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Abstract

Hydrogen, as an energy carrier, can potentially transform future energy systems significantly.

However, most current commercial hydrogen production methods are carbon-intensive, con-

tributing to atmospheric emissions. To achieve sustainable development, integrating renew-

able energy sources into distributed energy systems is crucial. When applied to hydrogen

production, these renewable sources can drive significant growth and progress toward a

cleaner, more sustainable energy future. This study aims to optimize the use of renewable

energy sources in Alberta, focusing on utilizing excess electricity for hydrogen production.

The novelty of this research lies in evaluating Alberta’s solar and wind energy potential to

lower residential electricity costs, while simultaneously harnessing surplus electricity from

a hybrid system for green hydrogen production. The optimization results show that com-

bining solar photovoltaic, wind turbines, and grid power can provide electricity at a cost

15% lower than the standard grid price. Additional financial key performance indicators,

such as net present cost, return on investment, and internal rate of return, further validate

the feasibility of this approach for Alberta’s residential electricity sector. Water electrolysis,

a promising method for hydrogen production using renewable energy, is shown to benefit

from the optimized model. The results demonstrate that surplus electricity can significantly

reduce hydrogen production costs. Numerical analysis of water electrolysis reveals that the

hydrogen gas volume fraction can reach up to 0.2 near the electrode surface and at the

electrode’s top due to gas accumulation and flow rate dynamics. Furthermore, the distance

between the electrode and separator plays a crucial role in hydrogen production; increasing

this distance significantly reduces hydrogen output. Analyzing the mid-separator current

density in the laminar flow regime suggests that maintaining a consistent current density

can enhance electrode longevity and ensure stable hydrogen production.
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1 Introduction

Fossil fuels remain the dominant energy source, meet-
ing most global energy demand [1]. Their crucial role
in human prosperity is evident, as their discovery and
utilization currently account for approximately 84% of
the world’s primary energy supply – a proportion that
continues to rise [2]. The consumption of fossil fuels
has shown a steady upward trend and is projected to
increase further until 2030 [3]. However, the combus-
tion of fossil fuels produces substantial greenhouse gas
emissions, significantly contributing to global warm-
ing [4]. Elevated concentrations of greenhouse gases
(GHGs) in the atmosphere impose significant societal
costs, including adverse effects on human health, prop-
erty damage from flooding, and reduced agricultural
productivity [5]. Estimates suggest that particulate air
pollution from fossil fuel combustion is responsible for
approximately 8.7 million deaths globally each year [6].
Research also indicates that exposing rice crops to high
temperatures (e.g., 38 ◦C) during the grain-filling stage
can lead to a reduction in grain weight [7]. To mitigate
the impacts of climate change, it is crucial to transition
from centralized, fossil fuel-dependent energy systems
to decentralized renewable energy sources, while also
reducing per capita fossil fuel consumption [8].

Renewable energy sources – including solar, wind,
hydro, geothermal, ocean, biomass, and hydrogen – are
expected to lead future energy systems due to their
socio-economic and environmental benefits [9]. Hydro-
gen, the most abundant element in the universe, has
the highest gravimetric energy density at 143 MJ/kg
and a low gaseous density of 0.089 g/L [10]. These
unique properties position hydrogen as a key player
in the future energy transition [10]. Hydrogen pro-
duction methods are generally classified into two cate-
gories: non-renewable sources (such as steam methane
reforming, pyrolysis, coal gasification, and radiolysis)
and renewable sources (including biomass gasification,
solar, wind, geothermal, and microbial processes) [11].

More than three-quarters of hydrogen production
currently depends on non-renewable energy sources
[11]. Hydrogen is classified based on its production
method. For instance, hydrogen produced via steam
methane reforming (SMR) without carbon capture and
storage (CCS) is referred to as gray hydrogen [12].
When CCS is integrated into the same process, the
resulting hydrogen is known as blue hydrogen [12]. Hy-
drogen generated through electrolysis using renewable
energy sources is classified as green hydrogen [12]. In
the global hydrogen market, electrolysis accounts for
only 4% of total hydrogen production, while the ma-
jority is derived from non-renewable sources, primarily

through SMR [13]. Table 1 summarizes the costs, ad-
vantages, and disadvantages of each hydrogen produc-
tion method.

The SMR and coal gasification remain cost-effective
hydrogen production methods due to their relatively
low costs. However, their significant carbon emissions
make them less favorable from an environmental stand-
point. In contrast, renewable-based approaches – such
as solar, wind, and geothermal energy – offer cleaner
alternatives with substantially lower carbon emissions.
Despite these advantages, renewable methods often in-
volve higher initial costs and face challenges in scal-
ing up to meet large-scale hydrogen demand due to
factors such as intermittency, geographical constraints,
and resource dependency. Table 1 highlights the in-
herent trade-off between cost-effectiveness and environ-
mental sustainability when selecting a hydrogen pro-
duction method. Additionally, the data presented in
Table 1 demonstrates a strong correlation between Al-
berta’s abundant solar and wind resources and the fea-
sibility of using water electrolysis for green hydrogen
production. Given the availability of these renewable
energy sources, they provide a reliable and sustainable
power supply for electrolysis, making it the preferred
method for hydrogen production in this study.

Water electrolysis powered by renewable energy
sources is a promising method for green hydrogen pro-
duction and has attracted significant research interest
[12]. In remote regions rich in renewable energy sources
such as wind and solar, electrolysis offers an opportu-
nity to produce hydrogen on a smaller scale to meet
various energy needs [14]. These applications include
powering light manufacturing industries and serving as
a solution for electricity peak shaving, whether inte-
grated with the grid or operating independently [14].
During electrolysis, reduction occurs at the cathode,
where hydrogen is collected, while oxidation takes place
at the anode, where oxygen is gathered [10]. At max-
imum conversion efficiency, water electrolysis requires
39.4 kWh of energy to produce 1 kg of hydrogen [15].
However, most commercial electrolyzers consume ap-
proximately 50 kWh per kg of hydrogen produced [15].

Two well-established electrolysis technologies are
alkaline water electrolysis and proton exchange mem-
brane (PEM) electrolysis. In alkaline water electrolysis,
a highly corrosive electrolyte, such as sodium hydrox-
ide (NaOH) or potassium hydroxide (KOH), is used,
with a pH ranging from 13 to 14 [16]. The anode and
cathode are separated by an ion exchange membrane.
This method has a relatively low efficiency of 60–70%,
with a current density ranging from 0.2 to 0.4A/cm2

[16]. In contrast, PEM electrolysis achieves an effi-
ciency of 80% and operates at a higher current density
of 1.6A/cm2 [12]. The highest efficiency, exceeding
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90%, is observed in solid oxide electrolysis; however,
this technology is not yet commercially available [16].
During conventional water electrolysis, gas bubbles –
being non-conductive – adhere to the electrodes, re-
ducing their exposure to the electrolyte. This increases

system resistance, leading to energy losses [17]. In a
capillary-fed electrolyzer, the PEM is replaced by a
porous hydrophilic separator, with the electrolyte po-
sitioned at the bottom of the device, improving system
performance [17].

Table 1. Different hydrogen production methods, costs, benefits and challenges

Sources Cost ($/kg
H2)

Pros Cons Connection to Current
Research

Steam
methane
reforming
(SMR)

0.9-3.2 [11] Generates the highest yield of
hydrogen and is a cost-effective
method [11]

Emissions reach 9.35
kg CO2/kg of H2

production [18]

Highlights the necessity
of shifting towards
renewable energy
solutions as part of
decarbonization efforts.

Coal gasi-
fication

1.2-2.2 [11] Meets 18% of global hydrogen
demand and economical
method for regions with
abundant coal reserves [19]

Less efficient
(60-75%) compared
to SMR (70-85%),
additionally it emits
more than twice the
amount of emissions
than SMR [19]

Demonstrates the
limitations of fossil
fuel-based methods
compared to cleaner
renewable energy
solutions.

Radiolysis 3.18-6.17 [20] High-capacity factor (90%),
low carbon footprint (0.43 kg
CO2/kg H2) [21]

The fundamental
disparity of safety
strategies between
the nuclear facility
and H2

production [21]

Could benefit from CFD
modeling to enhance
efficiency but is less
aligned with Alberta’s
solar and wind
resources.

Biomass
gasifica-
tion

1.25-2.20 [22] CO2 released during the
process is offset by the carbon
dioxide absorbed by plants
during their growth [22]

Low rates of H2

production and
reaction depends on
steam-biomass ratio,
catalyst, and
temperature [22]

Relevant to Alberta’s
agricultural sector but
less focused on
optimizing solar and
wind energy for
residential use.

Solar 0.98-6.02 [23] Green hydrogen production
with sustainable energy sources
and large-scale infrastructure
would reduce the levelized cost
of hydrogen [24]

Lower efficiency of
solar cells,
intermittency, and
variations in solar
energy intensity
depending on
location [11]

Highly relevant,
focusing on solar energy
integration for hydrogen
production in Alberta’s
residential sector.

Wind 2.27-2.70 [23] Green hydrogen production
with sustainable energy sources
and large-scale infrastructure
would reduce the levelized cost
of hydrogen [24]

Intermittency and
location of the
system would create
difficulties in
harnessing renewable
energy [24]

Directly relevant,
focusing on wind energy
integration for hydrogen
production in Alberta’s
residential energy
systems.

Geothermal 1.44 [25] A combined
geothermal-assisted hydrogen
liquefaction plant has the
potential to reduce the
levelized cost of hydrogen,
presenting a highly promising
opportunity [25]

However, geothermal
energy has global
warming
potential [26]

Less relevant than solar
and wind in the
residential context.

Microbial
process

2.13 [22] Low operating cost and less
energy-intensive [22]

Need sunlight and
the presence of O2

reduces hydrogen
production [11]

Limited relevance to
residential applications
compared to solar and
wind energy systems.
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In a capillary-fed electrolyzer, the electrodes main-
tain direct contact with the electrolyte on the inner
side through the separator’s capillary action, while the
outer side remains dry [17]. This design prevents bub-
ble formation on the electrode surface, significantly re-
ducing system resistance [17]. The International Re-
newable Energy Agency (IRENA) has set a target to
lower cell energy consumption to below 42 kWh per
kilogram of hydrogen by 2050 [17]. The capillary-
fed electrolyzer has demonstrated an efficiency of 98%,
achieving a current density of 0.5A/cm2 with an en-
ergy consumption of 40.4 kWh/kg of hydrogen pro-
duced [17]. Advancements in industrial electrochem-
ical engineering and electrolyzer technology indicate
that alkaline water electrolysis remains the preferred
method for large-scale hydrogen production [27].

This study aims to evaluate the integration of hy-
brid energy systems in residential settings and explore
the utilization of surplus electrical energy to enhance
green hydrogen production. Notably, it is the first re-
ported analysis and optimization effort conducted in
Medicine Hat, Alberta, a location with substantial so-
lar and wind energy potential. Previous research has
not directly examined the use of hybrid energy sys-
tems in the residential sector to reduce the levelized
cost of electricity (LCOE) while utilizing excess elec-
tricity for green hydrogen production. The primary
objective of this study is to assess the effectiveness of
harnessing surplus energy from hybrid systems to lower
hydrogen production costs. By identifying the hybrid
system with the lowest LCOE, hydrogen production
expenses can be further minimized. Additionally, com-
putational fluid dynamics (CFD) modeling of hydrogen
production is expected to offer valuable insights, par-
ticularly regarding electrode longevity. Enhancing elec-
trode durability could significantly reduce future oper-
ational costs of electrolyzers, thereby contributing to a
reduction in the overall cost of hydrogen production.

2 Methodology

Various simulation tools can be employed to assess
the feasibility of renewable energy systems from tech-
nical, economic, and environmental perspectives [28].
HOMER Pro software is widely used for optimizing mi-
crogrid designs across different sectors, including rural
areas, island communities, military installations, and
grid-connected buildings. It evaluates both engineer-
ing and economic factors, enabling comparisons with
baseline configurations [28]. HOMER Pro can opti-
mize hybrid energy systems that integrate solar, wind,
utility loads, and battery storage. Additionally, it also
facilitates sensitivity analysis based on net present cost
(NPC), operating costs, and emissions [29]. A higher

renewable fraction, combined with a lower LCOE, indi-
cates that a greater share of the total energy is sourced
from renewables while maintaining a reduced electricity
cost per unit [30]. In general, systems with lower LCOE
contribute to reducing hydrogen production costs when
water electrolysis is utilized [31]. Although hydrogen
production from non-renewable sources remains more
cost-effective than electrolysis [32], surplus electricity
from renewable sources can make electrolysis-based hy-
drogen production economically viable [32].

Computational fluid dynamics is a powerful tool
for simulating hydrogen production, providing insights
into thermal, electrochemical, and fluid phenomena
within electrolyzer cells [33]. The performance of an
electrolyzer is typically evaluated using a polarization
curve under different operating conditions, offering a
detailed understanding of the system’s behavior [33].
For proton exchange membrane (PEM) electrolysis, the
optimal operating temperature ranges from 313 K to
353 K [34], whereas alkaline water electrolysis oper-
ates most efficiently between 323 K and 343 K with an
electrolyte concentration of 32% KOH by weight [33].
Increasing the operating temperature can enhance cur-
rent density in alkaline electrolysis [35]. However, high-
temperature electrolysis presents challenges, such as
the need for a pressurized operation to manage sat-
urated water vapor and ensure the safety and stability
of system components. CFD modeling is an effective
tool for identifying system characteristics, optimizing
alkaline electrolysis design, and streamlining sensitiv-
ity evaluations while reducing assessment costs [35].
It enables a comprehensive fluid flow and membrane
properties analysis, which is often more efficient than
experimental approaches [36]. Key parameters such
as electrode-diaphragm gap, temperature, diaphragm
porosity, and width significantly influence current den-
sity, and CFD provides a more detailed understanding
of their effects compared to experimental methods [37].

2.1 System description

This research established a system setup in Medicine
Hat, Alberta, Canada. Solar irradiation data was col-
lected from pvwatts.nrel.gov, while wind velocity data
was retrieved from climate.weather.gc.ca. These data
points and annual residential load information were
used as inputs in HOMER Pro to conduct a feasibility
analysis. The analysis evaluated the potential of grid
power, wind energy, and solar PV systems as primary
energy sources. The system schematic is shown in Fig-
ure 1. Grid and wind power were connected to the AC
busbar, whereas solar PV was connected to the DC bus-
bar. A system converter was incorporated for DC/AC
conversion. The wind turbine model selected AWS HC
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1.8 kW and the cut-in and cut-out speeds are 2.2 and
12 m/s, respectively. For solar PV, the Canadian So-
lar Superpower CS6K-295MS model, with a capacity of
5 kW and 18.02% efficiency, was chosen. The system
converter selected was the Studer AJ 1000-12, with a
capacity of 3.5 kW. All components were sourced from
the HOMER Pro library.

Fig. 1. Schematic of the hybrid system.

This research established a system setup in
Medicine Hat, Alberta, Canada, integrating solar and
wind energy sources. Solar irradiation data was
obtained from pvwatts.nrel.gov, while wind velocity
data was sourced from climate.weather.gc.ca. These
datasets, along with annual residential load profiles,
were used as inputs in HOMER Pro a feasibility anal-
ysis. The study assessed grid power, wind energy, and
solar photovoltaic systems as primary energy sources.
As shown in Figure 1, the system configuration con-
nected the grid and wind power to the AC busbar,
while the solar PV system was linked to the DC busbar.
A system converter was included to facilitate DC/AC
conversion. For component selection:

• Wind turbine: AWS HC 1.8 kW model with a
cut-in speed of 2.2 m/s and a cut-out speed of 12
m/s.

• Solar PV: Canadian Solar Superpower CS6K-
295MS model with a 5 kW capacity and 18.02%
efficiency (flat plate design).

• System converter: Studer AJ 1000-12 with a
3.5 kW capacity.

All components were selected from the HOMER
Pro library to ensure compatibility and accurate per-
formance evaluation.

The seasonal residential load profile, illustrated in
Figure 2, indicates that the maximum load occurred in
June, with an upward trend observed during the winter
months. For the sensitivity analysis in HOMER Pro,
several key parameters were selected:

• Grid electricity price: Considered at $0.143/kWh
and $0.150/kWh to account for potential price
fluctuations.

• Capital cost multiplier: A 20% increase in cost
was applied to the wind turbine, solar PV, and
system converter to assess economic sensitivity.

These parameters were chosen due to the inherent
variability in grid electricity prices, which are influ-
enced by market dynamics and regulatory policies at
both federal and provincial levels. Similarly, capital
costs fluctuate due to global market trends and infla-
tion, making them critical factors in evaluating the sys-
tem’s economic resilience under different conditions.

Fig. 2. Seasonal residential load profile.

Figure 3 illustrates the monthly average solar irradi-
ation in Medicine Hat, Alberta, Canada, with the max-
imum irradiation occurring during the summer months
(May-July). Figures 3 to 5 were generated using our in-
house Python code. Solar irradiation reached its high-
est levels in the summer, followed by a gradual decline
in fall and spring, and a sharp decrease in winter. Dur-
ing the summer, solar irradiation ranged between 6.14
and 7.33 kWh/m2/day, with peak levels occurring in
July. This variation reflects seasonal changes in solar
energy availability, with July experiencing the highest
solar intensity due to longer daylight hours and more
direct sunlight. In the fall, irradiation values ranged
from 3.33 to 6.63 kWh/m2/day. In the spring, irradia-
tion began to rise again, fluctuating between 2.59 and
5.59 kWh/m2/day. During the winter season, solar ir-
radiation ranged from 1.68 to 1.90 kWh/m2/day, with
the lowest levels recorded in December. This reduction
insolar energy availability in winter is typical due to
shorter daylight hours and a lower sun angle, result-
ing in less direct and weaker sunlight. These seasonal
variations, particularly the higher irradiation levels in
the warmer months, are crucial for compensating for
the lower irradiation experienced in winter, thus en-
hancing the overall annual solar energy potential. The
average annual irradiation was 4.38 kWh/m2/day.
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Fig. 3. Sunburst diagram of monthly average solar
irradiation.

Figure 4 illustrates the monthly average clearness
index, with the highest value recorded in December
at 0.79. Throughout the winter, the clearness index
ranged from 0.75 to 0.79, indicating relatively clear at-
mospheric conditions that allow more sunlight to pen-
etrate. In contrast, the clearness index was lowest dur-
ing the summer, varying between 0.57 and 0.66, re-
flecting increased cloud cover that reduces solar radi-
ation transmission. During the transitional seasons,
the clearness index exhibited moderate values, rang-
ing from 0.71 to 0.73 in the fall and fluctuating be-
tween 0.63 and 0.64 in the spring, These seasonal varia-
tions are influenced by atmospheric conditions, includ-
ing cloudiness, humidity, and air pollution, which can
significantly affect the availability and quality of so-
lar radiation for solar energy applications. The annual
average clearness index was 0.67.

Fig. 4. Sunburst diagram of monthly clearness in-
dex.

The monthly average wind velocity is shown in Fig-
ure 5. Seasonal analysis revealed that wind speeds were
highest in the spring, followed by winter, summer, and
fall. During the spring, wind speeds ranged from 3.73
to 4.83 m/s, with the peak recorded in February, sug-
gesting strong air movement during the transition from
winter to spring. The elevated wind speeds during this
period could be attributed to seasonal shifts in atmo-
spheric pressure patterns and temperature gradients,
which enhance wind activity. In winter, wind speeds
were slightly lower, ranging from 3.78 to 4.69m/s.
This indicates that while winter experiences relatively
strong winds, they are generally less intense than in
spring. During the summer, wind speeds decreased
further, varying between 3.55 and 4.23 m/s, likely due
to more stable atmospheric conditions and less pro-
nounced temperature differences. In fall, wind speeds
were the lowest among the seasons, ranging from 3.62
to 3.93 m/s, indicating more stable atmospheric con-
ditions as the season transitioned to winter. Overall,
the annual average wind speed was calculated to be
4.07 m/s, indicating a moderate wind resource poten-
tial throughout the year. These seasonal variations
could influence the optimization of wind energy har-
vesting strategies. Wind speed is a critical factor in se-
lecting wind turbines, as it significantly impacts their
operational performance and economic feasibility.

Fig. 5. Sunburst diagram of monthly average wind
speed

Using Figure 5, these wind speed values were used
to find Rayleigh probability distribution for wind char-
acteristics at this location. The Rayleigh probability
distribution was calculated using the following equa-
tion [38] and is shown in Figure 6.

ϕu =
πv

2vm
exp

[
−

(π
4

)(
v

vm

)2
]

(1)
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where ϕu is Rayleigh probability distribution, v is wind
speed (m/s), and vm is mean wind speed (m/s).

One year of wind speed data for Medicine Hat, Al-
berta, was collected from climate.weather.gc.ca, and
the mean wind speed was calculated. When the shape
parameter in the Weibull probability distribution is set
to 2, it forms a Rayleigh distribution [39]. A shape
parameter of 2 skews the distribution toward a higher
frequency of lower wind speeds, making it suitable for
most locations [40]. Figure 6 also shows that most
data points are concentrated around the mean wind
speed, indicating a peak or higher probability density
near the mean value. This suggests that wind speeds
near the mean occur more frequently than those far-
ther from it. However, the Rayleigh distribution has
limitations when applied to offshore wind probability
distributions [39].

Fig. 6. Rayleigh probability distribution of wind
speed.

HOMER Pro uses the following equations to calcu-
late the net present cost and LCOE in the optimization
algorithm [41].

CNPC =
Cann,tot

CRF(i, Rproj)
(2)

where CNPC is net present cost, Cann,tot is the total
annualized cost, i is the annual real interest rate, Rproj

is project lifetime, and CRF is the Capital recovery
factor.

The capital recovery factor can be calculated as

CRF(i,N) =
i(1 + i)N

(1 + i)N − 1
(3)

where, N is the number of years.

LCOE =
Cann,tot

Eprim + Edef + EGrid,sales
(4)

where Eprim is the total amount of primary load, Edef

is the total amount of deferrable load, and EGrid,sales

is the amount of energy sold to the grid per year.
HOMER’s optimization process ranks system config-
urations by NPC instead of LCOE, as the definition
of LCOE is often debated, while NPC is more widely
recognized and consistently defined [41].

3 CFD Modeling

3.1 Theoretical description

COMSOL Multiphysics 6.2 was used as the CFD mod-
eling tool. The geometry of the computational domain
is shown in Figure 7, with the entire geometry is di-
vided into three compartments: two for the electrodes
(cathode and anode) and one for the separator. Hydro-
gen is collected at the cathode, which has dimensions
of 150mm × 10mm, while oxygen is collected at the
anode, which shares the same dimensions as the cath-
ode. The separator, positioned between the electrodes,
measures 150mm× 2mm.

Fig. 7. Modeling geometry (1 = cathode, 2 = sep-
arator, 3 = anode).

The potassium hydroxide (KOH) electrolyte was
used and fed into the bottom of the compartments,
while a biphasic mixture (liquid and gas) was released
at the top. The fundamental water electrolysis reaction
is shown in the following reactions [42]:

2H2O(l) + 2 e− −−→ H2(g) + 2OH−

4OH− −−→ 2H2O(l) + O2(g) + 4 e−

In the proposed model, two physics were used to simu-
late the system: a) water electrolyzer for the polariza-
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tion curve and b) Euler-Euler model with laminar flow
for gas evolution. The Reynolds number for the model
was obtained as 1700 (i.e., less than 2100), justifying
the selection of the laminar flow model. The polariza-
tion curve plays a crucial role in assessing the electro-
chemical performance of the electrolyzer. Rodŕıguez
and Amores [33] previously utilized the Electric Cur-
rents module in COMSOL Multiphysics to model the
polarization curve and employed a two-phase turbulent
bubbly flow model for gas evolution. The simulation
results were validated experimentally, and the effects
of temperature and electrode-diaphragm distance were
also investigated [33]. Mohsin et al. [43] provided an
overview of the flow models for alkaline water electrol-
ysis developed by researchers using CFD, noting that
most of these studies focused on turbulence models.
This study considered the Euler-Euler model with lam-
inar flow to investigate gas evolution in the laminar
flow domain, following a COMSOL Multiphysics re-
port [44]. The governing equations for the conservation
of currents in water electrolyzer physics are mentioned
in the following [45]:

∇ · il = iv,tot (5)

where iv,tot is volumetric current density. Ohm’s law
for electrolyte phase:

il = −σl,eff∇ϕl (6)

where σl,eff is effective electrical conductivity of the
electrolyte. Conservation of current in electrode phase:

∇ · is = −iv,tot (7)

Ohm’s law for electrode phase:

is = σs∇ϕs (8)

where is is current density in solid, σs is electrical con-
ductivity of the solid material. The continuity equation
for the continuous and dispersed phases is mentioned
in the following [46]:

∂ϕc

∂t
+∇ · (ϕcuc) = mdc

(
1

ρc
− 1

ρd

)
(9)

where ϕc is the volume fraction of the continuous phase,
uc is the velocity of the continuous phase, ρc is den-
sity of the continuous phase, ρd is the density of the
dispersed phase, and mdc is mass transfer between dis-
persed and continuous phase.

∂ϕd

∂t
+∇ · (ϕdud) = −mdc

1

ρd
(10)

where ϕd is the volume fraction of the dispersed phase,
and ud is the velocity of the dispersed phase. The

momentum equation for the continuous and dispersed
phases is mentioned in the following [46]:

ρc
∂uc

∂t
+ ρc(uc · ∇)uc = ∇ · (−pI + τc) + ρcg

+
Fm,c

ϕc
+ Fc +mdc(uint − uc) (11)

where p is pressure, I is identity matrix, pI is pressure
gradient force, τc is stress tensor for continuous phase,
g is gravitational acceleration, Fm,c is external forces,
Fc is interaction forces, and uint is interface velocity
between phases.

ρd
∂ud

∂t
+ ρd(ud · ∇)ud = ∇ · (−pI + τd) + ρdg

+
Fm,d

ϕd
+ Fd +mdc(uint − ud) (12)

where τd is the stress tensor for the dispersed phase,
and Fm,d is external forces on the dispersed phase.

To solve the aforementioned differential equations,
the following assumptions were made to ensure conver-
gence and reduce the computational cost of the model:
(1) the fluid is Newtonian and incompressible, (2) the
flow is laminar, (3) the two phases are at the same
pressure, (4) there is no gas crossover through the sep-
arator, and (5) the electrolyte is assumed to be well-
mixed. The constant, initial, and boundary conditions
are listed in Error! Reference source not found. It is
noted that all the initial and boundary conditions were
applied for the final CFD simulations.

Table 2. Constant, initial, and boundary conditions
in the simulation domains

Description Value

Electrode-separator distance 10 [mm]
Exchange current density, cathode 200 [A/m2]
Exchange current density, anode 2 [A/m2]
Average inlet velocity 0.1 [m/s]
Pressure 1 [atm]
Operating temperature 343.15 [K]
Reference temperature 293.15 [K]
Electrolyte concentration 6.1 [mol/m3]
Cell voltage 1.2 [V]
Separator porosity 0.3
Water molar mass 18 [g/mol]
Hydrogen molar mass 2 [g/mol]
Oxygen molar mass 32 [g/mol]
Hydroxide molar mass 17 [g/mol]
Bubble diameter 60 [µm]

3.2 Mesh independence

Various mesh configurations were assessed to ensure
grid independence by comparing the results. The mesh
was considered suitable when the variation between
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successive results remained within 5%. The total num-
ber of elements for each configuration was as follows:
56,400 for the coarse mesh (Mesh I), 147,200 for the fine
mesh (Mesh II), and 234,000 for the finer mesh (Mesh
III). The pressure (Pa) was measured in the middle of
the cathode compartment (5 mm) for each mesh, and
the results are presented in Figure 8. The difference
between the fine and finer mesh configurations was ob-
served to be less than 3.5%. To reduce computational
cost while capturing better results and representing the
geometry of the problem more accurately, the fine mesh
(Mesh II) was selected for the numerical study.

Fig. 8. Mesh independence study.

Figure 9 illustrates the application of a fine mesh
within the model. A rectangular mesh configuration
was utilized, particularly well-suited for the model’s
regular geometry. The fine mesh establishes a higher
resolution of the computational grid, facilitating more
accurate simulations by capturing detailed variations
in physical quantities across the domain. This meshing
approach is crucial for resolving intricate system fea-
tures and enhancing the precision of numerical results,
particularly in regions with steep gradients or localized
phenomena.

Figure 9 illustrates the application of a fine mesh
within the model. A rectangular mesh configuration
was used, which is particularly well-suited for the
model’s regular geometry. The fine mesh enhances the
resolution of the computational grid, facilitating more
accurate simulations by capturing detailed variations in
physical quantities across the domain. This approach is
essential for resolving intricate system features and im-
proving the precision of numerical results, particularly
in regions with steep gradients or localized phenomena.

Fig. 9. (a) Fine mesh applied in the model, (b)
magnified region of the model.

3.3 Numerical model validation

The model was validated by comparing the simulated
polarization curve with the COMSOL Multiphysics re-
port [44]. Polarization curves serve as a crucial tool for
characterizing the electrochemical performance of an
electrolyzer cell, illustrating the relationship between
the applied voltage and the resulting current density.
These curves are essential for identifying the cell’s op-
erational voltage and current conditions. As the cur-
rent density increases, the rate of gas evolution at the
electrode surfaces also rises, leading to the formation
of more gas bubbles – primarily hydrogen at the cath-
ode and oxygen at the anode. These gas bubbles in-
crease the resistance within the electrolyte by reducing
its electrical conductivity, which in turn contributes to
a rise in cell voltage. In the reference geometry, the an-
ode and cathode measured 2mm × 100mm, while the
separator measured 1mm × 100mm. The maximum
hydrogen volume fraction was recorded at 0.35, with
hydrogen bubbles accumulating more densely near the
top of the electrode. The polarization curve data from
the reference and benchmark models were recorded and
compared. Figure 10 illustrates the model validation,
demonstrating that the difference between the results
was less than 2%.

4 Results and Discussions

4.1 Selection of optimized renewable
energy

If residential energy demand were met solely by
grid electricity, the system’s NPC would amount to
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$2,024,255.18. The annual operational and mainte-
nance expenses were estimated at $156,585, with the
grid electricity rate of $0.143/kWh. In this scenario,
no capital expenditure was incurred, as no new infras-
tructure or equipment investment was required. The
system relies entirely on the existing grid, eliminating
the upfront costs typically associated with renewable
or hybrid energy systems. The financial key perfor-
mance indicator (KPI) is presented in Figure 11. The
total CO2 emissions from this system were recorded at
692,040 kg/yr, a significant amount due to the grid’s
reliance on a diverse energy mix that includes both re-
newable sources and fossil fuels. Figure 11 provides
a summary of the financial KPIs for the system using
grid electricity.

Fig. 10. Comparison of cell voltage variation versus
current density with the data obtained from [44].

Fig. 11. Financial KPI of the system using grid
electricity.

Using the cost multiplier as a sensitivity parameter,
the HOMER Pro optimizer determined that a hybrid
system could optimize energy sources to meet residen-
tial demand based on financial KPIs. The cost multi-
plier for each component – solar PV, system converter,
and wind turbine – was increased by 20%, while the
grid electricity rate was analyzed at $0.143/kWh and
$0.150/kWh. Considering the lowest financial KPIs
and the highest renewable energy fraction, the opti-
mized results identified a combination of solar, wind,
and grid electricity as the most effective solution.

A combination of a 9 kW wind turbine capacity
and grid electricity can generate electricity at a rate
of $0.145/kWh. The financial KPIs are presented in
Figure 12. The system’s NPC, operational expendi-
ture (OPEX), and capital expenditure (CAPEX) were
recorded at $2,053,436.62, $1,988,025.81, and $59,400,
respectively. The renewable energy fraction from this
system was 2.20%, indicating that this configuration
does not offer long-term cost-effectiveness. The low
renewable energy fraction resulted in a substantial
amount of CO2 emissions, totaling 676,790 kg/year. No
excess electricity was generated by this system, which
did not meet the objective of this study – producing
hydrogen from the excess electricity of the optimized
system. Additionally, the LCOE was 1.4% higher than
the grid electricity rate, which directly affects hydrogen
production costs. This increase in costs is attributed to
the higher CAPEX and OPEX for the wind turbines,
which led to a rise in both the NPC and LCOE, making
the model a less cost-effective option.

Fig. 12. Wind turbine and grid system’s financial
KPI.

The combination of a 1000 kW solar PV capacity, a
system converter with a 480 kW capacity, and grid elec-
tricity can generate electricity at a rate of $0.09/kWh.
The financial KPIs are shown in Figure 13. The solar
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PV and grid system achieved a renewable energy frac-
tion of 72.8%, indicating that a significant portion of
the energy demand was met through renewable sources.
Furthermore, the system generated an excess of 438,076
kWh per year, which could be effectively used for hy-
drogen production. The system’s CO2 emissions were
recorded at 207,047 kg/year. However, with a solar
PV capacity of 1000 kW, the system is not suitable for
residential applications due to its size, exceeding the
spatial constraints of typical residential environments.

Fig. 13. Solar PV and grid system’s financial KPI.

An analysis of Figure 3 and Figure 5 shows that so-
lar and wind energy sources have complementary char-
acteristics within the specific region. By integrating
both energy sources, the system ensures a continuous
energy supply throughout the year, minimizing the risk
of underproduction during periods when one resource
is less available. For this reason, the optimization
model incorporates solar PV, wind turbines, and grid
electricity to improve system reliability and guarantee
year-round energy provision. Among the various op-
timization results, three hybrid systems were selected
based on NPC, LCOE, renewable fraction, and excess
electricity, which could meet the ultimate objectives of
this study and help identify the best option. Table 3
presents the optimized models and their specifications.
It is worth noting that the solar PV capacity is higher
than that of the system converter because peak solar
irradiation occurs over a short period each day and ex-
hibits seasonal variations. These factors contribute to
the under-sizing of the system converter.

Figure 14 presents the KPIs for the three optimized
models (OM1, OM2, and OM3). The NPC of OM1
is 4% lower than that of OM2 and 7% lower than
OM3, primarily due to OM1’s lower CAPEX, which
is over 2% lower than OM2 and 32% lower than OM3.
This difference is largely attributed to the higher cost

of wind turbines in OM2 and OM3, as their capaci-
ties are significantly larger than in OM1. Specifically,
OM1 includes a wind turbine capacity of only 6 kW,
whereas OM2 and OM3 feature capacities of 17 kW
and 45 kW, respectively. The increased wind turbine
capacity in OM2 and OM3 results in higher CAPEX,
which ultimately raises the overall NPC of the system.
OM1’s lower CAPEX provides a financial advantage
by reducing the NPC, representing the total cost over
the project’s lifespan. NPC is a crucial KPI for as-
sessing the long-term financial viability of a project.
A lower NPC translates to a higher return on invest-
ment (ROI) and internal rate of return (IRR), making
the system more appealing to investors. The LCOE
for OM1 was calculated at $0.121/kWh, which is over
15% lower than the cost of grid electricity and 6% lower
than OM3. This substantial reduction in LCOE makes
OM1 the most favorable option for cost-effective hy-
drogen production within this system. OM1 demon-
strated a superior ROI (6.7%) and IRR (9.8%) com-
pared to OM2 and OM3, indicating stronger financial
performance. These higher profitability indicators sug-
gest that OM1 presents a more attractive investment
opportunity and greater potential for securing funding.
ROI and IRR are critical metrics for evaluating the fi-
nancial feasibility of a project, and OM1’s advantage
in these areas reinforces its economic viability. How-
ever, OM2 produced 103,695 kWh of excess electricity
annually, which was over 80% greater than OM1 and
more than three times higher than OM3. This dif-
ference is attributed to OM2’s larger combined solar
PV and wind turbine capacity compared to OM1. Al-
though OM3 had a higher wind turbine capacity than
OM2, its solar PV capacity (281 kW) was lower than
OM2 (368 kW), affecting the overall balance of renew-
able energy generation. The renewable energy frac-
tions for OM1, OM2, and OM3 were 44.9%, 50.9%,
and 50.7%, respectively. While OM2 and OM3 gener-
ated over half of their energy from renewable sources
– enhancing sustainability – this higher reliance on re-
newables also contributed to increased system costs.
Despite OM2’s advantages in excess electricity produc-
tion and renewable energy fraction, OM1 stands out
as the most cost-effective and economically viable so-
lution, with superior financial KPIs, including NPC,
LCOE, ROI, and IRR.

The monthly electricity generation from OM1 and
its respective energy sources are illustrated in Fig-
ure 15. Grid electricity accounted for 50.9% of the
total generation, while solar PV contributed 47.8%,
making it the dominant renewable energy source. In
contrast, wind energy accounted for only 1.27% of the
total output. This disparity is largely due to Alberta’s
higher solar energy potential compared to wind energy.
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The inclusion of a wind turbine in OM1 was a strate-
gic decision to mitigate energy demand uncertainties,
allowing wind power to supplement the load during pe-
riods of solar generation fluctuation. Despite its rela-
tively small share, wind energy enhances the system’s
resilience and reliability. With nearly half (49.1%) of
its electricity derived from renewable sources, OM1
demonstrates strong potential for renewable energy
generation. This significantly reduces reliance on non-
renewable energy, potentially lowering greenhouse gas
emissions and improving the system’s environmental
footprint. The high renewable energy contribution re-
inforces OM1’s role in advancing energy sustainability,
supporting renewable energy targets, and promoting
energy independence.

Fig. 14. KPI comparison of three optimized mod-
els.

Figure 16 illustrates the net energy purchases for
OM1 over the year, with a peak observed in June. The
increased energy sold back to the grid during certain
months contributed to a reduction in overall energy
costs. The lowest recorded energy charge occurred in
September, totaling $4,835, while the annual energy
cost for the system was $88,574. The sell-back price
to the grid was set at $0.05/kWh. If this rate were to
increase, the system’s net energy cost would decline fur-
ther, enhancing its financial attractiveness to investors.
Additionally, increasing the renewable energy fraction

would reduce reliance on grid electricity, further sta-
bilizing long-term energy costs and mitigating the im-
pact of market price fluctuations. By minimizing grid
dependency, OM1 can offer greater financial stability
and sustainability, making it a more viable and cost-
effective energy solution for the future.

Fig. 15. Monthly energy productions using wind,
solar, and grid by OM1.

Fig. 16. Net, sold, and purchased energy distribu-
tions of OM1 throughout the year.

Figure 16a illustrates the annual solar PV power
output of OM1, highlighting seasonal and daily vari-
ations. The rated capacity of solar PV was 309 kW,
while the mean output reached 345 kW. The highest
power generation occurred during the summer months
and peaked around midday throughout the year. The
system operated for a total of 4,376 hours annually,
achieving a PV penetration rate of 55.5%, meaning so-
lar PV met more than half of the total energy demand.
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The average daily solar output was 1,665 kWh, with
a capacity factor of 22.5%, which is within a favor-
able range [47]. However, this factor is influenced by
sunlight availability, system efficiency, and Alberta’s
local weather conditions. The LCOE for solar PV was
$0.063/kWh, making it a highly cost-effective energy
source. This low LCOE significantly reduces overall
electricity costs within the hybrid system, enhancing
its financial viability and long-term sustainability. By
integrating solar PV at a competitive cost, the system
achieves greater affordability and efficiency, reinforcing
its role as a practical and scalable renewable energy
solution. Additionally, the economic benefits of solar
PV, coupled with its high renewable energy fraction,
contribute to reduced dependence on grid electricity,
further decreasing energy costs and minimizing envi-
ronmental impact.

(a)

(b)

(c)

Fig. 17. (a) Solar PV power output of OM1, (b)
Power output of wind turbine of OM1, (c) Power
output of system converter of OM1.

Figure 16b illustrates the wind turbine power out-
put, which generated 16,086 kWh annually with a to-
tal operational time of 6,994 hours. The mean and
maximum outputs were 1.84 kW and 15.7 kW, respec-
tively. However, wind penetration was just 1.47%, sig-
nificantly lower than solar penetration. The levelized
cost of wind energy was $0.237/kWh, 65% higher than
the prevailing grid electricity rate, contributing to the
hybrid system’s overall LCOE of $0.121/kWh. This
higher cost reduced the system’s economic efficiency.
While wind energy contributes to the diversification of
energy sources within the hybrid system, its relatively
low penetration and higher cost make it less economi-
cally competitive compared to solar PV. However, in-
corporating wind energy still plays a role in enhancing

system reliability and resilience, mitigating risks asso-
ciated with fluctuations in solar generation. A more
cost-effective wind power contribution could have fur-
ther lowered the LCOE, enhancing the system’s finan-
cial viability. Despite its higher cost, the wind turbine
was integrated into OM1 to address energy uncertain-
ties and weather variability, ensuring a more resilient
and reliable energy supply.

Figure 16c illustrates the power output of the sys-
tem converter, with a mean output of 58.5 kW and a
maximum output of 194 kW. The capacity factor was
30.2%, which would decrease if a higher-capacity con-
verter were selected. The system converter generated
512,090 kWh annually, operating for 4,376 hours, align-
ing with the operational time of the solar PV system.
Energy losses were recorded at 7%, primarily due to
switching losses in power electronics, which are inher-
ent to the conversion process and contribute to overall
efficiency reductions.

The renewable penetration of the system reached
53%, which is defined as the ratio of total renewable
generation to total load. This highlights the system’s
significant reliance on renewable energy, contributing
to lower emissions and enhanced grid stability. Total
CO2 emissions from OM1 were recorded at 358,233 kg
per year, primarily due to grid electricity consumption,
which includes a mix of renewable and non-renewable
sources.

The excess electricity from OM1 accounted for
4.49% of its total production, totaling 57,059 kWh per
year. The system successfully met all electric load de-
mands, ensuring no shortages through adequate gen-
eration and storage. With an LCOE of $0.121/kWh,
this surplus electricity presents a cost-effective oppor-
tunity for green hydrogen production. Assuming a wa-
ter electrolyzer efficiency of 70%, the available energy
for hydrogen production would be 39,941 kWh. Given
that hydrogen’s lower heating value is 242,000 kJ/kg-
mol, this surplus energy could generate approximately
1,188 kg of hydrogen annually. Strategically integrat-
ing electrolysis into the system enhances economic vi-
ability and environmental sustainability, making it a
practical step toward a cleaner energy transition.

4.2 Numerical simulation for hydrogen
production from water electrolysis

In the model, the key parameters selected were the dis-
tance between the electrode and separator, as well as
the height of the gas compartments. Figure 18 shows
the hydrogen production, represented by the volume
fraction, at different heights of the hydrogen compart-
ment. Hydrogen production was lowest at the bottom
of the electrode, with an increasing trend observed as
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measurements were taken higher along the electrode,
reaching a peak at the top. This can be attributed to
gas accumulation and flow rate dynamics, as the high-
est gas concentration is recorded at the top of the elec-
trode [33]. However, the error percentage between the
model and reference was more than 20%, which could
be attributed to the distance between the electrode and
separator being crucial for hydrogen production. In-
creasing this distance will eventually reduce hydrogen
production. This could be due to the increase in the
electrolyte volume between the electrode and the sep-
arator, which in turn increases the overall resistance of
the system. The higher resistance impedes the efficient
flow of current, reducing hydrogen production.

(a)

(b)

Fig. 18. Hydrogen volume fraction distributions at
different heights of (a) the electrode and (b) an en-
larged view near the electrode surface.

The dispersed phase volume fraction diagram
shown in Figure 19 illustrates the volume fraction of
the dispersed phase, representing the proportion of the
total volume occupied by hydrogen gas at each point
within the domain, which was monitored over time.
Results indicated that the volume fraction was 0.035
after 1 minute, increased to 0.12 after 3 minutes, and
reached 0.2 after 5 minutes. The governing equations
confirmed the study as time-dependent, as variables
changed over time, and this change was observed for
5 minutes. It seemed that ohmic losses increased due
to the distance between the electrode and the sepa-
rator being 0.01 m. A shorter distance would typi-
cally require less electrolyte, reducing ohmic losses [33].
However, assuming the flow regime was laminar, it was
initially believed that the distance between the elec-
trode and diaphragm would not significantly impact
hydrogen production. In reality, the increased distance
between the electrode and separator does have a sub-
stantial effect on reaction kinetics. A larger gap intro-
duces more electrolyte between the electrodes, which
increases the ohmic resistance, thereby affecting the
efficiency of the reaction. Higher resistance impedes
the movement of ions, which slows down the electro-
chemical reactions. The slower reaction kinetics lead
to decreased hydrogen production. The reduction in
the hydrogen volume fraction is primarily attributed
to ohmic losses. A larger separation between the elec-
trode and separator allows for more electrolyte in the
gap, which increases the ionic conduction path, lead-
ing to higher resistive losses. This highlights the critical
role of minimizing the electrode-electrolyte distance to
reduce ohmic resistance and maintain efficient hydro-
gen production. However, the efficiency of zero-gap
electrolyzers may decrease significantly at high current
densities, as the generated gases hinder electrolyte flow
and the electrode reactions [48].

The velocity magnitude in the continuous phase is
shown in Figure 19. After 1 and 3 minutes, the max-
imum velocity magnitude was recorded at 0.15 m/s,
while after 5 minutes, it increased to 0.2 m/s. The
regions with the highest hydrogen void fraction coin-
cided with areas of maximum velocity. This behav-
ior can be attributed to the dynamics of multiphase
flow, where the interaction between the gas and liquid
phases is strongly influenced by localized resistance. In
areas with lower resistance, typically caused by higher
gas-phase concentrations (i.e., hydrogen void fraction),
the fluid moves more freely. This reduced resistance
facilitates the velocity of both the liquid electrolyte
and the hydrogen gas bubbles. The interphase mo-
mentum transfer is represented in Figure 19. Babay et
al. demonstrated that increasing the concentration of
KOH in the electrolyte enhances interphase momentum
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transfer, resulting in more vigorous gas evolution and
the formation of larger gas bubbles [49]. In this study
KOH concentration was kept at 6.1mol/m3. The in-
terphase momentum transfer was recorded at 20N/m3

after 1 minute, increased to 200N/m3 after 3 minutes,
and reached 500N/m3 after 5 minutes. It seemed that
the interphase momentum transfer profile also closely
aligns with the gas volume fraction distribution. In

regions where the gas volume fraction is higher, inter-
phase momentum transfer is also increased. This sug-
gests a direct relationship between the intensity of gas
production and the momentum exchange between the
phases. Additionally, it was observed that a larger gap
between the electrode and the separator negatively af-
fects reaction kinetics, resulting in reduced interphase
momentum transfer away from the electrode surface.

Fig. 19. Distributions of gas volume fraction in the dispersed phase (left column), velocity magnitude in
the continuous phase (middle column), and interphase momentum transfer (right column) at t1 = 5min (top
row), t2 = 3min (middle row), and t3 = 1min (bottom row).

The polarization curves at various temperatures
were presented in Figure 20. The results demonstrated
that increasing the temperature enhances the reaction
kinetics, resulting in a noticeable reduction in cell po-
tential. This decrease in cell potential signifies en-
hanced efficiency in the electrochemical process, as less
energy is required to drive the reaction at higher tem-

peratures. The improved kinetics are attributed to the
accelerated ion transport rates and the reduced activa-
tion barriers for electrochemical reactions. This trend
is consistent with findings from previous studies, re-
inforcing the well-established correlation between ele-
vated temperatures and improved electrolysis perfor-
mance [33].
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Fig. 20. Polarization curve at different tempera-
tures, which represents the cell voltage as a func-
tion of current density.

The volume force refers to the forces acting on the
gas phase dispersed within the liquid electrolyte, such
as buoyancy and gravitational forces. These forces gov-
ern the motion and behavior of gas bubbles during the
electrolysis process. The highest void fraction genera-
tion was observed near the top of the electrode. Conse-
quently, the volume force was evaluated at two specific
heights along the electrode: 150 mm and 120 mm, as
shown in Figure 21. At the 150 mm height, the maxi-
mum volume force in the dispersed phase was measured
at 1706N/m3 near the cathode wall, rapidly decreas-
ing in magnitude as the distance from the electrode
surface increased. In contrast, at the 120 mm height,
the peak volume force was recorded at 284N/m3, oc-
curring 0.375 mm away from the cathode wall. This
variation in volume force across the electrode height
and proximity to the wall highlights the spatial distri-
bution of the forces acting on the gas bubbles. These
forces are closely linked to the generation and transport
of the dispersed phase within the electrolyte, influenc-
ing the overall dynamics of bubble movement and gas
evolution during the electrolysis process.

The mid-separator current density at different
heights of the electrode is shown in Figure 22, ranging
from 453 to 440A/m2. This is in contrast to the COM-
SOL Multiphysics report [44], where the mid-separator
current density ranges from 1300 to 1155A/m2. The
relatively consistent mid-separator current density ob-
served in this study promotes stable hydrogen gen-
eration, which in turn contributes to increased sys-
tem efficiency [50]. A stable current density across
the mid-separator is crucial for maintaining consistent
hydrogen production. This uniform current distribu-
tion ensures that electrochemical reactions take place

evenly throughout the system, promoting reliable per-
formance. Additionally, a steady current density helps
prevent localized regions of excessive heat or concen-
tration gradients, which could lead to energy losses or
operational instability. By maintaining this uniformity,
the system enhances the efficient conversion of electri-
cal energy into chemical energy, optimizing hydrogen
production while minimizing energy waste.

Fig. 21. Volume force in dispersed phase at heights
of electrode.

Fig. 22. Spatial co-ordinate distribution of mid-
separator current density at a cell voltage of 1.2V.

4.3 Limitations of CFD assumptions

This study specifically focuses on the design considera-
tions for residential electrical loads, aiming to optimize
energy use and integrate renewable energy sources for
hydrogen production at the household level. While the
findings provide valuable insights into residential-scale
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applications, their scalability to larger or industrial-
scale systems is beyond the scope of this research. Fu-
ture studies could explore the adaptation of the pro-
posed methods and designs to industrial contexts, ad-
dressing unique challenges such as higher energy de-
mands, increased system complexity, and economic fea-
sibility at scale.

Additionally, certain assumptions in the CFD sim-
ulations, such as Newtonian and laminar flow, may
limit the applicability of the results to real-world sce-
narios. For instance, transitions from laminar to tur-
bulent flow could lead to inaccuracies when predicting
the hydrogen gas volume fraction within the dispersed
phase. Moreover, in the polarization curve, variations
in voltage drops and current density could occur due to
changes in reaction kinetics. This highlights the need
for experimental validation and more comprehensive
modeling approaches to address these limitations.

5 Conclusion

In this study, renewable energy sources for Alberta were
selected based on optimization results from HOMER
Pro, focusing on residential loads. The analysis showed
that a combination of Solar PV, wind turbines, and
grid power (OM1) could deliver electricity at a com-
petitive rate of $0.121/kWh. Financial indicators for
OM1, including net present cost, return on investment,
and internal rate of return, were calculated to be $1.84
million, 6.7%, and 9.8%, respectively, making it an at-
tractive option for potential investors. Additionally,
OM1 generated surplus electricity of 57,059 kWh per
year, which can be used for water electrolysis to pro-
duce an estimated 1,188 kg of green hydrogen, thereby
lowering hydrogen production costs. CFD simulations
emphasized the effect of increasing the distance be-
tween the electrode and the separator, which signifi-
cantly reduced the hydrogen volume fraction, resulting
in a model-to-reference error greater than 20%. The
peak hydrogen gas volume fraction (0.2) was observed
in the upper region of the cathode after 5 minutes, at-
tributed to gas accumulation and flow rate dynamics.
Regions with the highest gas volume fraction coincided
with areas of maximum velocity magnitudes and in-
terphase momentum transfer. Additionally, the max-
imum volumetric force, recorded at 1706 N/m³, was
found in the same region. The polarization curve in-
dicated that elevated temperatures enhanced reaction
kinetics, leading to a reduction in cell voltage. A lower
cell voltage improves cell efficiency, decreasing the en-
ergy required for operation. However, an interesting
insight emerged during the analysis of mid-separator
current density. The model showed a variation in cur-
rent density between 453A/m2 and 440A/m2, suggest-

ing that maintaining a consistent current density not
only enhances cell efficiency but also minimizes elec-
trode wear and tear, ensuring stable hydrogen pro-
duction. These findings are crucial for identifying the
optimal operating conditions within the laminar flow
regime to achieve efficient hydrogen production. Fu-
ture electrolyzer designs should focus on maintaining a
consistent current density across the mid-separator re-
gion to ensure uniform performance and maximize effi-
ciency. Further studies in this area would offer valuable
insights into real-world performance, operational chal-
lenges, and potential improvements for the proposed
design.
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