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ABSTRACT

This study explores the feasibility of generating green hydrogen using
wind energy in Newfoundland and Labrador (NL) for potential export
to Germany, aiming to reduce their heavy reliance on grey hydrogen.
NL features abundant wind resources, deep-water export harbours, and
proximity to Europe, making it an ideal location to contribute to Europe’s
energy security. Utilizing the Hybrid Optimization of Multiple Energy
Resources (HOMER Pro) microgrid software, we conducted a techno-
economic analysis of a wind-to-hydrogen case study at the Port au Port
location aimed at offsetting 1% of Germany’s grey hydrogen consumption.
The optimal system comprises 49 wind turbines, each with 4.2 MW
capacity, a 130 MW PEM electrolyzer, a liquid hydrogen storage facility,
and a grid as a backup. We evaluated various financial metrics, including
Net Present Cost (NPC), Levelized Cost of Energy (LCoE), and Levelized
Cost of Hydrogen (LCoH) for short-term, mid-term, and long-term
storage scenarios. The financial metrics were compared with similar case
studies around the globe to highlight the economic competitiveness of clean
hydrogen production in Newfoundland and Labrador.
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1. Introduction

Hydrogen, a versatile chemical element, is poised to
play a pivotal role in the global economy’s decarboniza-
tion efforts. Various colour codes, such as grey, blue,
and green, are used to differentiate between produc-
tion methods based on carbon intensity. Germany, a
leader in hydrogen production and consumption, cur-
rently relies heavily on grey hydrogen, with an estimated
annual consumption of 1.7 million tons, corresponding
to 55 terawatt-hours (TWh) [1]. Grey hydrogen, produced
through steam methane reforming (SMR) with natural
gas, emits approximately 11.57 kg CO2-eq/kg of H2 [2].
With projections indicating a twofold increase in hydro-
gen consumption by 2030, there is a pressing need to
explore alternatives due to the limitations of fossil fuel
feedstock and the associated high carbon intensity [3]. Blue
hydrogen, employing the same production method as grey
hydrogen but with carbon capture utilization and storage
(CCUS), offers a partial solution to mitigate emissions.
However, the practicality of CCUS remains uncertain [4].

In contrast, green hydrogen, produced via water elec-
trolysis powered by renewable energy sources, presents a
sustainable and environmentally friendly alternative with
zero carbon emissions [5]. Its adoption holds promise in
reducing Germany’s reliance on grey hydrogen, aligning
with the goals outlined in the German National Hydro-
gen Strategy 2023. Newfoundland and Labrador have
emerged as appealing collaborator due to its rich wind
resources, proximity to water reservoirs, and strategic posi-
tioning for shipping logistics. Recognizing the urgency of
reducing emissions and achieving carbon neutrality, Euro-
pean unions and the Canadian government are uniting to
tackle these issues. Additionally, Germany has established
a partnership with Canada, with a specific emphasis on
importing renewable hydrogen [6]. Despite challenges in
the wind turbine supply chain and regulatory processes,
Canada has made significant strides in wind energy capac-
ity addition, which can be seen in Fig. 1, with cumulative
capacity reaching 15.29 GW by 2022, and the growth is
expected to continue as the cost of wind and solar for
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Fig. 1. Wind energy capacity addition and generation in Canada
from 2013 to 2022.

large-scale power generation decreases [7], [8]. In addi-
tion to implementation efforts, research to power remote
indigenous communities has also expanded, reaching as
far as Nain in NL [9]. Although large-scale renewable
power is favourable for green hydrogen production, com-
mercialization still has a barrier due to its production costs,
which are 3 to 6 times higher than those of grey and
brown hydrogen, and as a result, green hydrogen currently
only constitutes 5% of total hydrogen production [10].
The high prices of green hydrogen stem from three main
factors: the high cost of renewable energy, challenges in
high-volume hydrogen storage, and the expensive nature of
system components such as wind turbines and electrolyz-
ers. Although NL holds competitive edges in certain areas,
it is essential to prioritize the reduction of wind energy gen-
eration costs, optimization of system components, storage
capacity, and duration to attract stakeholders and achieve
commercial viability. This study identifies major technolo-
gies that significantly impact the LCoE and LCoH in
wind to hydrogen production in NL. A techno-economic
case study is presented to illustrate the potential for cost-
effective production of green hydrogen in Port au Port,
which lies in the western region of NL. The case study
utilizes HOMER Pro software to identify the optimal
system components and configurations to produce green
hydrogen at the lowest NPC. It meticulously examines
key cost-influencing parameters, including wind turbine
and electrolyzer capacity, as well as storage volume. The
optimized configuration is tested against multiple stor-
age scenarios to analyze its effect on financial metrics.
This study consists of a brief literature review, followed
by a detailed case study and subsequent discussion of
results, concluding with a comprehensive summary of key
findings.

2. Literature Review

Multiple academic studies have examined the wind-
to-hydrogen production process. These investigations
primarily concentrate on the techno-economic analysis of
harnessing renewable resources to power water electrol-
ysis to produce environmentally friendly hydrogen gas.
In 2023, Messaoudi and colleagues conducted a study
employing a GIS-based approach to assess the poten-
tial for wind-to-hydrogen production in Algeria. Their
research revealed that utilizing a 730,719 km2 area for
wind farms could yield an annual production of 1.066 Gt

of green hydrogen. The study found that the LCoH in
Algeria ranged from 1.51 to 15.37 US $/kg, depending
on the chosen wind turbine and location [11]. Another
research explored 84 locations in southern Argentina to
isolate optimal LCoH from wind farms. They developed a
model to optimize the wind farm design, electrolyzer plant,
compressor station, and storage capacity with multiple
dispatch constraints. The primary aim of model optimiza-
tion was to minimize the LCoH. Results showed that
imposing dispatch constraints led to an increase in LCoH
from 25% to 40%, accompanied by a reduction in hydro-
gen production from 5% to 30% [12]. Likewise, Karayel
and Dincer conducted a study to assess the potential for
hydrogen generation from onshore wind farms in Canada.
They employed a combination of V90-Vestas (V90) wind
turbines and PEM electrolyzers to estimate the total pro-
duction capacity of each province and the country. Their
findings indicated that Canada has the capacity to produce
402.63 Mt of green hydrogen annually, with Newfoundland
and Labrador contributing 19.87 Mt annually [13].

3. Methodology

The methodology for this study encompasses several
key steps aimed at data collection, system sizing, simu-
lating, and analyzing a wind-to-hydrogen system tailored
to the context of Port au Port, NL. Information regard-
ing the study location is obtained from Google Maps,
while HOMER Pro is utilized for configuring the system
optimally and performing techno-economic analysis. Sim-
ulation outcomes are exported and further analyzed using
Microsoft Excel and the Python programming language.
Additionally, financial metrics derived from the analy-
sis are compared with those from similar studies in the
literature to provide a comprehensive assessment of the
proposed system’s viability (Fig. 2).

3.1. Demand Estimation

The system’s load includes two primary categories for
simulation in HOMER Pro: the electrical load and the
hydrogen load. The electrical load is fundamental to this
study for several reasons. Firstly, within the wind farm
infrastructure, electricity is consumed for lighting as well
as heating and cooling systems, ensuring operational func-
tionality. Additionally, the system requires electricity for
the critical processes of hydrogen liquefaction and com-
pression for storage. Specifically, a power demand of
1100 kW is allocated for the liquefaction of hydrogen,
while an additional 400 kW is separated for ancillary appli-
ances. This allocation ensures the efficient operation of the
system and supports various auxiliary functions essential
for optimal performance. Similarly, the hydrogen load is
designated for export to Germany, aimed at minimizing the
country’s heavy reliance on grey hydrogen. To determine
the hydrogen load, one percentage share of Germany’s
grey hydrogen consumption in 2022 has been selected as a
benchmark, which is 44.24 kilotons per day, as referenced
in the introduction section. By aligning with Germany’s
hydrogen consumption patterns, the system aims to con-
tribute to the transition towards cleaner hydrogen sources,
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Fig. 2. Methodology of the study.

Fig. 3. Box plot representation of wind data.

thereby fostering sustainability and reducing carbon emis-
sions on a broader scale.

3.2. Study Location

We choose Port au Port in Newfoundland and Labrador
province for our case study. The site is located at an altitude
of approximately 10 m to 32 m above sea level, 48.65° N
latitude and 58.96° W longitude. This region is chosen for
our wind-energy-to-hydrogen-production project consid-
ering its quality of wind resources, its closeness to water
resources, and the port of Stephenville for ease of export.

3.3. Wind Resource

The weather data are different at different geographical
locations due to atmosphere conditions such as air pres-
sure, temperature, humidity, wind speed, direction, and
so on. HOMER Pro features a comprehensive library for
weather data based on the longitude and latitude of a
specific location. The software allows users to download
and import these data from the NASA Atmospheric Sci-
ence Data Centre for simulation purposes. The average
wind speed in Port Au Port is 8.06 m/s, while the maximum
wind speed recorded is 21.36 m/s, making it an ideal site
for wind power generation. Fig. 3 utilizes a box plot to
display the wind speed distribution used in our case study
simulation.

3.4. System Sizing

Estimating the component size of a renewable hybrid
energy system poses a considerable challenge when
compared to single-source energy systems. This complex-
ity arises from the characteristics of renewable energy
resources, unpredictable weather, and the multitude of
variables and parameters involved in the system design. An
optimal sizing methodology becomes essential to address
these complexities and optimize investment while max-
imizing the utilization of system components. Various
sizing methods are employed to achieve optimal system
reliability and cost-effectiveness, including graphical con-
struction, probabilistic approaches, iterative processes, and
artificial intelligence techniques. We have adopted the iter-
ative process to reach the optimal system size to meet our
research objective.

The initial approximation of the system size can be done
based on the scale of the annual load and can be iteratively
refined based on simulation results.

3.4.1. Wind Turbine
HOMER Pro offers various sizes of wind turbines start-

ing from kW to MW capacity in its library. It is important
to understand the cut-in, rated, and cut-out wind speeds
and analyze the power curve to select the right capacity
wind turbine. We choose the Enercon E-126 wind turbine
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TABLE I: Wind Turbine Characteristics

Characteristics Value

Manufacturer Enercon
Rated power (kW) 4200

Hub height (m) 129
Rotor diameter (m) 141

Swept area (m2) 15,614.5
Cut-in speed (m/s) 3

Rated wind speed (m/s) 12
Cut-out wind speed (m/s) 25

Net capacity factor 58

with a 4.2 MW capacity. Specifications of the wind turbine
are presented in Table I [14].

3.4.2. Electrolyzer
Electrolysis, at its core, involves the splitting of water

molecules (H2O) into hydrogen (H2) and oxygen (O2)
gases using an electric current. This process facilitates
the production of high-purity hydrogen without carbon
emissions, harnessing renewable energy sources for eco-
friendly hydrogen generation. Its versatility allows for both
onsite and distributed production, with scalability as a
prominent feature. This technology is experiencing rapid
growth in operational capacity and efficiency. Among the
three primary water electrolysis methods-Alkaline, Proton
Exchange Membrane (PEM), and Solid Oxide Electrolyzer
Cell (SOEC)-the former two are commercially available,
with the low-temperature PEM system dominating the
market. We have used a PEM electrolyzer for the case study
because of its various advantages over an alkaline elec-
trolyzer, such as rapid system response and high purity of
hydrogen production. The total electrolyzer system capac-
ity is taken as 130 MW and has an efficiency of a minimum
of 55%.

3.4.3. Hydrogen Storage
Hydrogen can be stored in various forms, and among

these options, liquid hydrogen storage has been selected
due to its competitive advantage over gaseous and
underground storage alternatives. The storage component
significantly influences the overall financial performance
of the system. Therefore, the system is subjected to sim-
ulation under three distinct hydrogen storage scenarios.
Initially, the system is simulated with hydrogen stor-
age capacity tailored to sustain storage for one week
before exportation, representing short-term storage. Sub-
sequently, the investigation extends to storage durations
of two weeks, denoting mid-term storage and, finally, one
month before exportation, representing long-term storage.
Through these simulated scenarios, the impact of storage
volume and duration on key financial metrics such as
NPC, LCoH, and LCoE can be comprehensively assessed,
providing valuable insights into the economic feasibility of
different storage configurations.

3.5. System Design and Simulation

HOMER Pro software has been used to simulate the
optimal system design to satisfy the electricity and hydro-
gen load of the case study. The software is especially

known for its ability to produce system sizing to meet the
user-defined constraints at the lowest net present cost. It
achieves this by employing various mathematical equa-
tions outlined in the following section, which are derived
from the HOMER Pro software. A techno-economic anal-
ysis is carried out with a discount rate of 8% and the
inflation rate of 2%. The project lifetime is considered as
25 years for the simulation.

The net present cost, also known as the life-cycle cost,
represents the present value of all expenses associated with
the installation and operation of a component through-
out the project’s lifespan, subtracting the present value
of generated revenues over the same duration. HOMER
Pro computes the NPC for individual components within
the system, as well as for the system. To conduct this
analysis, HOMER generates a comprehensive cash flow
table, capturing all relevant financial inflows and outflows,
except for any salvage value, which usually occurs in the
25th year. The mathematical equation to calculate NPC of
a component is presented in (1).

NPC (1)

=
∑t

n=1
id(CCap + CRep + CO&M + CFuel − PSal)

where n is project lifetime in years, id is the discount rate,
which can be further calculated based on (2), CCap is the
capital cost of the component, CRep is the replacement cost,
CO&M is the operation and maintenance cost, CFuel is the
fuel cost and PSal is the salvage price.

id = 1
(1 + i)n

(2)

where i is the annual real interest rate, which can be calcu-
lated based on another equation presented in (3).

i = i′ − f
1 + f

(3)

where i′ is the nominal interest rate, and f is the annual
inflation rate.

Annualized cost is another important financial metric
in techno-economic analysis, which is achieved by first
calculating the net present cost, then multiplying it by the
capital recovery factor, as shown in the following equation:

CAnn = CRF
(
i, RProj

) × CNPC (4)

where CAnn is the annualized cost, CRF is a function
returning the capital recovery factor, i is the annual real
discount rate, RProj is the project lifetime, and CNPC is the
component’s net present cost.

HOMER defines the levelized cost of energy (COE)
as the average cost per kWh of useful electrical energy
produced by the system. To calculate the LCoE, HOMER
divides the annualized cost of producing electricity by the
total electric load served using the following equation:

LCoE = CAnn,tot

EServed
(5)

where, LCoE is the levelized cost of energy, CAnn,tot is the
annualized cost of the system.
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Fig. 4. HOMER Pro system architecture.

Similarly, HOMER uses the following equation to cal-
culate the levelized cost of hydrogen production:

LCoH (6)

= CAnn,tot − νElec(Eprim,AC + Eprim,DC + Edef + Egrid,sales)

MHydrogen

where, CAnn,tot is the total annualized cost, νElec is the value
of electricity, Eprim,AC and Eprim,DC are the primary electri-
cal load in AC and DC respectively, Edef is the deferrable
load, Egrid,sales is the total energy sold to the grid, and
MHydrogen is the total hydrogen production.

Fig. 4 illustrates the architectural layout of the energy
system within the HOMER Pro software framework. Pri-
mary energy sources, including wind turbines and the grid,
are connected to the AC bus bar. A segment of the AC elec-
tricity generated is allocated to meet the AC load demand.
The remaining major portion of the electricity is regulated
using a voltage converter and converted to DC using a
rectifier before being supplied to the electrolyzer. The
conversion to DC power is imperative as the electrolyzer
exclusively operates with DC input, which is directed to
the electrolysis chamber at the anode. Water is also passed
through the electrolyzer facilitating the electrolysis pro-
cess to produce hydrogen and oxygen. Produced hydrogen
and oxygen are conveyed to the gas separator unit to
obtain high-purity hydrogen. Following this separation,
the hydrogen undergoes a liquefication process within a
dedicated section and is pumped, compressed, and stored
in tanks for dispatch.

Once the components are selected in the software, it
further requires the capital cost, replacement cost, opera-
tion and maintenance cost, project lifetime and efficiency
parameters. Similarly, interest rate and inflation rate also
need to be configured to conduct the financial analysis.
We have allocated 50% and 2% of the total cost as the
replacement and O&M cost for all components except the
storage tank. Based on references from multiple literature,
we calculated an average cost of the component as an
input to the system [15]–[17]. The capital, replacement,
and O&M cost of the wind turbine is set to $1501/kW,
$750.5/kW, and $30.02/kW/year; the component lifetime
is selected as 25 years. The electricity price from the grid
is finalized at $0.0928/kW. The capital, replacement, and
O&M cost of the converter is fixed at $300/kW, $150/kW,
and $6/kW/year, respectively, with a lifetime of 25 years.

Fig. 5. Homer Pro optimization algorithm.

Another major component is the electrolyzer, whose cap-
ital, replacement, and O&M costs are set at $2000/kW,
$1000/kW, and $36/kW/year, respectively. The minimum
efficiency of the electrolyzer is configured at 55%. Lastly,
the capital, replacement, and O&M cost of the liquid
hydrogen tank is set at $500/kg, $500/kg, and $10/kg per
year, respectively, with a component lifetime of 25 years.

4. Results and Discussion

We followed the iterative simulation and optimization
process as presented in the form of a flowchart in Fig. 5.
The system was set up with all HOMER-required techni-
cal and economical specifications for optimization. Once
the inputs were validated, simulation was initiated, and
the results were tested iteratively until convergence was
achieved at the lowest NPC. Notably, the system exhibited
a convergence pattern from an initially over-dimensioned
state to a precisely calibrated capacity sizing tailored to
meet demand requirements optimally. This optimization
approach was uniformly applied for all short-term, mid-
term, and long-term hydrogen storage scenarios. Each
scenario went through techno-economic analysis, with
results systematically arranged in ascending order of NPC.
Furthermore, the outcomes were segmented into the same
three scenarios. The power generation, converter output,
and electrolyzer output remained consistent, while stor-
age capacity varied for all scenarios. It’s worth noting
that while storage capacity did not directly influence
system sizing and other component cost in HOMER
Pro, it did impact metrics such as NPC, LCoE, LCoH.
Our optimization revealed that 49 wind turbines totaling
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Fig. 6. Electricity generated from wind turbine.

Fig. 7. Monthly green hydrogen production.

205.8 MW capacity adequately satisfy the defined electri-
cal and hydrogen load constraints. The wind turbine has a
capacity factor 58.9 and produces 1.048 TWh of electricity
annually. The detailed renewable electricity generation is
presented in Fig. 6 in the form of a heat map.

The electrical energy flows through the AC bus bar
and reaches the converter, where an average energy of
0.801 TWh is supplied. With an efficiency rating of up
to 95%, the converter yields approximately 0.768 TWh of
usable energy. This energy output is then directed to the
electrolyzer, with a capacity of 130 MW and operating
at a capacity factor of 66.9%. The electrolyzer consumes
46.8 kWh/kg of energy and delivers a mean output of
1874 kg of green hydrogen per hour. The total annual
production of the PEM electrolyzer is 16.417 kilotons, and
the detailed breakdown of monthly hydrogen production is
presented in Fig. 7. The graph illustrates a clear correlation
between hydrogen production and wind patterns. Specifi-
cally, from September to April, there is a notable increase
in average wind speed, leading to higher electricity gen-
eration and, consequently, greater hydrogen production.

Conversely, during the remaining months, wind speeds are
slightly lower, resulting in a reduction in hydrogen output.

The simulation for short-term hydrogen storage,
HOMER Pro reveals a net present cost of $1.143 billion.
The wind turbine accounts for 42% of the total NPC,
followed by the electrolyzer at 37%, and the hydrogen
tank at 29.9%. Transitioning to the mid-term storage
scenario, the total NPC escalates to $1.417 billion, with the
hydrogen tank contributing 48%, the wind turbine 34%,
and the electrolyzer 30%. Lastly, the long-term storage
scenario carries the highest NPC, amounting to $1.96
billion, with 70% attributed to the hydrogen tank, 25% to
the wind turbine, and 22% to the electrolyzer. A granular
breakdown of NPC and the respective contribution
from each component is depicted in stacked clustered
column bars within Fig. 8. The weekly dispatch strategy
reduces the need for high-volume tanks and long storage
duration, yielding a low levelized cost for both energy and
hydrogen. In the context of short-term hydrogen storage,
the LCoE is recorded at $0.3580/kWh, accompanied by
a corresponding LCoH of $3.34/kg. Transitioning to the
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Fig. 8. Break down of NPC for all 3 scenarios.

Fig. 9. LCoE and LCoH comparison under 3 scenarios.

mid-term storage scenario, a notable impact on the total
NPC is observed, resulting in a slightly elevated LCoE of
0.4434/kWh and an LCoH of $4.72/kg. The need for long-
term hydrogen storage requires a high-volume hydrogen
tank contributing significantly to a total NPC of $1.96
billion. Notably, nearly a third of the total NPC is allocated
to the hydrogen tank, resulting in a significantly high
LCoE of $0.614/kWh and an LCoH of $7.29/kg. A detailed
comparison of LCoE and LCoH across all three storage
scenarios is delineated in the clustered column bar chart
depicted in Fig. 9.

Furthermore, to assess market competitiveness, the
LCoH derived from our study’s scenarios is compared with
data from various regions worldwide. Table II presents
a comparative analysis of LCoH values obtained imple-
menting either solar PV, wind, or a combination of both,
sourced from different literature, and arranged in descend-
ing order [18]–[21]. Korea has the highest recorded green
hydrogen price range of $13.81/kg to $14.58/kg, while
Iraq offers a considerably lower price range of $8.7/kg to
$9/kg. Morocco has a slightly lower price, in the range of
$5.57/kg to $13.8/kg. Egypt showcases the most econom-
ically favourable range, presenting green hydrogen within
a price bracket of $3.73/kg to $4.79/kg. Remarkably, our
study underscores the feasibility and economic viability of
green hydrogen, with a price range spanning from $3.43/kg
to $7.29/kg, positioning it among one of the most compet-
itive options globally.

TABLE II: LCoH Variation Across Different Countries

Country LCoH (US$/kg)

Korea 13.81–14.58
Iraq 8.7–9

Morocco 5.57–13.8
Egypt 3.73–4.79

Our study-Canada (NL) 3.43–7.29

5. Conclusion

In this study, we conducted a brief review of
wind-to-hydrogen production technology. Our inves-
tigation centred on a techno-economic analysis of a
wind-to-hydrogen case study located in Port au Port,
Newfoundland, with the objective of supplying green
hydrogen to Germany, thereby mitigating its heavy reliance
on grey hydrogen. Leveraging HOMER Pro software,
we simulated various configurations to determine the
optimal system setup, resulting in the deployment of 49
wind turbines, each having a capacity of 4.2 MW, along
with a 140 MW AC to DC converter and a 130 MW
PEM electrolyzer, all integrated with adequate storage
capabilities. The optimal system was tested against short,
mid, and long-term storage options to examine their
impact on NPC, LCoE, LCoH. The short-term storage
system exhibited a $1.143 billion NPC, accompanied by
an LCoE of $0.3580/kWh and an LCoH of $3.43/kg.
Transitioning to mid-term storage, the NPC slightly
increased to $1.417 billion, with corresponding LCoE and
LCoH values of $0.4434/kWh and $4.72/kg, respectively.
The long-term storage scenario incurred the highest
NPC at $1.96 billion, along with elevated LCoE and
LCoH values of $0.6140/kWh and $7.29/kg, respectively.
Our findings underscored a clear correlation between
storage volume and duration with LCoE and LCoH,
highlighting the importance of strategic planning in system
design and operation. Furthermore, upon comparing
LCoH with international benchmarks, Newfoundland and
Labrador emerged as a compelling market player due to
its exceptionally low-cost green hydrogen, affirming its
competitive advantage in the global arena.
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