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Abstract 

Background: Sustainable development requires access to affordable, reliable, and efficient energy to lift billions of 
people out of poverty and improve their standard of living. The development of new and renewable forms of energy 
that emit less  CO2 may not materialize quickly enough or at a price point that allows people to attain the standard of 
living they desire and deserve. As a result, a parallel path to sustainability must be developed that uses both renew-
able and clean carbon-based methods. Hybrid microgrids are promoted to solve various electrical and energy-related 
issues that incorporate renewable energy sources such as photovoltaics, wind, diesel generation, or a combination of 
these sources. Utilizing microgrids in electric power generation has several benefits including clean energy, increased 
grid stability, and reduced congestion. Despite these advantages, microgrids are not frequently deployed because of 
economic concerns. To address these financial concerns, it is necessary to explore the ideal configuration of micro-
grids based on the quantity, quality, and availability of sustainable energy sources used to install the microgrid and 
the optimal design of microgrid components. These considerations are reflected in net present value and levelized 
energy cost.

Methods: HOMER was used to simulate numerous system configurations and select the most feasible solution 
according to the net present value, levelizied cost of energy and hydrogen, operating cost, and renewable fraction. 
HOMER performed a repeated algorithm process to determine the most feasible system configuration and param-
eters with the least economic costs and highest benefits to achieve a practically feasible system configuration.

Results: This article aimed to construct a cost-effective microgrid system for Saudi Arabia’s Yanbu city using five con-
figurations using excess energy to generate hydrogen. The obtained results indicate that the optimal configuration 
for the specified area is a hybrid photovoltaic/wind/battery/generator/fuel cell/hydrogen electrolyzer microgrid with 
a net present value and levelized energy cost of $10.6 billion and $0.15/kWh.

Conclusion: With solar photovoltaic and wind generation costs declining, building electrolyzers in locations with 
excellent renewable resource conditions, such as Saudi Arabia, could become a low-cost hydrogen supply option, 
even when accounting for the transmission and distribution costs of transporting hydrogen from renewable resource 
locations to end-users. The optimum configuration can generate up to 32,132 tons of hydrogen per year  (tH2/year), 
and 380,824 tons per year of  CO2 emissions can be avoided.
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Background
The world’s energy demand is expanding at a breakneck 
pace and is expected to increase by up to 55% by 2035 
[1]. Energy is critical in modern society, and conven-
tional fossil fuels are rapidly depleting because of rapid 
industrialization and population growth. Notably, fossil 
fuels such as gasoline, natural gas, and coal used to gen-
erate electricity have contributed significantly to global 
climate change, affecting millions of people daily. Addi-
tionally, the 2015 Paris climate change summit empha-
sized the importance of all countries decreasing carbon 
emissions [2]. Fossil fuel depletion, environmental con-
cerns, and the dangers associated with nuclear energy 
all compel the international community to embrace 
renewable energy (RE) sources, primarily the isolated 
mode in nonelectrified areas where grid extension 
is costly. Otherwise, the intermittency of renewable 
resources is managed.

The exponential rise in global energy demands and the 
utilization of conventional energy resources are the pri-
mary reasons for the extreme increase in global green-
house gas (GHG) emissions. The most efficient way of 
solving this problem is to utilize RE resources such as 
solar photovoltaic (PV), wind, and hydro or combine con-
ventional and RE resources. Using hybrid systems such as 
PV and wind energy is viewed as complementary. These 
hybrid energy systems fulfill energy demands with the 
least GHG emissions and contribute to the global cause 
of environmental protection. The utilization of solely RE 
resources for energy generation is a better option, but the 
high prices of renewable systems are making this option 
unsuitable for places such as the Middle East, where fuel 
prices are much lower than those in other areas, and 
using hybrid systems is viable in this area.  H2 technol-
ogy has acquired increased popularity in recent years 
as a result of the advancement of fuel cells (FCs) and is 
anticipated to have a bright future [3, 4]. The use of  H2 
to energize FCs indicates that  H2 outperforms diesel gen-
erator systems, which are typically utilized for long-term 
storage. FCs constitute a low-maintenance, high-perfor-
mance, emission-free technology [3].  H2 can be created 
via electrolysis and stored in  H2 tanks; this is referred to 
as RE storage [5]. The  H2 tank, as an energy storage sys-
tem, captures extra energy via the electrolyzer and injects 
it into the FC to compensate for generation shortfalls. 
The addition of FC to hybrid RE systems reduces the BT 
size, increases the BT lifespan, and enhances the over-
all system performance [6]. Thus, regarding RE systems, 
whether stand-alone or grid-connected, the primary dif-
ficulty is scaling the system components and develop-
ing an effective energy management strategy (EMS) that 
meets the intended objectives without jeopardizing sys-
tem performance [7, 8]. In other words, component size 

and EMS are the primary determinants of the RE system’s 
operational and start-up expenses.

Hybrid microgrid systems (HMGs) have become 
critical for rural electrification. Numerous studies (e.g., 
[9–16]) have investigated and proposed a hybrid renew-
able energy system (HRES). These studies provide all 
the required information for designing isolated HRESs. 
The authors of [9] discuss the design and financing of a 
microgrid on the tiny island of Koh Jik. HOMER software 
application was utilized to gain insight into the techno-
economic environment. Similarly, lead–acid and lith-
ium-ion battery technologies were compared regarding 
their impact on the levelized cost of energy (LCOE) and 
renewable portions.

The authors of [10] provide an overview of the char-
acteristics of energy system models and the available 
tools for optimizing multi-energy systems. The authors 
of [11] provide an overview of new optimization tech-
niques for addressing operational costs and minimizing 
overall network losses. The authors of [12] provide an 
overview of system optimization and energy manage-
ment strategies for PV, wind turbine, and fuel cell energy 
sources. Another study [13] describes the development 
of microgrids in seaport areas. Similarly, the authors of 
[14] provide an overview of the fundamental difficulties 
surrounding HRES adoption and a study of the various 
RE sources that can be combined in isolated and grid-
connected modes. The authors of [15] present a study 
of HRES design optimization methods, limitations, and 
battery types. Finally, the authors of [16] created a cost-
effective microgrid system for the Saudi Arabian city 
of Yanbu. Their design uses the optimal microgrid con-
figuration while minimizing net present cost (NPC) and 
LCOE under certain technical conditions such as the 
probability of power supply failure and the availability 
index. The author of [17] proposes a novel application 
of the equilibrium optimizer (EO) for designing a hybrid 
microgrid to supply electricity to Dakhla, Morocco, a 
remote area. EO was chosen to design the microgrid sys-
tem due to its high effectiveness at quickly determining 
the optimal solution. EO is utilized for the purpose of 
determining the optimal system design that minimizes 
cost, increases system stability, and covers the load under 
a variety of climate conditions. The results indicate that 
the proposed EO achieves the optimal system design, 
with RE sources (PV and wind turbine [WT]) accounting 
for 97% of the annual contribution and EO exhibiting fast 
convergence characteristics. The best NPC, LCOE, and 
LPSP are achieved through EO at $74,327, $0.0917/kWh, 
and 0.0489, respectively. The author of [18] used a micro-
grid to serve a load installed in a remote area of Saudi 
Arabia’s Aljouf region using a social spider optimizer 
(SSO) to determine the optimal size of a HRES integrated 
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microgrid (MG) consisting of PV solar panels, WT, a bat-
tery, a diesel generator (DG), and an inverter. With a cost 
of energy (COE) of $0.1349/kWh and a LPSP of 0.01714, 
the proposed SSO provides the optimal architecture for a 
HRES integrated microgrid.

This current study is conducted to investigate and 
select the best hybrid energy generation system in the 
region of the Kingdom of Saudi Arabia (KSA), where the 
main target is the least carbon emissions while maintain-
ing economic viability and producing hydrogen. Differ-
ent system configurations are considered in this study to 
find the optimal energy generation system with a total 
generation capacity of approximately 1 GW. KSA gener-
ates more electricity than any other country in the Mid-
dle East, with an estimated 362 terawatt hours in 2019, 
roughly the same as in 2018. From 2000 to 2015, power 
generation increased at an average annual rate of 6%, 
but growth slowed significantly as the population grew. 
Economic growth slowed from 2016 to 2018; energy effi-
ciency and demand-side management measures were 
implemented, and electricity prices increased.

According to data from BP’s Statistical Review of World 
Energy 2021, power generation fell by 1% in 2020 due to 
the economic slowdown brought about by the COVID-
19 pandemic [19]. Due to pandemic-related lock-
downs and restrictions, residential energy consumption 
increased, but commercial and government electricity 
sales decreased. KSA currently has a generation capac-
ity of 79.67 GW [20], and electricity demand continues to 
grow at a rate of 3000 megawatts per year. In comparison 
to other countries, this annual growth rate is relatively 
high. Currently, the cost of producing electricity is $0.10/
kWh, and the average price of electricity is approximately 
$0.03/kWh. The question here is whether the low prices 
are subsidized or simply low prices. According to the 
International Energy Agency (IEA), governments spend 
fuel subsidies to keep fuel prices lower than the cost of 
production for their citizens. Government funds cover 
the difference between prices and costs. These continu-
ous high price subsidies impose an economic burden 
on the government. Thus, integrating RE resources with 
the current power generating system can be an excel-
lent solution because they consume no fossil fuel, which 
eliminates the need for subsidies. As a result, a great deal 
of the costs could be saved as they would not be con-
sumed as subsidies. RE power systems have high initial 
costs, but return this initial investment with free green 
energy generation for many years. KSA, in general, is an 
excellent location for solar energy. KSA receives approxi-
mately 250 w/m2 of solar radiation annually, nearly dou-
ble the amount received in most of the world [21]. This 
also equates to 105 trillion kWh per day or roughly 10 
billion barrels of crude oil in energy terms.

Solar energy is booming due to Saudi Vision 2030s 
economic diversification plans. KSA has committed to 
installing 27.3 GW of RE by 2023, the majority of which 
(20 GW) will be solar PV, while the remaining 7.3 GW 
will be wind and concentrated solar power (CSP). By 
2030, solar PV, wind, and CSP will total 40 GW, 16 GW, 
and 2.7 GW, respectively. This target corresponds to 
approximately 32% of the current peak power consump-
tion in KSA (estimated at 61.743 GW in 2018). This high 
level of solar generation is possible due to the significant 
decrease in the cost of solar PV technology [22]. In addi-
tion to the ambitious renewable plans, KSA is building 
its first green hydrogen plant, which is expected to cost 
SR19 billion ($5 billion). The plant will be located in 
Neom—the planned city being constructed in the Tabuk 
province of northwestern KSA—and powered by 4 GW 
of wind and solar energy; it is scheduled to begin produc-
tion in 2025 [23].

Microgrid design and power management are 
examined in this article for five configurations—gen-
erator–PV–wind–battery, generator–wind–battery, gen-
erator–PV–battery, generator–battery, and generator 
only—to supply an isolated area in KSA’s Yanbu region. 
A load of around 1.2 GW is taken to generate constant 1 
GW while compensating for power system and transmis-
sion losses. The grid was not integrated as we aimed to 
have a 100% RE system with the least carbon emissions, 
and we also wanted to generate hydrogen through pure 
RE. The load-following strategy was used in the paper as 
a control strategy. The primary objective aimed for in this 
paper is to minimize NPC while considering technical 
constraints such as the integration of solar PV, wind, or 
a combination of both into a conventional diesel power 
plant to create a generating system with the least carbon 
emissions. In this work, we aim to study the feasibility 
of using an integrated RE system and traditional power 
plants to find the optimal system configuration. The sys-
tem configuration with the highest renewable penetra-
tion and minimum fuel consumption is selected as the 
best system. The overall performance of the optimal sys-
tem configuration can be enhanced further by utilizing 
any excess energy generation that is not consumed by the 
load into hydrogen production, thus increasing the over-
all system efficiency and reliability. In summary, the arti-
cle makes four significant contributions:

• Optimal design of a microgrid system feeding a load 
in Saudi Arabia’s Yanbu region,

• Proposal and analysis of five microgrid configurations 
in terms of their technical and operational character-
istics,

• Presentation of the hybrid renewable microgrid 
system’s optimal design and operation through the 
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selection of suitable renewable sources to meet the 
system’s objectives and constraints.

• Produce hydrogen via the optimum microgrid design.

This paper is structured as follows: “Methods” dis-
cusses the modeling of the system (PV–Wind–Generator 
(Gen)–ESS, Wind–Gen–ESS, PV–Gen–ESS, Gen–ESS, 
and Gen only) and provides an overview of the optimiza-
tion problem function (NPC, LPSP, and LCOE). “Results” 
describes the location and specifications of the system 
under investigation. “Discussion” presents a compara-
tive analysis of the various optimization configurations. 
“Conclusion” concludes the paper.

Methods
Several simulation techniques are present in the litera-
ture to study RE systems’ characteristics including fea-
sibility, simulation, techno-economic, and optimization 
analysis. Different software tools cover various aspects 
of RE systems and provide an essential ground to deter-
mine whether to utilize RE systems in power generation 
for a particular location. RET-Screen is the software used 
for prefeasibility studies; it computes and compares the 
economic aspects of the renewable system to the con-
ventional approach [24]. It highlights the advantage of 
one method over another, but this software’s deficiency 
is that it does not optimize. The HYBRID2 simulation 
utilizes statistical and time-series methodologies to 
evaluate HRES performance [25]. Despite being precise 
in simulation, this software also lacks the optimization 
performance capability. TRNSYS is another well-known 
transient simulation software tool for thermoelectrical 
systems. However, this software lacks a primary, user-
friendly interface, so great difficulty occurs when working 
with this software [26]. It can be concluded that neither 
RET-Screen, HYBRID2, nor TRNSYS can be utilized for 
efficient techno-economic and optimization analysis of 
RE systems.

HOMER can perform all the required analyses with 
extreme precision and in the most user-friendly way [27]. 
This software can be efficiently utilized for performing 
techno-economic and environmental analyses on a wide 
range of power generation systems. It can also perform 
optimization to find an optimal solution for the system. It 
can simulate numerous system configurations and select 
the most feasible solution according to the chosen param-
eters. The parameters can include the NPC, COE, operat-
ing cost and renewable fraction (RF), GHG emissions, etc. 
It performs a repeated algorithm process to determine the 
most feasible system configuration and parameters with 
the least economic costs and highest benefits. It addresses 
technical aspects while optimizing to achieve a practically 

feasible system configuration. Figure 1 shows an optimiza-
tion flowchart for HOMER.

Techno-economic analysis is conducted under the 
assumption that the prices of system components 
increase at the same rate. To carry out the calculation, 
the location-specific nominal interest rate (′i) and annual 
inflation rate (f) are taken into account. The project’s 
duration is estimated to be 25  years [28]. HOMER Pro 
calculated the net present value (NPV) as follows:

where id is the discount rate; n is the project lifetime 
in years; CCom is the capital cost of a system component 
;CRep is the replacement cost; CO&M is the operation and 
maintenance cost; CFuel is the fuel cost; and CSal is the sal-
vage value. The following formula can be used to deter-
mine the discount rate ( id):

where i is the real annual interest rate, which can be 
calculated as follows using the nominal interest rate ( i′ ) 
and annual inflation ( f  ) [29]:

The annualized cost is calculated in HOMER by first 
calculating the net present value (NPV) of the project 
and then multiplying it by the capital recovery factor 
(CRF), as shown in the following equation:

The CRF is a ratio used to determine an annuity’s pre-
sent value (a series of equal annual cash flows). The CRF 
equation is as follows:

In HOMER, the LCOE is calculated as follows:

where Cann,tot represents the system’s total annualized 
cost; cboiler represents the boiler’s marginal cost; Hserved 
represents the total thermal load served; and Eserved rep-
resents the total electrical load served.

In HOMER Pro, the following equation estimates the 
levelized cost of hydrogen (LCOH):

(1)

NPC =

t
∑

n=1

id
(

CCom + CRep + CO&M + CFuel + CSal

)

(2)id =
1

(1+ i)n
,

(3)i =
i
′
− f

1+ f
.

(4)Cann = CRF(i, n)×NPC.

(5)CRF(i, n) =
i(1+ i)n

(1+ i)n − 1
.

(6)LCOE =
Cann,tot − cboilerHserved

Eserved
,
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where Cann,tot is the total annualized cost, velec repre-
sents the value of electricity, Eprim represents the prin-
cipal electrical load, Edef represents the deferrable load, 
Egrid , sales represents the total energy sold to the grid, 
and MH2 represents the total hydrogen generation.

Mathematical modeling
In this study, the most crucial determination for final-
izing the optimal system configuration is finding the 
system with the least GHG emissions and the highest 

(7)

LCOH =
Cann,tot − velec

(

Eprim,AC − Eprim,DC − Edef + Egrid,sales

)

MH2

,
RF. The RF can be calculated using Eq.  1. RF can also 
be calculated by HOMER; it is the amount of energy 
produced from the RE resources compared to the total 
energy produced by the whole system [30]:

Here, Eren is the energy generated from RE resources, 
whereas Tren represents the thermal energy generated 
from renewable resources. Epro is the total energy genera-
tion of the system from either renewable or nonrenew-
able resources.

Techno-economic and environmental analyses of the 
various power systems are conducted to select optimal 

(8)RF =
Eren + Tren

Epro
.

Fig. 1 Optimization flowchart for HOMER
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approaches. Different system configurations are com-
pared to highlight the effectiveness of utilizing RE sys-
tems regarding the environment. This comparison also 
highlights the economic and technical aspects of differ-
ent system configurations. This environmental analysis 

is based on identifying the configuration with the least 
GHG emissions. The techno-economic analysis helps 
finalize the most suitable configuration while following 
all the techno-economic and environmental constraints. 
Five configurations are studied:

Fig. 2 Schematic representation of different system configurations
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a) Generator–PV–wind–battery,
b) Generator–wind–battery,
c) Generator–PV–battery,
d) Generator–battery,
e) Generator only.

These configurations were selected to find an optimal 
solution to generate the desired amount of energy with 
the least COE and NPC and the highest RF while produc-
ing the least GHG emissions. The battery is used as an 
energy-storing source (ESS). The considered configura-
tions are presented in Fig. 2.

Solar and wind potential at Yanbu, KSA
By connecting to the NASA Atmospheric Science Data 
Center, HOMER can extract the required weather data 
based on the longitude and latitude of a specific loca-
tion. Monthly averages of global solar radiation and wind 
speed are shown in Figs. 2 and 3 for the locations men-
tioned previously. Typically, the nature of load demand 
has a significant impact on system reliability, and thus 
load data are synthesized by integrating randomness with 
daily and hourly noise inputs over the last two years of 
monthly electric load profiles. Typically, HOMER Pro 
accumulates a year’s worth of load data (i.e., 8,760 hourly 
values) from specific daily profiles at a specific location.

The PV panel output can be expressed as follows [31]:

where I denotes solar irradiation; Apv denotes the area of 
the PV panel; and ηpv denotes the PV system’s efficiency, 
which is calculated as follows:

where NOCT denotes the nominal operating tempera-
ture of the cell (°C); ηr denotes the reference efficiency; ηt 
denotes the maximum power point (MPPT) equipment 
efficiency; β is the temperature coefficient; Ta denotes the 
ambient temperature (°C); and Tr denotes the cell refer-
ence temperature (°C).

In Yanbu, KSA, the PV potential is approximately 5.85 
kWh/m2/day. The highest solar irradiance is in June, 

(9)Ppv = I(t)× ηpv × Apv,

(10)ηpv = ηr×ηt×

[

1− β × (Ta�t� − Tr)− β × 1 < t > ×

(

NOCT− 20

800

)

× (1− ηr × ηt)

]

,

while the lowest is in December. The system can generate 
the highest solar energy in June and the lowest in Decem-
ber. The solar potential of the site is presented in Fig. 3.

Since there are numerous manufacturers of energy 
system components on the market, we calculated an 
average component cost as an input using data from 
the literature and manufacturers [32–39]. The specifi-
cations of the solar system used in this study are pre-
sented in Table 1. A 100-kW solar system is considered 
to be a standard PV system that contributes to the total 
energy generation of 1 GW.

Wind power is proportional to wind speed, which can 
be expressed as follows [40]:

where V  denotes wind speed; Pr denotes wind-rated 
power; VCi , VCO , and Vr denote cut-in, cut-out, and 
rated wind speeds, respectively; and a and b represent 
two constants calculated as follows:

The rated power of wind is calculated in the following 
manner:

where ρ denotes the air density; Awind denotes the area 
swept by a wind turbine; and Cp represents the maxi-
mum power coefficient, which must be from 0.25 to 
0.45%.

The wind potential at Yanbu is sufficient to be con-
sidered for power generation. The annual average wind 
speed on a scaled basis is 4.72 m/s, which is sufficient 

for energy generation through wind potential. The 

(11)Pwind =







a× V ×< t >3 − b×
0,V < t >≤ VCi,V < t >≥ VCO

Pr,VCi < V < t > < V r

Pr,Vr ≤ V < t > < VCO







,

(12)
{

a = Pr/(Vr
3 − VCi

3)

b = VCi/(Vr
3 − VCi

3)
.

(13)Pr =
1

2
× ρ×Awind × Cp × V 3

r ,

Table 1 Parameters of the solar PV system [32–39]

Rated power 100 kW

Capital cost $90,000

Replacement cost $90,000

O&M cost/year $1,000

Lifetime 25 years
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highest wind speed occurs in July, whereas the lowest 
wind speed is in October. Wind potential is depicted 
in Fig. 4. The specifications of the wind turbine consid-
ered in this study are illustrated in Table 2.

These RE potentials make it clear that a HRES can be 
installed at this location for power generation. The energy 
demand can also be fulfilled by utilizing conventional power 
plants solely, such as coal and fossil fuel-based power plants. 

However, this approach will adversely affect the environ-
mental wellbeing of this area, as these power plants will 
create hazardous emissions. Therefore, a HRES approach is 
inevitable to solve the problem of the energy crisis so that 
with the power demand fulfillment, the environment is 
saved from emissions, and a green, sustainable way of gen-
erating energy is approached. The criteria mentioned above 
make this area a perfect candidate for a HRES project.

Battery and charge controller
Battery storage is a critical component of isolated micro-
grid systems. The capacity of the battery (in kWh) can be 
expressed as follows [41]:

where El denotes the total energy load that should be 
transferred to the HRES; AD denotes the battery auton-
omy; DOD denotes the depth of discharge (percent) 
that should avoid reducing the battery’s storage to its 
minimum state; and ηinv and ηinv denote the inverter 
and battery efficiency (percent), respectively, consider-
ing energy transfer losses.

Without exhibiting any other characteristics, a bat-
tery can be assumed to be charged and discharged at 
the required rate within limits imposed by its state of 
charge (SOC) and depth of discharge (DOD). At the 
most basic level, assuming no energy is lost during 
charge storage and retrieval, the SOC is proportional to 
the battery current by

where C denotes the battery’s capacity, I  denotes the 
battery’s current, and Vbat denotes the battery’s voltage.

(14)Cbat =
El × AD

DOD× ηinv × ηb
,

(15)SOC(t) = SOC(0)+
1

C

∫ t

0
I
(

Vbat, t
′
)

dt
′

,

Fig. 3 Seasonal solar potential

Fig. 4 Seasonal wind speed (m/s)

Table 2 Wind turbine specifications [32–39]

Rated power 1.5 MW

Capital cost $2,000,000

Replacement cost $2,000,000

O&M cost/year $20,000

Rated power 20 years

Table 3 Battery financial and performance parameters [32–39]

Parameter Value Unit

Nominal voltage 600 V

Nominal capacity 4.22 MWh

Roundtrip efficiency 90 %

Maximum capacity 7.03 × 103 Ah

Capital cost 500,000 $

Replacement cost 500,000 $

O&M cost 5000 $

Throughput 21,081,851 kWh

Lifetime 15 Years
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Batteries in this study are utilized to store energy 
when energy generation is higher than utilization, and 
the energy is used when the generation is lower than 
required. The battery is used because of its effective 
energy storage capability and higher reliability. A 4.2-
MWh lithium-ion battery model is connected to our 
system, which has an initial state of charge at 100%, and 
the lowest charge state is 40%. The economic param-
eters and specifications of the battery are presented in 
Table 3.

A bidirectional converter is also engaged with the sys-
tem to convert the DC power generated from the battery 
to AC for load compensation. In contrast, an AC-to-DC 
formation is utilized to charge the batteries from the 
other resources connected with the system through a 
common bus. Five hundred kW converters are used in 
the system to perform the conversion process with a 
lifetime of approximately 15  years and approximately 
95% efficiency. The parameters expressing the charac-
teristics of the converter are presented in Table 4.

Hydrogen generation
Water electrolysis is the most practical process for indus-
trial-scale hydrogen production from renewable resources 
[42–45]. The alkaline electrolyzer and proton-exchange 
membrane (PEM) electrolyzer are commercially available, 
and these low-temperature systems currently dominate the 
market [45, 46]. Typically, the electrolyzer cell’s instantane-
ous energy efficiency can be calculated as follows:

where N  is the number of cells in the stack, Vtn is the 
thermo-neutral voltage, Pin is the total input power to the 
stack and I is the input current through the cell.

Generally, physically simple types with solid electrolytes 
such as, polymer electrolyte membrane fuel cell (PEMFC) 
and solid oxide fuel cell (SOFC) are preferred for smaller-
scale energy systems, especially remote areas or islands.

(16)ηc =
NVtnI

Pin
,

Typically, the hydrogen flow generated by fuel cells is 
given by the following equation:

where qreqH2
 denotes the required amount of hydrogen flow 

to meet the load. N0 denotes the number of stacks of fuel 
cells, NS denotes the number of series cells per stack, and 
U denotes the use rate. At the most fundamental level, 
hydrogen storage can be compared to an ideal battery, 
accepting hydrogen ("charging") and releasing it ("dis-
charging") as needed, within the constraints imposed by 
its capacity, without regard for pressure, temperature, or 
dynamics.

At a more sophisticated level, the amount of hydro-
gen in storage can be expressed as the state of hydrogen 
(SOH), analogous to the SOC (Eq. 15):

where ṁH is the hydrogen mass flow rate and CH is the 
gravimetric capacity of the storage and p is the hydrogen 
pressure.

(17)q
req
H2

=
N0NSI

2FU
,

(18)SOH(t) = SOH(0)+
1

CH

∫ t

0
ṁH

(

p, t
′
)

dt
′

,

Table 4 Converter specifications [32–39]

Parameter Value Unit

Capacity 100 kW

Efficiency 95 %

Capital cost 10,000 $

Replacement cost 10,000 $

O&M cost 0 $

Lifetime 15 Years

Fig. 5 Hydrogen load profile

Table 5 Economic data for hydrogen system component [32, 
33, 47]

Components Capital cost 
($)

Replacement 
cost ($)

O&M cost 
($)

Life time

Fuel cell (FC) 3000 3000 0.030 40,000 h

Electrolyzer 2000 2000 0 15 years

Hydrogen 
tank

1500 1500 0 25 years
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We scaled the annual daily average to 800 ton/day, and 
we synthesized the data by considering randomness with 
daily and hourly noise inputs as shown in Fig. 5. A hydro-
gen tank’s capital and replacement costs are estimated 
to be 1500 $/kg of hydrogen, with a life expectancy of 
25 years (Table 5) [32, 33, 47].

Results
This study focuses on finding an optimal hybrid power 
generating system at the location of Yanbu, KSA. KSA 
has a hot, dry climate and abundant RE resources, par-
ticularly solar and wind. The climatic conditions in KSA 
make it one of the most suitable candidates for utilizing 
RE resources to compensate for future energy demands 
while decreasing dependence on oil for power produc-
tion [48].

Yanbu is an industrial city in the western region of 
KSA, situated in the Red Sea coastal area, and it has good 
levels of solar irradiation and great wind potential [49]. 
The meteorological data of the selected site are presented 
in Table 6.

Different system structures can be analyzed for 
energy compensation and performance in delivering 
the required amount of electrical energy. The economic 
aspects can be compared to find the optimal solution. 
Emission generation in the systems is also compared to 
find the system with the least emissions while having 
appropriate electrical and economic values.

Electrical comparison
The total energy generation and RF in different system 
configurations are highlighted in Table  7 and presented 
in Fig. 6. The system with the highest energy generation 
is PV–Gen–ESS, producing 6,597,135 MWh/year mainly 
obtained from solar PV, with 5,576,657 MWh/year equiv-
alent to 8.5%. The lowest power generation is provided by 
generator only.

The energy that is not consumed by the load and 
stored by the storage devices is available as excess energy. 
Excess energy assessment in different system configu-
rations is summarized in Table 8. It is evident from the 

Table 6 Meteorological data for the selected site

Sr. no. Particulars Descriptions

1 Project site Yanbu, KSA

2 Province Al Madinah

3 Geographical coordinates 22.7907° N, 39.0190° E

4 Daily global solar irradiance 5.85 kWh/m2

5 Annual global solar irradiance 2,135 kWh/m2

6 Wind speed 4.72 m/s

Table 7 Electrical production and renewable fraction summary

System architecture Solar PV (MWh/year) Autosize generator (MWh/
year)

Wind power (MWh/year) Total 
generation 
(MWh/year)

PV–Wind–Gen–ESS 4,713,856 862,762 842,003 6,418,622

Wind–Gen–ESS – 2,855,311 3,479,561 6,334,872

PV–Gen–ESS 5,576,657 1,020,473 – 6,597,135

Gen–ESS – 5,825,214 – 5,825,214

Gen only – 5,300,219 – 5,300,219

Fig. 6 Electrical production distributions and their renewable 
fractions

Table 8 Excess energy summary

System architecture Excess electricity 
generation (MWh/year)

Percent (%)

PV–Wind–Gen–ESS 599,357 9.34

Wind–Gen–ESS 648,111 10.2

PV–Gen–ESS 702,099 10.6

Gen–ESS 0 0

Gen only 7718 0.15
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excess energy summary that the highest amount of excess 
energy generation is in the PV–Gen ESS system configu-
ration, whereas the least excess energy generation is in 
the Gen-only configuration.

Economic comparison
The economic comparison of the different system config-
urations reflects that the highest COE of 0.190 is attained 
with the Gen-only system, while the lowest COE is seen in 
the PV–Wind–Gen–ESS system at $0.10/kWh. The oper-
ating cost and NPC are also minimal in the configuration 
PV–Wind–Gen–ESS. An economic comparison of the 
different system configurations is presented in Table 9.

Fuel consumption and renewable fraction comparison
Fuel consumption refers to the amount of fuel con-
sumed by each system configuration for generating 
the required amount of energy. The fuel price used in 
this study is $0.14/L [50]. The fuel consumption and 
RFs in different system configurations are presented in 
Table 10. It is evident from the results that the highest 
fuel consumption is in the Gen–ESS system, whereas 
the least fuel consumption is in the PV–Wind–Gen–
ESS system.

The RF depends on the energy generation from RE 
resources, which is highest in the case of PV–Wind–
Gen–ESS and is 83.7% of the total energy generation. 
The least RF is common for both the Gen–ESS and Gen-
only systems as there are no RE resources in these system 
configurations.

Emissions generated
The power sector is critical in any scenario involving sig-
nificant economic decarbonization. The sector’s emis-
sions must be significantly reduced even as demand for 
electricity increases as other sectors transition from fos-
sil fuels to electricity to reduce their carbon emissions. 
Since 2008, the power sector has been decarbonizing at 
an average annual rate of 3% due to increased genera-
tion from natural gas, wind, and solar. Under a business-
as-usual scenario, electricity generation is projected to 
increase by 24% by 2050. Decarbonizing the power sec-
tor requires a multifaceted approach that may include a 
continued substitution of zero- or low-emission energy 

Table 9 Economic comparison of different system configurations

System architecture Capital cost (billion $) NPC (billion $) COE/kWh (S) Operating 
cost (million 
$)

PV–Wind–Gen–ESS 4.58 6.80 0.0993 151

Wind–Gen–ESS 3.13 7.63 0.112 348

PV–Gen–ESS 4.85 6.96 0.102 163

Gen–ESS 1.15 9.38 0.137 637

Gen only 0.650 13.0 0.190 957

Table 10 Fuel consumption and renewable fraction comparison

System architecture Avg. fuel per hour (L/
hour)

Avg. fuel per day (L/day) Total fuel consumed (L) Renewable 
fraction 
(%)

PV–Wind–Gen–ESS 24,721 593,310 216,557,988 83.7

Wind–Gen–ESS 81,836 1,964,056 716,880,587 46

PV–Gen–ESS 29,209 701,021 255,872,836 80.7

Gen–ESS 166,878 4,005,072 1,461,851,188 0

Gen only 161,846 3,884,303 1,417,770,618 0

Fig. 7 Emissions generated from each microgrid design scenario
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sources, continued improvements in end-use efficiency, 
increased grid flexibility and storage, and continued use 
of carbon capture, utilization, and storage (CCUS) in the 
remaining fossil fuel-based generation [51]. Carbon diox-
ide  (CO2) emissions from the U.S. electric power sector 
were 1447 million metric tons (MMmt) in 2020, account-
ing for approximately 32% of total U.S. energy-related 
 CO2 emissions of 4575 MMmt [52]. This leaves signifi-
cant opportunities for electricity decarbonization.

Comparison of emissions among the system configu-
rations is carried out to select the system with the least 
GHG emissions, thus having the least environmental 
impact. The PV–Wind–Gen–ESS system has the least 
GHG emissions, whereas the emissions are highest in 
the Gen–ESS system configuration (Fig.  7). A compari-
son of emissions among the configurations is presented 
in Table 11.

Discussion
Optimal system configuration
The optimal microgrid design identified in this study is 
the scenario of PV/wind/battery/generator with an NPC 
of $6.8 billion and an LCOE of $0.1/kWh for energy 
costs. The optimal microgrid system for this project is 
514,127  m2 of PV panels achieved by installing 264,966 
solar panels coupled with an 862,762 MWh/year autosize 
generator.

These electrical, economic, and emissions comparison 
results demonstrate that the PV–Wind–Gen–ESS system 
is the optimal system configuration with the constraint of 
least GHG emissions. Financial elements such as COE, 
NPC, and operating cost are the least in this configura-
tion, and emissions are reduced by a significant margin. 
Emissions are reduced as the RF increases, and the gen-
erator’s power generation is decreased with less fuel con-
sumption. A comparison of these financial resources and 
renewable fractions between all the system configura-
tions discussed in this paper is presented in Fig. 8.

Hydrogen production
The adoption of hydrogen as a clean energy source is still 
in its infancy and faces significant economic constraints 
in its development. Green hydrogen production is rela-
tively expensive, but its production in the near future 
shows a bright picture due to the recent drop in costs of 
renewable energy.

In addition to the previous analysis, we investigate 
three distinct scenarios for each energy system (photo-
voltaic, wind or a mix of the two) from Fig. 2a, b, and c, 
including energy systems without battery bank storage 
but with a fuel cell; battery bank storage with a fuel cell; 
and battery bank storage without a fuel cell to determine 
which combination resulted in the lowest COE for meet-
ing 100% load without loss at the same location (Fig. 9). 
While hydrogen is the preferred long-term energy stor-
age option (high capacity but low delivery rate relative 
to capacity), short-term storage of electricity (low capac-
ity but high delivery rate relative to capacity) is required 
to accommodate brief surges in demand and to extend 
the life of the fuel cell by smoothing the demand for 
hydrogen.

The results (Tables  12 and 13) indicate that, for each 
energy system (photovoltaic, wind, or a mix of the two), 
LCOE and NPC are minimal in the systems with no fuel 
cell but with a battery equivalent to $0.145/kWh (PV–
WIND–GEN–ESS–HL) higher than the optimum system 
selected in the previous section that store energy in bat-
teries instead of hydrogen at $0.1/kWh. Operating the 
energy system without batteries and with only fuel cells 
and hydrogen electrolyzers increases LCOE from 0.145 
to $0.24/kWh. Adding fuel cell components to the PV–
WIND–GEN–ESS–HL configuration reduces the LCOH 
29.6 from 44.9 to $25.6/kg  H2 (PV–WIND–GEN–ESS–
FC–HL). Among the systems, there is a tradeoff between 
LCOE and LCOH, PV–WIND–GEN–ESS–HL produced 
the lowest LCOE, and PV–WIND–GEN–ESS–FC–HL 
produced the lowest LCOH. For the purpose of this pro-
ject, PV–WIND–GEN–ESS–FC–HL is selected as the 
optimum condition as it produces the lowest LCOH.

Table 11 Emissions comparison among system configurations

System architecture CO2 (ton/year) CO (ton/year) Unburned 
hydrocarbons (ton/
year)

Particulate 
matter (ton/year)

SOx (ton/year) NOx (ton/year)

PV–Wind–Gen–ESS 566,865 3573 156 22 1388 3357

Wind–Gen–ESS 1,876,517 11,829 516 72 4595 11,112

PV–Gen–ESS 669,776 4221 184 26 1640 3966

Gen–ESS 3,826,563 24,121 1053 146 9370 22,659

Gen only 3,711,177 23,393 1021 142 9088 21,975
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Integrating green hydrogen production electrolyz-
ers with dedicated solar or wind power plants (RES) can 
result in significant cost reductions, making green hydro-
gen pathways a viable option in the years to come. With 
solar PV and wind generation costs declining, build-
ing electrolyzers in locations with excellent renewable 
resource conditions, such as KSA, could become a low-
cost hydrogen supply option, even when accounting for 
the transmission and distribution costs associated with 
transporting hydrogen from (often remote) renewable 
resource locations to end-users. Using our analysis, the 
optimum configurations can generate up to 32,132 tons 
of hydrogen per year  (tH2/year), and 380,824 tons per 
year of  CO2 emissions can be avoided.

The Kingdom is perfectly positioned to capitalize on 
hydrogen production because of its renewable photo-
voltaic generation. Moreover, it presents a strong case 
for green hydrogen adoption, given that the country has 
abundantly available land and a high capacity factor for 

the deployment of renewable energy. This renewable 
energy can be used for clean hydrogen generation, sup-
plying consumers with clean or low-carbon electricity. 
The decrease in renewable energy costs may also impact 
the costs of green hydrogen. In addition, hydrogen gas 
can be utilized as a fuel in transport vehicles or as a feed-
stock for industrial processes. Ammonia can also be gen-
erated from this clean hydrogen which Saudi Arabia can 
then export with global green hydrogen demand. The 
cost of green hydrogen and blue hydrogen are influenced 
by the costs and efficiency of electrolysis and carbon cap-
ture technology, respectively. These factors will provide 
profitability from clean hydrogen production to Saudi 
Arabia [53].

Conclusion
The hybrid microgrid isolated system is a cost-effective 
solution, particularly in KSA, which receives significant 
solar radiation. This article discusses the design and 

Fig. 8 Summary of system parameter comparisons. a COE, b NPC, c operating cost, d renewable fraction
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implementation of three hybrid microgrid systems in the 
Yanbu region. The NPC for this project is $10.6 billion, 
and the LCOE is $0.155/kWh while LCOH is $25.6/kg  H2. 
Different system configurations are analyzed in the study 
to find an optimal system with the least GHG emissions 
and least costly parameters. The PV–WIND–GEN–ESS–
FC–HL system configuration is selected as the optimal 
system configuration with better environmental and eco-
nomic benefits than any of the others considered in this 

paper. This study reveals that optimum configuration can 
generate up to 32,132 tons of hydrogen per year  (tH2/
year), and 380,824 tons per year of  CO2 emissions can be 
avoided. By 2030, 10% of installed capacity (250 GW) is 
expected to be converted to hydrogen fuel, resulting in 
an annual increase in hydrogen demand of 120–170 mil-
lion tons. Compared to today’s hydrogen consumption of 
70 million tons per year, the enormous potential of the 
future hydrogen market is apparent.

Fig. 9 Schematic representation of different system configurations for hydrogen production without a battery bank, with a battery bank and 
without a fuel cell
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Future work’s primary focus will be developing and 
implementing novel optimization algorithms and micro-
grid system configurations that incorporate efficient algo-
rithms and effective power management aids in creating 
a cost-effective microgrid system with hydrogen produc-
tion and  CO2 capturing facilities.
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