753.22
17 12° 149.85° 350 0.5 560 442 485 28.2 2365 660 56.28 2.40 2401.3 102.59
18 12° 149.85° 30 0.5 532.35 442 461.35 7.48 2367 660 56.30 23.44 2403.7 1000.83
19 12° 180° 350 0.5 568.4 442 495 28.7 2386 660 57.55 2.46 2378.6 101.62
20 12° 180° 30 0.5 542.85 416 472.5 7.6 2385 660 57.48 23.93 2373.6 988.31
21 12° 90° 350 0.5 594.3 442 499 28.9 2472 660 57.95 2.48 2683.5 114.65
22 12° 90° 30 0.5 564.55 442 474 7.66 2472 660 57.93 24.12 2679.7 1115.74
23 12° 270° 350 0.5 662.9 468 531 30.72 2667 660 65.16 2.78 2731.5 116.70
24 12° 270° 30 0.5 630 468 504.35 8.15 2667 660 65.16 27.13 2731.6 1137.36
25 39.05° 149.85° 350 0.75 1040.55 858 970.5 56.2 2712 1330 98.90 4.23 3827.8 163.54
26 39.05° 149.85° 30 0.75 991.55 832 925 14.9 2712 1330 98.86 41.16 3825.7 1592.93
27 39.05° 180° 350 0.75 1079.05 858 1001 57.7 2712 1330 106.74 4.56 3654.7 156.14
28 39.05° 180° 30 0.75 1026.9 832 952 15.3 2712 1330 106.70 44.43 3655.1 1521.90
29 12° 149.85° 350 0.75 1135.4 858 984 56.9 2712 1330 113.66 4.86 4851.9 207.29
30 12° 149.85° 30 0.75 1081.85 832 937.6 15.1 2712 1330 113.61 47.30 4848.0 2018.57
31 12° 180° 350 0.75 1149.05 884 1000 57.9 2712 1330 116.22 4.97 4802.0 205.16
32 12° 180° 30 0.75 1092 884 950.35 15.36 2712 1330 116.21 48.39 4801.8 1999.33
33 12° 90° 350 0.75 1201.2 884 1008 58.3 2712 1330 117.02 5.00 5414.6 231.33
34 12° 90° 30 0.75 1144.5 858 960.75 15.45 2712 1330 116.98 48.71 5411.7 2253.29
35 12° 270° 350 0.75 1340.15 936 1072.9 62 2712 1330 133.98 5.72 5515.6 235.65
36 12° 270° 30 0.75 1276.8 910 1022.15 16.5 2712 1330 133.89 55.75 5514.6 2296.15
37 39.05° 149.85° 350 1 2130.45 1716 1987 114.63 2712 2712 7806.5 333.53 7806.5 333.53
38 39.05° 149.85° 30 1 2021.6 1716 1885 30.41 2712 2712 7804.0 3249.42 7804.0 3249.42
39 39.05° 180° 350 1 2203.6 1742 2044.2 117.8 2712 2712 7461.7 318.80 7461.7 318.80
40 39.05° 180° 30 1 2090.9 1742 1940 31.24 2712 2712 7457.4 3105.11 7457.4 3105.11
41 12° 149.85° 350 1 2324.35 1716 2014.3 116.0 2712 2712 9891.5 422.61 9891.5 422.61
42 12° 149.85° 30 1 2206.05 1716 1912 30.8 2712 2712 9896.0 4120.49 9896.0 4120.49
43 12° 180° 350 1 2355.5 1742 2050 118.0 2712 2712 9790.7 418.307 9790.7 418.307
44 12° 180° 30 1 2235.45 1742 1945 313 2712 2712 9792.7 4077.48 9792.7 4077.48
45 12° 90° 350 1 2462.6 1742 2068 119.0 2712 2712 11,043.0 471.81 11,043.0 471.81
46 12° 90° 30 1 2333.45 1742 1962 31.56 2712 2712 11,043.0 4598.08 11,043.0 4598.08
47 12° 270° 350 1 2744 1872 2197 126.6 2712 2712 11,253.4 480.80 11,253.4 480.80
48 12° 270° 30 1 2604 1872 1872 33.57 2712 2712 11,253.4 4685.7 11,253.4 4685.7
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3. Results and discussion
3.1. Component sizing

System sizing for key components and an economic analysis were
conducted for both storage approaches to evaluate their feasibility.
Table 4 illustrates the necessary system properties corresponding to
different values of f, S,, and PV system azimuth and tilt angles for the
seasonal and daily storage. In this table, S, 4 and S, 4 denote the storage
size (kg) and volume for daily storage, while S,,; and S, refer to the
seasonal storage scenario. Similarly, boiler sizes (Pp) are denoted with
subscripts indicating the fuel and the storage strategy (d for daily, s for
seasonal).

In addition to the hydrogen production and storage components, the
sizing of the steam boiler(s) required to meet the constant thermal de-
mand of the facility was determined. Following the approach outlined in
Section 2.2, a single boiler capable of handling H>-CH4 blends is
assumed for f = 0.2 in the seasonal storage scenario, thus requiring no
new hydrogen boiler (P 1, s = 0 for the f = 0.2). In the case of f = 1, even
if only a single boiler is in operation, the purchase of a new boiler
capable of operating with 100 % hydrogen is considered. For all other
cases, a dual-boiler system is considered, comprising one boiler oper-
ating solely on methane (P,cp4) and another operating solely on
hydrogen Py ,. The sizing logic differs significantly between daily and
seasonal storage strategies due to operational dynamics.

For daily storage, the methane boiler size P, cpy, 4 was set to the
maximum required capacity (2712 kW) for all daily scenarios. This
conservative approach ensures that the entire thermal demand can be
met by methane during potential consecutive days of low/no hydrogen
production or availability. Similarly, for the hydrogen boiler in the daily
scenario (Py , q), sizes for f = 0.75 and f = 1 are based on the boiler
being able to handle the full thermal load independently. This accounts
for potential periods, particularly during summer, where the system
might operate entirely on hydrogen for several days. The minimum
calculated Py ¢, 4 was 638 kW (observed in scenarios 1 and 2).

In the seasonal strategy, where daily consumption rates of Hy and
CH4 are assumed to be constant for a given f, the required boiler sizes
(Pp 1, s and Py cp, 5) take on a fixed value for each f ratio (P g s = O for f
= 0.2). The required methane boiler sizes (P ¢, ) for f = 0.2, 0.5, 0.75,
and 1.0 correspond to values 2712 kW, 2052 kW, 1382 kW, and 0 (no
methane boiler), respectively.

The component sizing for hydrogen production varies significantly
based on the selected storage and utilization strategy, f and S,. As ex-
pected, the amount of hydrogen to be produced increases with rising f,
necessitating larger and more powerful system components. For
instance, at f = 1, nearly 13.5 times more hydrogen is required
compared to f = 0.2 (see Table 2), leading to substantial increases in the
number of PV panels (Npy), power demands from the electrolyser (Py),
and storage capacities (Sy and S,,).

This scaling effect is clearly reflected in system sizing. The maximum
Npy is required for the scenario with an azimuth angle of 270°, a tilt of
12°, an f ratio of 1.0, and an S, of 350 bar, where 7840 PV panels are
necessary to meet hydrogen production demands. Correspondingly, the
photovoltaic power output (Ppy) reaches its maximum value of 2744 kW
in this same configuration. Conversely, the minimum Npy, only 428
panels, and Ppy of 149.8 kW are observed for f = 0.2, with an azimuth of
149.85°, a tilt of 39.05°, and an S, of 30 bar.

The tilt and azimuth angles of the PV system also play critical roles in
determining energy yield and component sizing. A 39.05° tilt consis-
tently results in higher instantaneous energy outputs compared to a 12°
tilt, thus enabling smaller component sizes for equivalent hydrogen
output. This is due to increased solar irradiance capture at steeper angles
in the selected region. However, while 39.05° is optimal for energy
capture, the 12° tilt remains a practical solution for certain applications,
such as installations on agricultural rooftops, where structural con-

10
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straints limit tilt flexibility. The maximum electrolyser power (P) of
1872 kW occurs at f = 1, with an azimuth of 270° and a tilt of 12°, under
both 30 bar and 350 bar storage conditions. This high power demand
reflects the substantial energy input required to produce larger
hydrogen quantities. The electrolyser HHV efficiency (5,) remains
relatively stable across all scenarios, ranging from 74.00 % (Scenario 28)
to 75.38 % (Scenario 12), values in line with literature [96]. This rela-
tively stable efficiency, coupled with the increasing power demand (P,;)
as f grows, suggests that while the electrolyser technology is well opti-
mized, scaling up hydrogen production requires substantial increases in
energy input, further reinforcing the need for efficient energy generation
and storage strategies.

Compressor and converter power (Pcomp and Pcony) also increase with
f, azimuth, and tilt adjustments. The maximum Py, 126.6 kW, is
recorded at f = 1, azimuth 270°, tilt 12°, and S, = 350 bar, compared to
just 9.42 kW for f = 0.2 under the same azimuth, tilt and pressure
conditions. The minimum Pcnp, just 2.26 kW, is observed for f = 0.2
with an azimuth of 149.85°, a 39.05° tilt, and 30 bar storage. This wide
variation reflects the impact of both hydrogen volume and compression
pressure. P, follows a similar pattern. The maximum Pyopy, 2197 kW, is
required under the same extreme scenario as the maximum Npy, f = 1,
azimuth 270°, tilt 12°, and S, = 350 bar. The minimum, just 140 kW, is
required at f = 0.2, azimuth 149.85°, tilt 39.05°, and 30 bar storage,
corresponding to the lowest PV power output and hydrogen demand.

Hydrogen storage capacity also reflects the interplay of f, storage
pressure and utilization strategies (daily and seasonal). At lower pressure
(30 bar), the volumetric storage requirement (Sy) increases substantially
due to hydrogen’s lower density. For instance, at f = 0.2, tilt 39.05°, and
azimuth 149.85° and seasonal storage, Sy is 242.71 m?® at 30 bar but
only 24.9 m? at 350 bar, a tenfold reduction. The maximum Sy, 4685.7
m?3, is observed at f =1, 30 bar pressure, 12° tilt, and 270° azimuth, for
both daily and seasonal scenarios.

In contrast, the smallest required Sy, just 0.64 m?, is found for f=
0.2, a tilt of 39.05°, an azimuth of 180°, and 350 bar and daily storage.
This dramatic difference in storage volumes highlights the critical
importance of selecting appropriate pressure levels, as lower-pressure
systems may incur higher spatial and infrastructure costs.

In terms of mass-based storage, the maximum S, (11,253.4 kg) also
occurs at f = 1, 12° tilt, and 270° azimuth for both 30 bar and 350 bar
and daily and seasonal configurations. The minimum value, S, = 14.98
kg, is found for the daily storage scenario at f = 0.2, 39.05° tilt, and
149.85° azimuth. These mass storage values further underscore the
scalability of the system, with significantly higher hydrogen storage
requirements for increased f ratios.

Overall, the component sizing results clearly illustrate that
increasing hydrogen production (via higher f ratios) requires a corre-
sponding upscaling of nearly every system parameter, from PV panel
count and power ratings to compression and storage infrastructure. The
difference between seasonal and daily storage strategies lies, in most
scenarios, primarily in a higher storage capacity for seasonal, and a
higher hydrogen boiler capacity for daily. Conversely, the sizes of the PV
system, converter, compressor, and electrolyser determined for daily
storage are equivalent to those for seasonal storage, provided that the f
ratio, azimuth angle, tilt angle, and storage pressure remain constant.

This equivalence arises from the fact that the annual hydrogen pro-
duction is consistent across both scenarios, leading to the sizing of sys-
tem components being based on this uniform annual production volume.
For seasonal storage, the system was assumed to commence operations
on the 71st day of the year (March 12), a timing that effectively reduces
storage requirements. From this day onward, the cumulative net
hydrogen, calculated as the difference between hydrogen production
and consumption, remains consistently above zero. This approach ne-
gates the necessity for external hydrogen supplementation and guaran-
tees that the minimum storage capacity required to fulfil the system’s
demands is attained. In the context of daily storage, operations do not
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formally commence on the 71st day. However, for the f ratio equals to
1.0, a similar trend is observed: from this day onward, cumulative
hydrogen continues to increase without any reduction. Thus, the
hydrogen storage requirements for both daily and seasonal storage sce-
narios align, since the surplus hydrogen produced after the 71st day is
stored in both instances.

3.2. Economic results

This section presents the results of the economic assessment
described in section 2.8. Table 5 summarizes the results of the NPV,
minimum PFR and ESPS for each methane/hydrogen fraction in the
scenarios, (i.e. 20 %, 50 %, 75 % and 100 %), for both daily and seasonal
storage. The table shows the minimum, average and maximum NPV,
average minimum PFR and average ESPS for seasonal storage (Panel A),
for daily storage (Panel B), for f = 1 (Panel C) and the difference in ab-
solute terms between seasonal and daily (Panel D). It also provided a
reference for the best scenario, defined as the one that most frequently
appears as optimal across the Monte Carlo simulation replications. The
numbers in parentheses indicate the second-best scenario, observed in
cases where a different scenario emerges as optimal in some
replications.

As expected, the NPV for all scenarios is quite negative, due to the
fact that the only positive cash flow in the investment is related to the
methane savings, which cannot fully cover all the NPV costs. Specif-
ically, within the CAPEX, the main source of costs are the fixed costs of
the PV systems and the electrolizer, which together account for between
50 % of the total CAPEX of the investment. As a result, the methane
savings over the 15-year horizon cover only a small fraction of the total
NPV of the investment. The highest NPV (the less negative one), for each
£, is found with a PV tilt of 39.05°, a PV azimuth of 149.05° and a S, of
30 bar, with only few exceptions (less than 10 times over 10,000 rep-
lications) for the seasonal storage model. This combination always en-
sures the lowest CAPEX, regardless of the methane/hydrogen
combination used. In addition, the lowest NPV is always obtained for
combinations of PV tilt, PV azimuth and S, of 12°, 270° and 350 bar
respectively.

As the methane savings cover only a small part of the net present
costs for both daily and seasonal storage, the average minimum public
funding rate for all scenarios is around 70 %. This means that public
support in the form of a subsidy would have to cover at least the 70 % of
the initial investment in order to match the net present revenue and net

Table 5
Results of the economic assessment.
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present cost. In this way, public support could reduce the burden on the
entrepreneur for this sustainable investment. In terms of emission sav-
ings calculated over a 15-year time horizon, this results in an average
ESPS of between 1.58 and 2.14 kgCOx/€ across the various scenarios.
This means that for every euro of public support received, the invest-
ment leads to a reduction in emissions of between 1.58 and 2.14 kg of
COg2¢q. The amount of CO; saved in every scenarios is provided in
Table B1.

The comparison between daily and seasonal storage gives interesting
results. When the hydrogen proportion is 20 %, the difference between
the two cases is minimal, with an average value of €4532.27 in favour of
seasonal storage. This means that there is no significant difference in
terms of economic investment between the two cases when the hydrogen
content is low. On the other hand, when the hydrogen fraction increases
(i.e. f = 0.5 or f = 0.75), the difference between seasonal and daily
storage becomes significant, reaching between 25 % and 30 % of the
average NPVs in favour of daily storage. We can therefore conclude that
when the proportion of hydrogen is limited, daily and seasonal storage
have a similar economic evaluation. On the other hand, when the
hydrogen content is high, daily storage is the most economically viable
option.

3.2.1. Sensitivity tests

To corroborate the results of the main analysis, a sensitivity analysis
based on the main parameters considered was provided. While the
Monte Carlo simulation method offers solid support for the estimated
parameters given the assumed distributional specifications, the methane
inflation rate and the discount factor were considered as fixed param-
eters without associated distributions. As a result, potential uncertainty
associated with these parameters was not captured by the previous
analysis, which could alter the outcome of the economic assessment.

Firstly, the analysis focuses on the methane inflation, as energy and
raw material prices and inflation could be highly volatile. This approach
aims to consider higher fluctuations of methane prices, as energy prices
and inflation are highly volatile for various reasons, such as macroeco-
nomic context and geopolitical factors, market factor and public in-
vestments, energy policies [97]. Subsequently, a sensitivity analysis is
conducted on the discount rate, which represents the time value of
money and can be interpreted as the required rate of return of the po-
tential investors/entrepreneurs in the project.

The sensitivity analysis is provided by repeating the Monte Carlo
simulation using the same distributional function as in the main analysis

Panel A: Seasonal storage

f Min NPV Average NPV Max NPV Average Min PFR Average ESPS Best scenario
0.2 —285,265.41 € —213,265.26 € —144,237.28 € 71.74 % 1.72 kgCO2cq/€ 2(4)

0.5 —980,838.75 € —750,748.50 € —530,018.88 € 73.77 % 1.58 kgCO2eq/€ 14 (16)

0.75 —1,929,931.50 € —1,464,942.73 € —1,018,867.06 € 73.04 % 1.63 kgCOxeq/€ 26 (28)

Panel B: Daily storage

f Min NPV Average NPV Max NPV Average Min PFR Average ESPS Best scenario
0.2 —251,486.47 € —217,797.53 € —184,555.11 € 73.81 % 1.71 kgCO2eq/€ 2

0.5 —711,122.94 € —600,938.75 € —492,212.22 € 70.17 % 1.95 kgCO2eq/€ 14

0.75 —1,330,787.75 € —1,108,072.07 € —888,300.19 € 68.10 % 2.14 kgCO2¢q/€ 26

Panel C

f Min NPV Average NPV Max NPV Average Min PFR Average ESPS Best scenario
1 —3,632,805.50 € —2,948,772.72 € —2,274,879.00 € 72.82 % 1.65 kgCO2eq/€ 38

Panel D: Comparison (Seasonal - Daily)

f Min NPV diff. Average NPV diff Max NPV diff Average Min PFR diff Average ESPS diff

0.2 —33,778.94 € 4532.27 € 40,317.83 € —2.07 % 0.01 kgCO2eq/€

0.5 —269,715.81 € —149,809.75 € —37,806.66 € 3.60 % —0.37 kgCOzeq/€

0.75 —599,143.75 € —356,870.66 € —130,566.87 € 4.94 % —0.51 kgCOzeq/€
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and replicating each 10,000 replication on a different value of either the
methane inflation rate or the discount rate. For the inflation rate, we
chose an interval between 2.5 % and 10 %, while for the discount rate
we chose a range between 3 % and 8 %. For both ranges, the sensitivity
analysis uses a grid of 100 values. So, for example, it is replicated the full
analysis using the previous Monte Carlo approach for the methane
inflation rate in the grid between (2.5 %; 2.58 %; 2.65 %; ...; 9.93 %;
100 %).

The results of the sensitivity analysis are reported in Table 6. Table 6,
Panel A shows that changes in the inflation rate of methane could
potentially significantly affect the NPV in all scenarios. Results indicate
that, regardless of the scenario or the fraction f, increasing the methane
inflation rate from 2.5 % to 10 % leads to an improvement (a reduction
in the absolute value of the negative NPV) of approximately 30 %. For
this reason, it is provided in Figs. 4 and 5 the plots of the sensitivity
analysis performed for the methane inflation rate for daily storage and
seasonal storage. The figure shows the variation in NPV across different
methane inflation rates relative to the benchmark NPV from the main
analysis (with the inflation being 3 %). As the methane inflation rate
rises, the NPV tends to increase, especially for larger values of f. Since,
for each value of the methane inflation rate under analysis the full Monte
Carlo simulation (i.e., the 10,000 replications) is repeated, the price of
methane follows the distribution used in the main analysis.

Finally, the sensitivity of the discount rate is shown in Table 6, Panel
B. Here, a less conservative range was chosen, i.e. the discount rate
varied between 3 % and 8 %. It is also necessary to consider that, for
green investments aimed at improving companies’ sustainability prac-
tices, a lower discount rate should be recommended to give more weight
to future cash flows and reduce the relative importance of initial outlays.
The results obtained do not appear to be significantly affected by vari-
ations in the discount rate.

Table 6
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Fig. 4. Change in NPV for daily storage at different methane inflation rate.
4. Conclusions

This study evaluated the integration of green hydrogen produced via
solar photovoltaic (PV) systems into the dairy industry, specifically as a
substitute for methane in steam generation. The production of Parmi-
giano Reggiano cheese was selected as a representative example of a
hard-to-abate industrial process, where hydrogen adoption could
significantly contribute to decarbonization. Nevertheless, many of the
findings from this analysis can be generalized to other thermal process
applications. A range of scenarios was examined to assess the techno-
economic feasibility of hydrogen implementation, accounting for vari-
ables such as PV system orientation (which may be limited by rooftop
configuration), hydrogen storage pressure, and the hydrogen-to-
methane volume ratio in fuel blends. Although the scenarios exhibit
varying levels of profitability, none achieved a positive Net Present
Value (NPV) over a 15-year analysis period. The most favorable

Sensitivity analysis of the economic assessment on methane inflation rate (Panel A) and on the discount rate (Panel B).

Panel A: Sensitivity on methane inflation rate

f Inflation rate interval Benchmark Min NPV Average Max NPV

1 2.5 %; 10 % —2,949,736.17 € —2,991,008.25 € —2,593,142.68 € —2,090,705.50 €
Daily storage

f Inflation rate interval Benchmark Min NPV Average Max NPV

0.2 2.5 %; 10 % —217,797.53 € —221,357.41 € —192,508.45 € —157,450.80 €
0.5 2.5 %; 10 % —600,938.75 € —612,573.13 € —518,310.99 € —403,765.34 €
0.75 2.5 %; 10 % —1,108,072.07 € —1,131,580.13 € —941,138.82 € —709,721.06 €
Seasonal storage

f Inflation rate interval Benchmark Min NPV Average Max NPV

0.2 2.5 %; 10 % —213,265.26 € —216,391.53 € —186,248.20 € —148,182.14 €
0.5 2.5 %; 10 % —750,748.50 € —760,758.25 € —664,262.55 € —542,404.63 €
0.75 2.5 %; 10 % —1,464,942.73 € —1,485,161.50 € —1,290,231.80 € —1,044,065.19 €

Panel B: Sensitivity on the discount rate

f Discount rate range Benchmark Min NPV Average Max NPV

1 3 %; 8 % —2,949,736.17 € —3,363,894.25 € —3,111,386.14 € —2,787,470.50 €
Daily storage

f Discount rate range Benchmark Min NPV Average Max NPV

0.2 3 %; 8 % —217,797.53 € —247,469.88 € —229,376.08 € —207,083.17 €
0.5 3 %; 8 % —600,938.75 € —694,059.88 € —637,240.68 € —567,618.25 €
0.75 3 %; 8 % —1,108,072.07 € —1,292,528.13 € —1,179,944.53 € —1,042,374.19 €

Seasonal storage

f Discount rate range Benchmark Min NPV Average Max NPV

0.2 3 %; 8 % —213,265.26 € —244,282.67 € —225,368.90 € —201,128.75 €
0.5 3 %; 8 % —750,748.50 € —852,417.38 € —790,442.22 € —710,855.94 €
0.75 3 %; 8 % —1,464,942.73 € —1,668,526.75 € —1,544,410.44 € —1,385,146.25 €
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Fig. 5. Change in NPV for seasonal storage at different methane inflation rate.

outcomes occurred in scenarios that combined high inflation and
methane prices, conditions under which hydrogen integration offers
protection against market volatility. Still, the high capital expenditure
(CAPEX) associated with hydrogen systems presents a major barrier. The
most economically viable cases were those with lower investment re-
quirements, particularly scenarios with a fuel blend ratio (f) of 0.2 and
seasonal hydrogen storage, where a single boiler could be used for both
hydrogen and methane, avoiding the need for duplicate infrastructure.
Moreover, these scenarios offer the added value of allowing excess solar
energy generated during high-irradiance months to be stored and uti-
lized during periods of lower solar availability. This highlights the po-
tential role of hydrogen as a seasonal energy carrier. Conversely,
scenarios relying solely on hydrogen (f = 1) were the least profitable,
despite offering the highest emissions savings (up to 400 tonnes of
CO2¢q) annually, based on the production scale considered. However,
the use of pure hydrogen also introduces operational risks, especially
due to the potential for fuel supply interruptions, which could negatively
impact both product quality and manufacturing continuity. In industries
like dairy, where uninterrupted energy supply is critical, such risks must
be carefully managed. Overall, the analysis highlights the vital role of
public funding and policy incentives in supporting the economic
viability of hydrogen-based transitions. For the investments evaluated,
and over a 15-year time horizon, the emissions avoided per euro of
public support range between 1.58 and 2.14 kg COzeq/€. The results
underscore the economic challenges of using hydrogen for thermal
process decarbonization under current cost and infrastructure condi-
tions, particularly when compared to the low prevailing cost of fossil
fuels such as methane. Limitations and future work: this study does not
model potential regulatory constraints related to hydrogen storage and
combustion; future work should incorporate permitting and compliance

International Journal of Hydrogen Energy 191 (2025) 152228

costs. In addition, comparative analyses with battery storage and high-
temperature heat pumps, including partial and fully electric configura-
tions, would further clarify the relative merits of alternative decarbon-
ization pathways.
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Appendix A Consideration on the surface extension of photovoltaic plant

Among the 36 seasonal, 36 daily and 12 fully hydrogen powered scenarios evaluated, considering an area of 1.748 m? per 350 W solar panel, the
photovoltaic plant size ranges between a minimum of 748 m? and a maximum of 13,709 m2. The largest surface corresponds to the scenario with a 12°
tilt and 270° azimuth (west orientation). All scenarios modelled in this study are based on an annual production of 30,000 wheels of Parmigiano
Reggiano, which requires approximately 16.5 million kg of milk, assuming that each wheel requires 550 kg of milk [42]. With an average daily milk
yield of 35 kg per lactating cow, a herd of 1292 lactating cows is needed. Considering that in a typical Parmigiano Reggiano production system the
herd structure is composed of 2.09 total heads per lactating cow (including dry cows, heifers, and calves), the total herd size is estimated at
approximately 2700 heads. The space required to accommodate such a population varies depending on the housing system. Loose housing systems can
provide up to 22 m? per cow [55], although a more common value for northern Italy is around 10.9 m? per cow [98]. Based on this more conservative
estimation, the total roof area potentially available on barns would be approximately 29,430 m2. Covering just the best-exposed half of this roof area
with photovoltaic panels would be sufficient to meet the electricity demand assumed in this study, even under the worst-case orientation scenario.
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Appendix B

Table B.1
Number of PV panels, electrolyser efficiency, new Hy boiler CAPEX, and CH4 and COxeq savings for different scenarios

Scenario Npy Nets New H; Boiler CAPEX New H; Boiler CAPEX CH4 savings [tonnes/ CO2eq savings [tonnes/ CO2eq savings [gcozeq/
number [%] Daily Seasonal year] year] Kgcheesel *
1 451 74.21 66,499.20 € 0.00 € 9.5 29.7 28
2 428 7422 66,499.20 € 0.00 € 9.5 29.7 28
3 467 74.21 67,382.40 € 0.00 € 9.5 29.7 28
4 443 74.21 67,382.40 € 0.00 € 9.5 29.7 28
5 492 744 69,840.00 € 0.00 € 9.5 29.7 28
6 467 744 69,840.00 € 0.00 € 9.5 29.7 28
7 499  74.37 70,070.40 € 0.00 € 9.5 29.7 28
8 474  74.36 70,070.40 € 0.00 € 9.5 29.7 28
9 522 74.37 71,068.80 € 0.00 € 9.5 29.7 28
10 495 74.38 71,068.80 € 0.00 € 9.5 29.7 28
11 576  75.37 73,334.40 € 0.00 € 9.5 29.7 28
12 546  75.38 73,334.40 € 0.00 € 9.5 29.6 28
13 1467  74.58 115,488.00 € 67,344.00 € 31.2 97.0 92
14 1401 74.08 115,424.40 € 67,344.00 € 31.2 97.0 92
15 1521 74.47 117,888.00 € 67,344.00 € 31.2 97.0 92
16 1451  74.07 117,792.00 € 67,344.00 € 31.2 97.0 92
17 1600  74.77 124,480.80 € 67,344.00 € 31.2 96.9 92
18 1521 74.66 124,544.40 € 67,344.00 € 31.2 97.0 92
19 1624 7473 125,152.80 € 67,344.00 € 31.2 97.0 92
20 1551 74.22 125,120.40 € 67,344.00 € 31.2 97.0 92
21 1698  74.74 127,904.40 € 67,344.00 € 31.2 97.0 92
22 1613  74.63 127,904.40 € 67,344.00 € 31.2 96.9 92
23 1894 74.94 134,144.40 € 67,344.00 € 31.2 97.0 92
24 1800 74.83 134,144.40 € 67,344.00 € 31.2 97.0 92
25 2973  74.32 135,584.40 € 91,092.00 € 63.0 195.9 187
26 2833 74.01 135,584.40 € 91,092.00 € 63.0 195.9 187
27 3083 74.21 135,584.40 € 91,092.00 € 63.0 195.9 187
28 2934 74 135,584.40 € 91,092.00 € 63.0 195.9 187
29 3244 7451 135,584.40 € 91,092.00 € 63.0 195.9 187
30 3091 74.2 135,584.40 € 91,092.00 € 63.0 195.9 187
31 3283  74.66 135,584.40 € 91,092.00 € 63.0 195.9 187
32 3120 74.56 135,584.40 € 91,092.00 € 63.0 195.9 187
33 3432 74.67 135,584.40 € 91,092.00 € 63.0 195.9 187
34 3270 74.37 135,584.40 € 91,092.00 € 63.0 195.9 187
35 3829 74.88 135,584.40 € 91,092.00 € 63.0 195.9 187
36 3648  74.59 135,584.40 € 91,092.00 € 63.0 195.9 187
37 6087 74.08 135,584.40 € 135,584.40 € 128.5 399.7 381
38 5776  74.08 135,584.40 € 135,584.40 € 128.5 399.7 381
39 6296  74.17 135,584.40 € 135,584.40 € 128.5 399.7 381
40 5974 74.18 135,584.40 € 135,584.40 € 128.5 399.7 381
41 6641 74.27 135,584.40 € 135,584.40 € 128.5 399.7 381
42 6303  74.27 135,584.40 € 135,584.40 € 128.5 399.7 381
43 6730  74.33 135,584.40 € 135,584.40 € 128.5 399.7 381
44 6387  74.33 135,584.40 € 135,584.40 € 128.5 399.7 381
45 7036  74.34 135,584.40 € 135,584.40 € 128.5 399.7 381
46 6667  74.34 135,584.40 € 135,584.40 € 128.5 399.7 381
47 7840  74.64 135,584.40 € 135,584.40 € 128.5 399.7 381
48 7440  74.64 135,584.40 € 135,584.40 € 128.5 399.7 381

* Assuming a wheel of Parmigiano Reggiano weighs 35 kg [99].
Appendix C

The amount of fugitive emissions associated with the analysed application falls within a range determined by the technology adopted in each stage
of the natural gas supply chain. The IPCC provides emission factors corresponding to different technologies used in the various phases [100]. In
particular, for natural gas exploration, emission factors range from 20.1 to 0.08 tonnes per million m° of gas, depending on whether operations occur
without flaring or gas capture (onshore unconventional exploration) or with flaring or gas capture (onshore unconventional exploration). For pro-
duction and gathering, emission factors range between 4.09 and 2.54 tonnes per million m® for onshore production, depending on whether higher- or
lower-emitting technologies and practices are employed. For the gas processing segment, emission factors range from 1.83 to 0.75 tonnes per million
m? of gas processed, depending on whether operations occur without LDAR, with limited LDAR and less than 50 % of centrifugal compressors using
dry seals, or with extensive LDAR and at least 50 % of compressors using dry seals. For gas transmission, the range is 3.36 to 1.29 tonnes per million m®
of gas, depending on whether the system employs limited or extensive LDAR and on the share of compressors equipped with dry seals. Regarding gas
storage, emission factors range from 0.67 to 0.29 tonnes per million m® of gas consumed, depending on whether higher- or lower-emitting tech-
nologies and practices are predominant. By summing these contributions and considering a gas density of 0.718 kg/m®, the resulting fugitive
emissions range between 0.04185 and 0.00689 kg CH,4 emitted per kg CH4 consumed. This range aligns with the estimate of 8700 tonnes CH,4 per
billion m® (0.01212 kg CH,4 emitted per kg CH,) for natural gas consumed in Europe, as reported by Shirizadeh et al. [101]. For subsequent calcu-
lations, this European value was adopted, as it represents the best fit, although year-to-year variations in the gas supply chain can lead to fluctuations
in the carbon footprint of CHy utilization. Considering a GWP;¢g of 29.8, this corresponds to 0.36 kg of additional CO,, leading to an overall GWP;p of
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3.11 (2.75 kg from combustion and 0.36 kg from fugitive emissions). Other sources report significantly higher values, such as 5.6 and 6.2 [64,65].
Adopting a lower carbon footprint can therefore be regarded as a conservative assumption, particularly for economic assessments related to potential
subsidies for avoided greenhouse gas emissions.

Appendix D

Table D.1

Economic assessment for f = 0.2 and different boiler efficiency (best scenario 2)

Boiler Efficiency

90 % 92 % Difference
Min NPV —285,265.41 € —278,082.34 € —7183.07 €
Average NPV —213,265.26 € —211,505.95 € —1759.31 €
Max NPV —144,237.28 € —142,386.94 € —1850.34 €
Average Min PFR 71.74 % 72.18 % —0.44 %
Average ESPS 1.72 kgCOageq/€ 1.70 kgCO2geq/€ 0.02 kgCO2eq/€

Data availability

The data and code required to reproduce the main results are openly
available in Mendeley Data at https://doi.org/10.17632/rn9hw79dx;j.1.
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