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Abstract—This study addresses the need for a comprehensive
assessment of the levelized cost of hydrogen (LCOH) by
evaluating green hydrogen production and transportation across
the entire hydrogen supply chain. A linear programming (LP)
optimization algorithm is employed to determine the optimal
sitting and sizing of electrolyzers (ELZs) powered by solar or
wind energy, with potential integration of battery energy storage
systems (BESS) to further improve renewable energy utilization.
Results show that optimal ELZ capacities range from 10% to
20% of the RES plant capacity, yielding LCOH between €4.8
and €4.9/kg. Optimal configuration includes wind farms and the
ELZ located closer to the consumption-site. However, the
analysis reveals that green hydrogen remains less competitive
compared to grey and blue alternatives, emphasizing the need
for further cost reductions and efficiency improvements to
enhance the economic viability of green hydrogen.

Index Terms—green hydrogen, LCOH, renewable energy

L INTRODUCTION

As energy systems transition towards near-zero emission
solutions, hydrogen (H) emerges as a key enabler for
achieving deep decarbonization of the energy sector [1]. It
integrates into both the gas and electricity sectors [2], making
it a key fuel for a sustainable future. Currently, the
predominant method for hydrogen production is steam
methane reforming (SMR), [3], converting natural gas into H,
— commonly referred to as grey hydrogen — while emitting
significant amounts of carbon dioxide (CO,). Another method
uses coal (or lignite) as a feedstock to produce black (or
brown) hydrogen, resulting in even higher CO, emissions. If
the CO, emissions from these processes are mitigated using
carbon capture and storage (CCS) technologies, the resulting
H, is termed blue hydrogen, [4]. In contrast, green H, is
produced exclusively using renewable energy sources and
does not generate any carbon emissions during its production
process [5]. Consequently, green hydrogen has gained
significant research interest, examining various renewable
energy sources (RES) and types of electrolyzer (ELZ).

Recent studies primarily focus on solar- or wind- driven
ELZs [6], while less common renewable technologies, like
geothermal [7], concentrated solar power (CSP) [8], and run-
of-river hydropower plants [9], have received comparatively
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limited attention. Additionally, many researchers examine
using the electrical grid for H, production, but this may
include non-renewable energy sources, resulting in hydrogen
that is not entirely “green”, [10].

Beyond the choice of energy source, various hydrogen
production methods have also been explored. For example,
proton-exchange-membrane (PEM), alkaline (ALK) and high
temperature electrolysis (THE) have been employed in [11] to
produce green H, using surplus wind energy. Similarly, solid
oxide electrolysis combined with solar energy is utilized in
[12] to meet daily H, production targets. Among these, PEM
and ALK systems are the most extensively researched and
technologically mature options, [13], [14].

In addition to the technology employed in hydrogen
production process, the sitting of the energy source and the
electrolyzer is another critical aspect under optimization. One
possible configuration involves co-locating the RES plant and
the ELZ, allowing direct energy supply to the ELZ. This
approach necessitates further examination upon the
transportation of produced hydrogen [1].

Alternatively, some studies propose establishing a power
purchase agreement (PPA) between a green energy producer
and the electrolyzer. In this case, energy is supplied indirectly
via the electrical grid, exploiting its transfer capabilities,
resulting in an on-grid electrolytic hydrogen system [15].
While this method eliminates the need for hydrogen transport
to the end consumer, it incurs auxiliary costs due to the use of
national grid infrastructure.

Although numerous studies have explored the production
of green hydrogen, a comprehensive cost assessment
encompassing the entire hydrogen value chain — from
production to end-user delivery — remains essential. This
paper addresses the gap by estimating the levelized cost of
hydrogen (LCOH), factoring in green hydrogen production,
transportation costs, and shedding light into the optimal
capacity and location of ELZs. The analysis considers the
proximity of ELZs to either RES plant or consumption sites,
examining hydrogen transportation in the first case as either
compressed gaseous hydrogen (CGH) or liquified hydrogen
(LHy). Solar and wind energy are the renewable sources
investigated, paired with PEM electrolyzers.



Using a linear programming (LP) optimization algorithm,
the study evaluates the optimal sitting and sizing of ELZs,
while it also investigates potential BESS integration to
enhance performance and cost-effectiveness of produced
hydrogen. Finally, a financial comparison is conducted
between green hydrogen and its grey and blue alternatives,
analyzing how the LCOH differs across these options and
assessing the competitiveness of green Ho.

The remainder of this paper is structured as follows:
Section II outlines the formulation of the optimization
algorithm. Section III delves into the details of the case study
examined, while Section IV focuses on the estimation of the
LCOH across various sitting and sizing configurations.
Finally, Section V summarizes the key findings of the study.

IL. METHODOLOGY

A. Hydrogen Supply Chain

A holistic overview of the hydrogen supply chain is
depicted in Figure 1, outlining two cases: scenario A, where
the ELZ is near the RES plant and scenario B, where the ELZ
is near the consumption site. Both scenarios include hydrogen
production and storage processes, with hydrogen delivered at
high-pressures (e.g. 200 bars) [16]. Electrolysis of deionized
water drives production, while low-pressure hydrogen storage
serves as a buffer between hydrogen production and
transportation or distribution. This buffer addresses the
variability of renewable energy sources and prevents energy
spillage caused by ELZ sizing constraints that might otherwise
reduce hydrogen production. Storage capacity is optimized for
each ELZ-BESS configuration, ensuring sufficient capacity to
handle a single day’s maximum hydrogen production.

In scenario A electrolysis energy is directly supplied to the
ELZ at the levelized cost of energy (LCOE) of the RES plant.
Hydrogen is transported as either CGH, or LH,, as shown in
scenario A of Figure 1. Since both achieve high energy
densities, transportation does not occur at low-pressures, For
CGHa, hydrogen is compressed to 200 bars, necessitating a
compression unit sized for peak hourly production. LH,
requires a liquefier unit to convert gaseous hydrogen into
liquid form, also designed for peak capacity. At the end-user
site, LH, undergoes gasification and is compressed to 200 bars
for final delivery.

Transportation costs for both CGH, and LH> are based on
truck delivery. Due to its higher energy density, LH, allows
for larger hydrogen transport per trip than CGH,. The number
of trucks required is calculated to ensure continuous operation,
with at least one truck always available for loading hydrogen.
Total transportation costs for each configuration include fixed
costs associated with the number of trucks and variable costs,
such as fuel expenses, determined by fuel cost per route and
the total number of routes required to deliver to end-users.

In scenario B, the energy required for electrolysis is
sourced from the grid at a fixed price set by a power purchase
agreement (PPA) between the ELZ and the renewable
supplier. The PPA strike price is assumed to align with the
LCOE of the RES plant. Nevertheless, additional costs are
incurred in this case due to the reliance on the national grid.
These expenses include system usage charges and grid access
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Figure 1: Examined scenarios schematic explanation

fees, which are typically determined based on the consumer’s
peak or total demand. Moreover, an investment in an HV
substation is required for the ELZ in this scenario.

B. Optimization Algorithm for Hydrogen Generation

The optimization algorithm, employed in this study, is
defined by equations (1) to (12), modeling technical and
operational constraints of hydrogen generation, while
maximizing hydrogen production. The algorithm is designed
to maximize total hydrogen generation and is applied
consistently across different configurations, irrespective of
ELZ proximity to the energy source or the transportation
scenario under consideration.

To achieve minimum LCOH for any given configuration,
maximizing hydrogen production is imperative. Accordingly,
as described in constraint (1), the objective function of the
algorithm is structured to maximize the output of the ELZ.
This output (ELZgutput) represents the hydrogen produced in
terms of energy, measured in megawatt-hours (MWh).

Furthermore, the station equilibrium is described in (2),
where energy from RES (Pkgs) and BESS discharging (PY;;)
equals the energy drawn by the ELZ (P ,) and BESS
charging (PY;). Constraint (3) limits energy supply from RES
based on available RES energy (Aggs,) and the installed RES
capacity (Igrgg), while constraints (4) and (5) limit BESS
charge and discharge based on the installed BESS power
capacity (Ipeg), also accounting for the binary variable
(ohpss) to prevent simultaneous charging and discharging.
Similarly, energy drawn from the electrolyzer is limited by the
installed ELZ capacity (Igz) in constraint (6). Finally,
constraint (7) describes the BESS state-of-charge (SoCkgss),
considering efficiency of charge-discharge procedure, and
constraint (8) limits the energy stored within the battery by its
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The ELZ input-output relationship is non-linear due the
non-linear efficiency curve of the water electrolysis process.
To address this, a linear approximation of the non-linear
efficiency is used, following the principles outlined in [17].
This approach enables the model to accurately reflect ELZ’s
efficiency using equations (9) to (12). The non-linear
relationship, shown as the red line in Figure 2, is
approximated by linear segments (dashed black lines in the
same figure). A binary variable (vy,,) is introduced to activate
the block corresponding to the ELZ input power range, with
constraint (9) ensuring that only one block is active at a time.

Additionally, an auxiliary variable (auxy,) is constrained
within the minimum (BL,) and maximum (BL;) values of
active block, defined in constraint (10). Constraint (11)
equates the auxiliary variable to the ELZ input power. Finally,
constraint (12) reproduces the standard linear equation,
incorporating the minimum y-value of the active block (Y3),
the slope of the corresponding segment (%), and the actual
input power.
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C. Financial Assessment

The described algorithm determines the maximum
hydrogen production for each ELZ and BESS configuration.
In scenario A, hydrogen must be transported to end-users,
incurring additional costs that increase the overall hydrogen
cost. Conversely, in scenario B, hydrogen is produced on-site;
however, the energy drawn from the grid is more expensive
than the direct utilization of renewable energy in scenario A.

The levelized cost of hydrogen (LCOH) is the key metric
for comparing scenarios with varying capital costs and
hydrogen production outputs. It represents the price at which
hydrogen must be sold to achieve the target internal rate of
return (IRR) and is calculated using equation (13). The LCOH
accounts for several components: the total initial investment
for all assets (CAPEX), including the electrolyzer and the
battery investment, the annual operational and maintenance
costs associated with maintaining these assets (O&M), the
cost of electricity (C?) and water (CXv ) used in the electrolysis
process, inflation (ir), the tax rate (tr) and asset depreciation
(Dy). Scenario-specific costs, such as transportation expenses
and grid fees, are further incorporated in the formula to assess
the overall LCOH of each scenario examined.

Finally, the total hydrogen produced (H3) serves as the
denominator, ensuring expenses are proportionally allocated
per unit of hydrogen produced. This comprehensive approach
enables an accurate evaluation of the cost-efficiency and
economic viability of hydrogen production across different
scenarios
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Figure 2: Efficiency (and its linear approximation) of the electrolyzer

The formula for calculating the levelized cost of energy
(LCOE), which represents the price of energy consumption, is
given in equation (14). Similar to LCOH, it includes the
capital expenditures of the RES plant, annual O&M costs and
linear depreciation over its useful life. The denominator in the
calculation is the total renewable energy produced (E,),
irrespective of the amount consumed by the electrolyzer.
CAPEX+Z [(0&My-(1+ir)Y)-(1-tr)-Dy T, J/(1+i)”

Y

LCOE = (14)
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To compare green hydrogen with grey and blue hydrogen,
the LCOH for green hydrogen is evaluated alongside the
LCOH of hydrogen produced using natural gas (NG).
Investment costs for NG-based hydrogen production include
the SMR unit and, in the case of blue hydrogen, the carbon
capture unit. Additionally, the total expenses for grey and blue
hydrogen account for the costs of natural gas and the CO, cost
with carbon emission price under the Emissions Trading
System (ETS) during the production process.

III. CASE STUDY

This study considers PV plants with an energy yield of
1530 kWh/kW and WFs with a 30.2% capacity factor. The
investment costs for PVs and WFs are €500/kW and
€1,200/kW, respectively. The ELZ investment cost follows an
economies-of-scale approach, starting at €1,000/MW for 1
MW capacity and decreasing to €700/MW for 100 MW.
Figure 2 illustrates ELZ efficiency with a 100-step linear
approximation. Lastly, in Scenario A, the distance between the
production and consumption site is assumed to be 500 km.

The capital cost of hydrogen storage is 200 €/kg of
produced hydrogen, while the compressor CAPEX, is
calculated based on formulas in [18]. The liquefaction unit
costs €36,000/kg/h, and the regasification unit costs
€4,500/kg/h. Deionized water is priced at €2.5/m?, with 10
liters required to produce lkg of hydrogen. The project IRR,
used in LCOH and LCOE calculations, is assumed to be 7%.

In scenario B, system usage costs include energy and
capacity charges. The energy charge is €4/MWh, applied to
the total energy consumed, while the capacity charge is
€24,000/MW based on installed capacity. Additionally, a cost
of €100/kW is allocated for the HV substation.

Battery storage systems consist of power and energy
components, with costs of €100/kW and €150/kWh,
respectively. The investment lifetime for most assets is 20
years, matching the project timeline. However, the energy
component experiences capacity fade due to continuous usage,
reducing its lifespan to 10 years, requiring replacement at the
end of the 10th year to maintain system performance.

The examined configurations feature a RES plant with a



capacity of 100 MW, paired with ELZs ranging from 2 MW to
100 MW. In scenarios involving BESS, the power capacity of
the BESS is set equal to ELZ capacity, while energy capacity
is configured for durations of 1-hour, 2-hours, and 4-hours.
Finally, the LCOH of grey and blue hydrogen is derived based
on cost assumptions from [19].

IVv. RESULTS

A. Scenarios without battery storage systems

Besides the LCOH, which serves as the key metric for
comparing various configurations, several other aspects of the
hydrogen supply chain should also be examined to provide a
more comprehensive understanding of the system. In this
context, Figure 3a illustrates the renewable energy
consumption by the electrolyzer as a percentage of the total
available renewable generation, reflecting the utilization factor
of the RES plant. This factor reaches a plateau at higher ELZ
capacities, regardless of the renewable energy source,
indicating that beyond this point the ELZ is sufficiently large
to fully utilize the entire renewable energy production.
Additionally, Figure 3b presents the capacity factor of the
ELZ. The integration of the more efficient WF leads to nearly
double the capacity factor of the ELZ compared to the PV
plant. For smaller ELZ capacities, the smoother and more
consistent production profile of the WF, in contrast to the
concentrated generation pattern of PVs, results in a more
significant difference in this metric. Finally, Figure 3¢ depicts
the annual hydrogen production, which follows the trend of
the renewable usage rate. As the ELZ capacity increases, the
higher efficiency of WFs is further leveraged, resulting in
significantly greater hydrogen production compared to PVs.

The production process is consistent across both scenarios.
Consequently, the production cost of hydrogen, which
includes the ELZ investment and energy and water costs
during electrolysis, is similar regardless of transportation or
grid connection considerations. As such, Figure 4a and Figure
4b — illustrating the LCOH of the production process for
hydrogen sourced from PVs and WFs, respectively- are the
same in both scenarios. For PVs, ELZ investment and energy
costs are comparable, whereas WFs’ higher capacity factor
makes energy cost dominant. Water cost remains negligible in
both cases. Optimal ELZ capacities are found to be between
10% and 20% of the RES plant capacity, yielding LCOH
values between €4.8 and €4.9/kg. Notably, ELZs supplied by
WFs achieve LCOH values that are €0.05-€0.40/kg lower than
those supplied by PVs, due to the higher cost-effectiveness of
wind energy.

The total LCOH includes transportation or additional grid
expenses in addition to the production LCOH, reflecting the
price hydrogen must be sold at to end-users. Figure 5 presents
the total LCOH, with solid lines representing PVs, and dashed
lines representing WFs, across the three examined scenarios:
a) transportation of hydrogen as CGH,, b) transportation of
hydrogen as LH> and c) scenario B, that considers grid fees.

Although wind energy utilization results in a lower
production LCOH, transporting larger volumes of hydrogen as
CGH; or LH; increases the total LCOH when ELZ capacity
exceeds 20% due to the significantly higher hydrogen
production. Conversely, locating the ELZ near the
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Figure 3: a) Utilized renewable generation, b) capacity factor of ELZ and c)
total hydrogen production: for ELZ paired with PV and WF
consumption site eliminates the need for transportation,
reducing the total LCOH by approximately €0.3/kg on average
and making WF more favorable than PVs. Overall, placing the
ELZ near the consumption site generally leads to lower total
LCOH, reaching €5.6/kg in the optimal configuration, except
for large ELZ capacities. In those cases, the high energy
demand results in significant grid utilization fees, increasing
the total LCOH.

B. Scenarios with battery storage systems

The incorporation of BESS significantly boosts hydrogen
production, mainly when paired with PV systems. Smaller
ELZs enable daily full charging from concentrated solar
generation, leading to at least one complete cycle per day. In
contrast, the higher and more consistent energy output of wind
systems reduces the relative impact of BESS on hydrogen
production. Figure 6 presents the total hydrogen produced for
both: a) PV supply and b) WF supply. For smaller ELZ
capacities, the limited BESS capacity relative to the RES plant
results in only a modest increase in hydrogen production.
Additionally, the production plateau is reached at lower ELZ
capacities when batteries are present, as renewable energy is
fully utilized through storage.
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Figure 4: LCOH of hydrogen production for ELZ with a) PV and b) WF
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However, the additional hydrogen production achieved
with the inclusion of BESS is insufficient to offset the increase
in total expenses. As a result, total LCOH rises at least €0.5/kg
(8%) with BESS, with larger increases for high ELZ capacities
where battery effectiveness declines. Figure 7 presents the
total LCOH increase across all examined cases in the presence
of storage.

C. Comparison between green and brown/blue hydrogen

Production costs of grey and blue hydrogen vary
depending on fuel prices and CO, emission rights costs. As
shown in Figure 8, the optimal LCOH for green hydrogen
from this analysis, represented by the green solid line, remains
higher than that of grey or blue hydrogen, except in cases of
excessively high costs.

To improve the competitiveness of green hydrogen against
fossil-fuel-based production methods, significant reductions in
total LCOH. More specifically, a CAPEX reduction of
approximately 25%-30% is necessary for green hydrogen to
achieve price parity with fossil-fuel-based alternatives.

V. CONCLUSIONS
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This study explored the techno-economic performance of
hydrogen production systems powered by RES, analyzing
scenarios with and without BESS. Optimal ELZ capacities
(10%-20% of RES) yield lower LCOH with WFs due to
higher capacity factors. Locating ELZs near consumption sites
reduced the total LCOH by approximately €0.3/kg by
eliminating transportation costs, though grid utilization fees
became significant for large ELZ capacities.

The incorporation of BESS enhanced hydrogen
production, particularly with PV systems, due to their
concentrated generation profile, while WFs showed less
dependence on storage. However, the increased production
was insufficient to offset the higher expenses introduced by
BESS, leading to an average rise in total LCOH by €0.5/kg,
with larger increases observed at higher ELZ capacities.
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