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Abstract

The increasing recognition of hydrogen as a critical element in the global net-zero transition and its clear role in decarbonizing chal-
lenging sectors coincide with the growing urgency to address climate change. Africa's favourable renewable-energy capacity, ranging
from 28% to 36% for solar, has been reported by the global solar irradiance index. However, the majority of hydrogen production today
relies on fossil fuels (96%), with only a small fraction (4%) being produced through water electrolysis. Even though there have been
many studies on climate change mitigation with a focus on Africa, a green hydrogen production from a photovoltaic power station
approach has not been reported. Also, literature with a focus on Nigeria is lacking. This study focuses on the African green hydrogen
production industry, utilizing Nigeria as a case study to explore the feasibility of generating clean hydrogen vectors from a percentage
of photovoltaic power output in various regions of the country through stand-alone solar grid electrification projects. Analyses of
the usage and effectiveness of the produced hydrogen fuel in each region are carried out, with the highest region having an annual
output of 12 247 278 kg of green hydrogen and 8 573 094 kg of ammonia and the lowest region having an output of 511 245 kg of green
hydrogen and 357 871 kg of ammonia, and the expected production from the proposed usage of 50% of the power generation output
of the installed 1.6-MWp and 80-kWp solar power minigrids in the regions is calculated. The analyses were repeated for the other
considered regions in the country. The results showcased the enormous advantages of the electrolytic production of hydrogen and
how the greener economy project can play a major role in mitigating climate change effects and overreliance on fossil fuels as the
driver of the economy in many African countries.
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Introduction

The escalating dependence on fossil fuels and the accompanying
challenges have sparked heightened interest in the development
and adoption of cleaner energy alternatives [1]. Non-renewable
sources such as gas, oil and coal constitute a significant portion
of our energy consumption, leading to various economic, polit-
ical and environmental concerns [2]. As a result, there has been
a growing emphasis on hydrogen as an efficient and eco-friendly
energy solution, capable of mitigating the adverse effects of fossil
fuel usage on the environment [3]. While the current primary ap-
plications of hydrogen involve ammonia production, soil enrich-
ment and the synthesis of various chemical compounds such as
methanol, its potential as a viable clean energy source is increas-
ingly gaining recognition [4].

The competitiveness of green hydrogen production varies
based on several factors, encompassing local resources, prox-
imity to demand and infrastructure availability, at regional, na-
tional and project-specific levels. Sunlight, being a crucial and
sustainable energy source, offers an abundance of energy to the
surface of Earth, exceeding the total human energy consumption
by a substantial margin [5]. Consequently, in addressing global
warming concerns and considering the affordability of modern
photovoltaic (PV) systems compared with traditional ones, there
has been a surge in utilizing PV cells to augment clean energy
production. Although the efficiency of PV cells has made remark-
able strides, currently reaching ~29%, their practical efficiency
in commercial applications lingers in the range of 10-20%, so
they are not yet entirely replacing fossil-fuel-based electricity.
Elements such as temperature and shading influence PV cell ef-
ficiency, underscoring the critical need for accurate forecasting

and estimation of PV system efficiency under realistic weather
conditions [6].

1 Solar renewable resources potentiality in
African countries

The Sustainable Energy for All (SE4All) initiative, led by the United
Nations and the World Bank in partnership with other organiza-
tions, aims to ensure access to sustainable energy for all by 2030,
as part of a global effort. Sub-Saharan Africa’s geographic loca-
tion offers the potential for a significant contribution to the global
energy supply through solar energy, provided that adequate infra-
structure is available [7, 8].

Located in West Africa, Nigeria has a large land area of 923 768
km? and is blessed with abundant sunshine year-round due to
its proximity to the equator. The country averages ~6.5 hours of
sunshine each day, with an average solar flux of 5.55 kWh/m?
per day. This translates into a remarkable daily solar energy po-
tential of ~4.851 x 102 kWh. Solar radiation intensities in Nigeria
range from 3.5 to 7.0 kWh/m? per day, increasing from the south
to the north. This substantial source of energy is available for
roughly 26% of the day, typically from 9:00 am to 4:00 pm. With
these promising geographic characteristics, Nigeria holds tre-
mendous potential for significant electrical energy generation
through solar power utilization [9]. Table 1 compares the solar
potential of Nigeria, Morocco and the other top five African coun-
tries based on the geographical location and solar irradiance
levels of these countries. Higher solar capacities indicate a better
position for these green hydrogen sources, as they are directly
proportional.
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Table 1: Solar potential of African countries [10]

Table 3: Type and properties of hydrogen vectors [13]

Country Solar potential (TWh/year)
Nigeria 15-20
Morocco 45-50
South Africa 20-25
Egypt 50-60
Tunisia 10-15

Table 2: Hydrogen gas in comparison with other fuels [11]

Property Hydrogen Comparison
Density (gaseous) 0.089 kg/m? (0°C, 1 bar) 1/10 of
natural gas
Density (liquid) 70.79 kg/m? (-253°C, 1 bar) 1/6 of
natural gas
Energy per unit of mass ~ 120.1 MJ/kg 3x that of
(LHV) gasoline
Boiling point -252.76°C (1 bar) 90°C below
LNG
Flame velocity 346 cm/s 8x methane
Auto ignition temperature 585°C 220°C for
gasoline
Ignition energy 0.02 MJ 1/10 of
methane

1.1 Relevant properties of hydrogen

Hydrogen is notable for its higher energy content per unit of
mass compared with natural gas or gasoline, which makes it an
attractive choice as a transportation fuel, as shown in Table 2.
However, as the lightest element, hydrogen has a lower energy
density per unit of volume. As a result, to meet the same energy
needs as other fuels, it is required in larger volumes. This issue
can be addressed by using pipelines that are either larger or have
a faster flow rate, and by employing bigger storage tanks [12].
Investment in advanced hydrogen storage solutions that require
less space, such as underground salt caverns or advanced mater-
ials for compressed or liquefied hydrogen storage, can help to al-
leviate the large volume requirement of hydrogen during storage
[11].

Hydrogen is a gas that poses no toxicity concerns, yet its flam-
mability remains a significant consideration due to its high flame
velocity, wide ignition range and low ignition energy. However, its
notable buoyancy and diffusivity characteristics facilitate rapid
dissipation, offering some measure of risk reduction. One note-
worthy challenge lies in the fact that a hydrogen flame is both
colourless and odourless, making it invisible to the naked eye,
thereby hindering the detection of leaks and fires. Despite this,
it is worth noting that the industrial usage of hydrogen has
amassed extensive experience, including its safe application in
large, dedicated distribution pipelines [13].

Hydrogen is not naturally occurring and must be extracted
from other elements such as water or hydrocarbons, and this pro-
cess requires energy, and has economic and environmental costs.
The different types of hydrogen vectors, classified by colour, have
varying degrees of CO, emissions and environmental impact.
Green hydrogen, obtained from water electrolysis powered by re-
newable energy, has a very low environmental impact and gen-
erates zero CO, emissions. The colour classification of hydrogen
vectors is shown in Table 3.

Hydrogen vector

type

Properties

Obtained from coal gasification with >20 kg of
CO, emitted for every kilogram of hydrogen
produced

Obtained from steam reforming of natural gas
with >9 kg of CO, emitted for every kilogram
of hydrogen produced

Obtained with the same production method
as that for grey hydrogen but with partial
capture, transport and storage of CO,. It
emits <5 kg of CO, not captured for every
kilogram of hydrogen produced

Obtained from water electrolysis powered by
nuclear energy. It has a high environmental
impact due to the production of nuclear
waste even if it does not emit CO,

Obtained from water electrolysis powered
by renewable energy. It has a very low
environmental impact and generates zero
CO, emissions

1.2 Advantages of green hydrogen as a driver of
economic diversification

e Green hydrogen serves as a valuable catalyst for pro-
moting the widespread adoption of renewable energy in
an energy system. Such projects necessitate the deploy-
ment of renewable energy sources, effectively bolstering
the availability of clean energy within a country. The in-
tegration of green hydrogen projects with the existing grid
infrastructure offers an opportunity to provide additional
low-cost clean energy to local communities [14]. Through
the strategic implementation of green hydrogen export
projects as anchor offtakes and leveraging economies of
scale, renewable-energy capacity for hydrogen projects can
intentionally be oversized, resulting in the provision of af-
fordable clean energy to local communities. This approach
effectively reduces the risk associated with renewable-
energy development in Africa, as it facilitates the creation
of green hydrogen exports supported by credible foreign
offtakes.

e Green hydrogen production facilities play a pivotal role as
grid buffers, contributing to the seamless integration of
renewable energy sources. By establishing grid-connected
green hydrogen projects, the flexibility of the electrolyser
comes into play, facilitating the balancing of intermittent
electricity systems. During periods of heightened demand,
the electrolyser can strategically reduce its load to alle-
viate demand peaks. Conversely, in situations in which en-
ergy supply surpasses demand, the electrolyser can ramp
up its production to accommodate the surplus. Such adap-
tive capabilities significantly enhance the capacity of the
grid to effectively integrate and harness the potential of
more volatile renewable energy sources [15].

e Green hydrogen projects are of paramount importance
in establishing a robust renewable-energy ecosystem and
streamlined infrastructure, expediting the rapid deploy-
ment of renewables. The development of hydrogen pro-
duction capacity from renewable sources not only fosters
the growth of a skilled local workforce, but also facilitates
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access to cutting-edge technologies such as solar panels
and wind turbines [16]. These projects, through the joint
subsidization of infrastructure, create an attractive envir-
onment for foreign investors, encouraging and enabling
the accelerated construction of renewable generation cap-
acity beyond the hydrogen sector. The overarching goal is
to establish a sustainable framework that supports the
widespread adoption of renewables and drives forward the
transformation of the energy landscape.

Producing substantial amounts of hydrogen is a critical aspect
of an energy ecosystem that is centred on hydrogen as a fuel for
power generation. Two key technologies are prominent for their
ability to produce hydrogen in large quantities: steam methane
reforming and the electrolysis of water. Currently, steam methane
reforming is the technique most commonly used for hydrogen
production worldwide. Nonetheless, this process generates CO,
emissions, necessitating the integration of carbon capture tech-
nologies to ensure its participation in a carbon-free ecosystem
[17]. The focus lies on striking a balance between efficiency and
environmental responsibility, fostering a hydrogen-based energy
landscape that aligns with sustainability objectives. Fig. 1 shows
the distribution of energy sources in Africa with only 4% for re-
newable energy sources.

The notion of using water electrolysis to produce hydrogen is
well known, but the prospect of generating the substantial vol-
umes required for power generation presents a challenge, as it
would demand a considerable amount of energy, subsequently
leading to escalated costs of hydrogen and the associated power.
To surmount this obstacle, an alternative approach involves pro-
ducing hydrogen through electrolysis using renewable energy
sources [18]. By leveraging on the sustainable potential of renew-
ables, this solution aims to strike a harmonious balance between
efficient hydrogen generation and cost-effectiveness while up-
holding environmental considerations.

Hydrogen can be produced from water through three primary
methods: thermolysis (thermal chemical process), electrolysis
(electrochemical process) and photocatalysis (photochemical
process). In industrial applications, various techniques are em-
ployed for hydrogen production, including oil processing, natural
gas reforming, coal gasification, and electrolysis. Electrolysis in-
volves using electrical energy to separate hydrogen from water
molecules [19].

A prevalent method for generating hydrogen using electricity
is through PV cells. In this approach, a PV power plant produces
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Fig. 1: Distribution of energy sources in Africa [17]

the electricity needed for the electrolysis process. The efficiency
of hydrogen production via electrolysis can be significantly in-
creased by using high-performing PV power plants. This method
of producing hydrogen with PV power plants is not only clean, but
also aligns with environmental sustainability goals, as it offers an
environmentally friendly solution [20].

1.3 Green hydrogen as a pathway to sustainable
power generation in Africa

Africa, as a continent, maintains a modest contribution to global
warming, accounting for <3% of the world’s energy-related carbon
dioxide (CO,) emissions thus far. Moreover, it boasts the lowest
emissions per capita among all continents [21]. Despite this,
Africa bears the brunt of climate change consequences, experi-
encing heightened vulnerability to extreme weather events such
as prolonged droughts, delayed rainy seasons and heavy flooding
due to excessive rains. Embracing green hydrogen, which is often
hailed as the ‘oil of the future’, has emerged as an increasingly
promising pathway for transitioning towards a cleaner global
energy system. Green hydrogen serves as both an energy vector
and a versatile industrial feedstock, fostering the development
of intricate and resilient economic value chains. Furthermore,
it can be processed into finished goods such as renewable fertil-
izers and chemicals, while effectively decarbonizing highly pol-
luting and challenging-to-abate sectors, including cement, steel
and glass production. In Africa, pioneering green hydrogen pro-
duction projects are already underway, marking a significant step
towards sustainable energy innovation [21]. Table 4 shows some
pioneering investments of African countries in green hydrogen
generation.

By leveraging the abundant renewable resources available
in the continent, Africa has the unique opportunity to produce
green hydrogen, which, in turn, can act as a catalyst for local
socio-economic growth, bolster regional energy security and

Table 4: Pioneering investments of African countries in green
hydrogen generation [21]

Country Project partner and capacity End use
Egypt 100-3000 MW Renew Power Mobility and export
4 GW Masdar Project Export and
100-3000 MW Siemens Project industrial
10 MW Alfarnar Green feedstock
Ammonia Mobility and export
Industrial
feedstock
Namibia 100-3000 MW Daures Green Various uses and
Village export
10 MW Hydrogen Refueling Mobility
Station
South 10 MW Anglo American Mobility
Africa Mining Truck Industry feedstock
ArcelorMittal Direct Reduced
Iron Memorandum of
Understanding
Morocco 3 GW HEVO Ammonia Industrial
feedstock and
export
Algeria Sonatrach and Eni Hydrogen Various uses
pilot project
Mauritania 3 GW AMAN Ammonia Various uses and
3 MW Total and Chariot Nour export
Green Hydrogen Project Industrial
feedstock and
export
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alleviate poverty. The development of green hydrogen in Africa
holds the potential to yield significant benefits, including the
establishment of a green economy in various African nations,
facilitating swift and enhanced access to energy, generating em-
ployment opportunities and potentially enhancing access to both
power and clean water resources. Embracing green hydrogen as
an integral part of Africa’s energy landscape can usher in a trans-
formative era of sustainable development, paving the way towards
a brighter and more prosperous future for the continent [22].

Berga [23] presented the proportional relationship between
hydropower and climate change. In the study, it was highlighted
that climate change has an inverse relationship with hydropower
production capacity and hydropower has an inverse relationship
with the production of CO,. Banianla [24] highlighted the lack
of literature on major countries on Africa in a study on climate
change adaptation and mitigation in Africa. With the primary ob-
jective of developing a rigorous analytical model for conducting
a techno-economic assessment of green hydrogen production
within the context of a PV power station, Zghaibeh [25] under-
took a comprehensive investigation into the feasibility of util-
izing solar energy for hydrogen generation within a photovoltaic
hydrogen station (PVHS). Notably, the PVHS system exhibits an
impressive annual hydrogen production capacity of ~90 910 kg,
accompanied by an initial capital cost amounting to €5 301 760.
The resultant calculation of the levelized hydrogen production
cost yields a figure of €6.2 per kilogram—a calculation made
under the consideration of a 2% interest rate. This empirical ana-
lysis underscores the significant potential of this innovative ap-
proach for the sustainable and economically sound production
of green hydrogen. By combining these prospects, Africa stands
a chance of not only the mitigation of climate change, but also
improvement in its deficient energy infrastructure.

Even though many studies have been centred on the mitiga-
tion and adaptation of climate change, and some other studies
have presented technical methods of hybrid clean energy produc-
tion systems, no study has focused on Nigeria’s capacity for pro-
ducing green hydrogen from PV systems. This study uses Nigeria,
a country in the western hemisphere of Africa, as the case study
to examine the possibility of producing green hydrogen from a
percentage of total annual power output from existing PV grid
systems in different regions of the country. It discusses how the
generated hydrogen fuel can service numerous industrial and
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commercial needs as an alternative to fossil fuels. The study
will expose how green hydrogen can act as an enabler for cli-
mate change mitigation and a carbon-free energy ecosystem.
This study novelty aims to exploit the potential of producing
green hydrogen from proliferating renewable PV grids in different
regions in Nigeria to showcase the countries’ potential to join
African hydrogen-producing nations.

2 Methodology

2.1 Case study analysis and PV system
simulation

Renewable electrification initiatives, primarily driven by solar
projects, have begun to showcase significant impact in rural
areas and alternative electrification efforts across various
African countries. This section focuses on the system design
that is geared towards generating green hydrogen from PV power
plants, with a keen examination of the availability of renew-
able power to support this innovative concept. As of the end of
2019, Nigeria boasted an estimated installed minigrid capacity
of ~2.8 MW, encompassing 59 projects that cater to the energy
needs of rural consumers. These minigrids predominantly serve
residential areas, with some specifically designed to support pro-
ductive activities. Additionally, considering the inclusion of fully
commercial-served minigrids, the total number of such projects
is expected to be higher as seen in Fig. 2 [26]. This ongoing pro-
gress reflects the growing momentum towards sustainable en-
ergy solutions and electrification in Africa.

According to a spotlight report published by the Rural
Electrification Agency in Nigeria showcasing some minigrid PV
projects commissioned across the country, this study uses the in-
formation to propose the usage of a percentage of the expected PV
electrical power outputs to generate sustainable green hydrogen
in the same ecosystem [27].

Table 5 shows the specifications and locations of the solar grid
projects considered in this study. The PV solar potential in the
considered regions is simulated using the Global Atlas SolarGIS
Software for different countries. The simulation webpage pro-
vides an aggregated and harmonized solar resource and PV power
potential from the perspective of different countries and their re-
gions.
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Table 5: Considered PV stand-alone grids and their capacity [27, 28]

Country location (PV Grid Region) Size of the photovoltaic minigrid project

SolarGIS annual solar photovoltaic
potentiality in the region (kWp)

North Central Region (PV Grid Region A)  80-kWp solar minigrid at an isolated community in Ajaokuta, 1448.3

Kogi State
South-South Region (PV Grid Region B)  100-kWp solar-hybrid LGA (Local Government Area), 1168

Akwa Ibom State community in Onna
South East Region (PV Grid Region C) 100-kWp solar minigrid at Eka-Awoke community, Ikwo LGA, 1314

Ebonyi State
North West Region (PV Grid Region D)  1.6-MWp solar power Sabon Gari Market Grid Project 1607
North East Region (PV Grid Region E) 85-kWp solar minigrid at Dakiti community in Akko LGA, 1753

Gombe State
North East Region (PV Grid Region F) 91-kWp solar minigrid in Sarkin Kudu community, Taraba State  1557.5
Table 6: Output of the photovoltaic power output in PV Grid Region A
Ajaokuta, Kogi State Grid Region A output photovoltaic (latitude 07.4631, longitude 0006.6936)
Map data PV generation features Amount (kWh/kWp per year)
Specific photovoltaic output PVout 1448.3 kWh/kWp
Direct normal irradiance DNI 1007.5 kWh/m?
Global horizontal irradiance GHI 1831.9 kWh/m?
Global tilted irradiation DIF 1063.5 kWh/m?
Global tilted irradiation at optimum angle GTlIopta 1849.4 kWh/m?
Optimum tilt of PV modules OPTA 10/180°
Air temperature TEMP 28.1°C
Terrain elevation ELE 94 m

2.2 Simulation for the expected annual power
generation in PV Grid Region A

To estimate the quantity of green hydrogen produced through
electrolysis, we will rely on the annual performance data from
individual PV power projects. The electrolysis process will involve
splitting water molecules into their constituent elements. For
the initial calculation, we will focus on the power generation of
the first considered PV grid system in PV Grid Region A. Table 6
shows the output of the photovoltaic power output in PV Grid
Region A. This system comprises an 80-kWp solar minigrid lo-
cated in an isolated community within Kogi State, with PV re-
sources obtained from SolarGIS for the region. The site-specific
PV potentiality obtained from SolarGIS was used in the design
simulation carried out on Global Solar Atlas, as shown in Fig 3. To
start with, it is important to stress that the efficiency of a solar
panel is a matter of area, not power. Installing 300-Wp panels for
the 80-kWp solar minigrid will require 267 series-connected 300-
Wp solar panels in the region.

Fig. 4 Shows the simulation result for the case study PV Grid
Region A in Ajaokuta, Kogi State, Nigeria, where the grid has been
commissioned. The grid configuration in the simulated design is
ground-mounted, as installed on the site. The simulation result
shows that a total of 116.882 MWh or 116 882 kWh per year is the
expected generation. The system design will be in a hybridized
form whereby an equal percentage of the generated PV power in
the considered regions will service the primary needs of the prov-
ince and supply the proposed green hydrogen generation plant
in the area. Figs 5 and 6 show the monthly and November daily
PV generation from the stand-alone PV grid system. The highest
generation is in November, with a peak hourly PV power output
of 55.1 kWh.

The approach presented in this study for green hydrogen pro-
duction paves the way for carbon-free, sustainable energy solu-
tions. The results gleaned from the annual generation data of the
PV power station indicate that utilizing 50% of the PV power output
for hydrogen production through electrolysis is viable. During the
process of electrolysis, water molecules split into their constituent
elements, as depicted in Equation (1). This transformative process
exemplifies the potential for harnessing clean hydrogen as an in-
tegral component of the clean energy transition:

H,O(liquid) — Ha(gas) + 1/20(gas) (1)
Electrolysis requires electrical energy to successfully split water
molecules into hydrogen. Specifically, to produce 1 g (or 1 kg) of
hydrogen, 9 g (or 9kg) of water are needed, based on stoichio-
metric values and assuming there are no losses in the electrolysis
process. The amount of power required for this is determined by
dividing the higher heating value (HHV) of hydrogen by the effi-
ciency of the electrolysis system [29]. This process creates a de-
tailed connection between the input of electrical power and the
production of hydrogen. It underscores the importance of effi-
clency in maximizing hydrogen generation while minimizing the
consumption of resources.

HHV

System Efficiency 2)
The HHV for hydrogen stands at 12 756.2 kJ/Nm? (141 829.6 kJ/kg),
which can be equivalently represented as 3.54 kWh/Nm? (39.39
kWh/kg). For this analysis, we assume a 70% efficiency of the
proton exchange membrane (PEM) electrolyser system, which is
commercially available technology. To fulfil the power demands
of the electrolyser, PV power will be harnessed as a clean and sus-
tainable alternative energy source [29, 30].

Electrolyzer Power =
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Fig. 4: Simulation result for the 80-kWp grid system in PV Grid Region A as designed for ESMAP

Therefore, in PV Grid Region A, using 50% of the power output
of the 80-kWp PV grid system, the power used for the hydrogen
production will be:

116 832 kWh x 50 %= 58 441 kWh (3)

The formula for calculating the hydrogen production from elec-
trolysis can be given as:

Z % Fx 1
T 96485 x V @)
where m represents the mass of hydrogen produced in grams, z
denotes the number of electrons participating in the electrolysis
reaction, F stands for the Faraday constant (96 485 C/mol), I rep-

resents the current flowing through the electrolytic cell in am-
peres and V indicates the voltage applied across the electrodes
in volts. The formula assumes 100% Faraday efficiency, which is
not realistic in the industrial production of hydrogen. Since we
have the PV energy output instead, hydrogen production can be
given as:

P

" nxE_H (5)
where m is the mass of hydrogen produced (in grams), P is the PV

energy input (in kWh) and E_H is the energy required to produce
1 mole of hydrogen (in kj/mol).
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AH°f
Telectrolysis * (ﬁmass of hydrogen) ©)

where AH°f represents the standard enthalpy changes of the
formation of hydrogen (~285.8 kj/mol). The efficiency (n) of a
PEM electrolyser can be assumed to be 70%, depending on the
operating conditions of the temperature of the electrolysis water,
pressure and current density. The molar mass of hydrogen is in
grams/mol (~1.0079 g/mol) [29].

EH=— 288 _ 41150ki/kg

0.7 * (101%) 7)
Therefore, the hydrogen production in PV Grid Region A with a
PV power out of 58 441 kWh, or 210 387 600 kJ (as we are working
with energy values from the direct source and the standard unit
of energy in the International System of Units is the joule) is:

E H=

58441 * 3600

m= —iis = 511,245 kg @)
Using PV energy of 58 441 kWh, we can estimate a production
of ~511245 kg of green hydrogen from PEM electrolysis. Since
the electricity for the electrolysis process comes from renew-
ables (solar), there is no ‘direct’ release of CO, when generating or
burning hydrogen. The schematic below shows how the produced
hydrogen gas can be utilized in different sectors of the country’s
economy.

Hydrogen production for the conventional steam methane re-
forming (SMR) and electrolysis of water involves the release of
carbon dioxide into the atmosphere during the process. Green
hydrogen production from electrolysis of water as proposed in
this study will help in alleviating the environmental threats as-
sociated with hydrogen production for commercial and industrial
use [31].

The procedure was repeated for the other commissioned
solar grid projects in the remaining five geopolitical zones.
Table 7 gives the output of green hydrogen generation when
50% of the annual output PV power output was used for
hydrogen production.

3 Results
3.1 Hydrogen gas as a motor fuel (Product A)

When comparing hydrogen and diesel as motor fuels, several
factors must be considered, including their energy content, effi-
ciency and emissions [32]:

e Energy content: On a mass basis, diesel fuel has a higher
energy content than hydrogen, with an energy density of
~44 kWh/kg compared with ~33 kWh/kg for hydrogen.
However, since hydrogen is a gaseous fuel, it can be stored
in larger volumes, thus increasing its energy content com-
pared with liquid fuels such as diesel.
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Table 7: Green hydrogen gas production from PV output in
different regions

Table 8: Ammonia production from the available hydrogen gas
in each region

Photovoltaic project Expected annual PV Expected
electricity utilized (50% hydrogen
of the total PV output)  production (kg)

80-kWp solar minigrid = 58 441 kWh 511245 in PV

at an isolated Grid Region A
community in

Ajaokuta, Kogi State

100-kWp solar-hybrid =~ 63 899 kWh 558 992 in PV
LGA, Akwa Ibom State Grid Region B
community in Onna

100-kWp solar 63 899 kWh 558992 in PV
minigrid at Eka-Awoke Grid Region C
community, Ikwo LGA,

Ebonyi State

1.6-MWp solar power 1400 MWh 12 247 278 in PV
Sabon Gari Market Grid Region D
Grid Project

85-kWp solar minigrid 72 182 kWh 631452 in PV

at Dakiti community Grid Region E
in Akko LGA, Gombe

State

91-kWp solar minigrid ~ 71373 kWh 624 375 in PV

in Sarkin Kudu
community, Taraba
State

Grid Region F

e Efficiency: Regarding efficiency, fuel cell vehicles util-
izing hydrogen can be more efficient than diesel vehicles.
Hydrogen fuel cell vehicles can transform a larger portion
of the stored energy in hydrogen into useful work com-
pared with diesel vehicles, which usually experience en-
ergy losses due to factors such as friction.

e CO, emissions: In the regions examined in the study, hydrogen
generated from renewable energy sources is classified as a
green fuel because it produces zero greenhouse gas emissions
during combustion. In contrast, diesel fuel, when burned,
emits CO, and other harmful pollutants into the atmosphere.

Deducing from the established relationship, 511245kg of
hydrogen produced from PEM electrolysis in PV Grid Region A
can supply more energy compared with the equivalent amount
of diesel fuel and the use of hydrogen as a motor fuel has a lower
environmental impact, as it produces no greenhouse gas emis-
sions during combustion.

3.2 Green hydrogen in the production of
ammonia (Product D)

Most hydrogen generated globally for ammonia production
for fertilizers or petrochemicals comes from SMR, which re-
leases carbon dioxide. However, the production of green am-
monia involves a 100% renewable and carbon-free process. The
Haber-Bosch process is a commonly used method for producing
ammonia from hydrogen and nitrogen, in which they are reacted
under high pressure and temperature conditions to yield am-
monia. The reaction can be expressed as follows:

N, +3H; — 2NH;3 )
where N, stands for nitrogen, H, is hydrogen and NH, represents
ammonia. The conversion efficiency of the Haber-Bosch pro-
cess is typically ~70-80%. This means that, for every 100 kg of
hydrogen, 70-80 kg of ammonia can be produced [10].

Green ammonia
equivalent production (kg)

Green hydrogen produced

PV Grid Region A production 357 871.5 to 408 996

of 511 245 kg of hydrogen
PV Grid Region B production
of 558 992 kg of hydrogen

PV Grid Region C production
of 558 992 kg of hydrogen

PV Grid Region D production
of 12 247 278 kg of hydrogen

PV Grid Region E production
of 631 452 kg of hydrogen

PV Grid Region F production
of 624 375 kg of hydrogen

391294.4 to 447 193.6

391 294.4 to 447 193.6

8573094 to 9797 822.4

442 016.4 to 505 161.6

437 062.5 to 499 500

Table 8 shows ammonia production from the available
hydrogen gas in each region. Given that the amount of green
hydrogen produced in PV Grid Region A from PEM electrolysis is
511 245 kg, then the amount of green ammonia that can be pro-
duced using the Haber-Bosch process can be calculated as fol-
lows:

Green ammonia = 0.70t00.80 x 511 245 kg (10)
=376 810.3 to 454 095.6 kg (11)

3.3 Green hydrogen usage in gas turbine
engines (Product B)

Gas turbine engines fuelled by green hydrogen exhibit notably su-
perior energy efficiency compared with those powered by fossil
fuels. The higher energy density per unit of volume and lower
ignition temperature of hydrogen facilitate a more effective com-
bustion process, thereby contributing to enhanced efficiency. It
is noteworthy that, by using a blend of hydrogen and natural gas
to operate a gas turbine instead of pure hydrogen, the volume of
hydrogen required can be reduced. This approach optimizes re-
source utilization, as highlighted in [23, 24].

Considering power generation volumes, a single General
Electric (GE) 6B.03 gas turbine operating for 8000 hours annually
would necessitate ~33 million kg of H, per year. However, if the
hydrogen were to be produced via SMR, this process would gen-
erate ~178 000 metric tons of CO, annually [33]. This stark com-
parison underscores the significance of transitioning towards
green hydrogen production to mitigate environmental impact
and foster sustainable energy practices in the power generation
sector.

4 Economic viability of green hydrogen
production plant

4.1 Availability of water source to support elec-
trolysis process

The enormous availability of water resources in Nigeria favours
the consideration of green hydrogen projects in the country.
However, it is advisable to extract the water required from the
widespread streams and rivers in different regions of the country
to avoid water resources competition with residential usage of
water at any point of construction of green hydrogen plant pro-
jects. As shown in the schematic in Fig. 7, the desalination process
helps in removing impurities or minerals that may be present in
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Fig. 7: Schematic showing the distribution of PV Grid Region A power output

the water, as these can have a negative impact on the efficiency
and performance of the electrolysis process.

PV Grid Region A is located in Ajaokuta, where there are abun-
dant water bodies, including rivers and streams. Some of the
major rivers in the area include the Niger River and its tributaries,
such as the Anambra River and the Benue River. Furthermore, PV
Grid Region B is located in Onna, Akwa Ibom, where some of the
major rivers in the area include the Cross River, which is the lar-
gest river in the region, and its tributaries, such as the Kwa River
and the Imo River. These rivers provide a source of water for do-
mestic and agricultural purposes, and can serve for industrial
usage in green hydrogen production plants.

As a general estimate, the production of 1g of hydrogen
through electrolysis necessitates ~9 g of water, considering stoi-
chiometric values and assuming zero losses throughout the pro-
cess. This estimation provides a foundational understanding of
the water requirements involved in hydrogen generation. This is
because the reaction of splitting water into hydrogen and oxygen
requires a certain amount of energy, and the amount of water
used in the process reflects the amount of energy required [29].
However, the actual energy consumption may be higher due to
the energy losses during the process, so the energy efficiency of
electrolysis can vary.

4.2 Cost-effectiveness of electrolysers

There are six main types of electrolyser technologies that show
potential for hydrogen production: alkaline, acidic, acidic/alka-
line amphoteric, solid-oxide, microbial and photo electrochem-
ical. Each category has its specific benefits and limitations, and
not all are currently suitable for industrial-scale applications.
Additionally, not all these technologies can be smoothly inte-
grated with intermittent renewable energy sources to create a
stable power-hydrogen nexus [34].

exportation

ylall

Product D
Petrochemical Application,
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cement, steel and glass
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Furthermore, while academic literature extensively covers
the alkali (alkaline) and PEM (acidic) systems, which have al-
ready been commercialized, not all the technologies are particu-
larly well suited for coupling with intermittent renewable energy
sources to create an efficient and synergistic power-hydrogen re-
lationship [35].

4.2.1 Alkaline electrolysers

Alkaline water electrolysis is recognized as the most techno-
logically advanced method and is frequently regarded as the
benchmark for large-scale industrial hydrogen (H,) production.
It enables the highest capacity for ‘green’ hydrogen production
while demanding the lowest investment costs. The system size
typically ranges from 1.8 to 5300 kWh, resulting in investment
costs that vary between US$800 and US$1500 per kilowatt [10]. As
an example, in this study, the estimated production of 511 245 kg
of hydrogen gas in PV Grid Region A utilizes a PV power output
of 58 441 kWh. Consequently, the cost of the electrolyser system
will be:

1kWh - US $444/kWh (12)

Generating 58 441 kWh using the alkaline electrolyser will result
in an estimated cost of US$2 571 404. This cost is approximately
2-2.5 times lower than the typical investment costs associ-
ated with PEM electrolyser technology. Over time, the hydrogen
production price has decreased due to the declining costs of
electrolysers and renewable energy, with the unit cost of solar
electricity production calculated at US$0.084/kWh.

Generally, while alkaline electrolysers offer cost advantages
and are considered a mature technology for large-scale hydrogen
production, they do have the drawback of producing hydrogen
of lower purity compared with other power-to-hydrogen op-
tions, such as PEM electrolysers, which are more efficient in
terms of hydrogen purity. Nonetheless, the decreasing costs and
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technological advancements in the hydrogen production sector
are paving the way for a promising future of more efficient and
economically viable green hydrogen production.

4.2.2 PEM acidic polymer electrolysers

The effort to address the significant limitations of alkaline
electrolysers ultimately paved the way for development of the
first systems founded on a solid polymer electrolyte concept [33].
This concept has seen significant improvements over subsequent
decades and has evolved into what is now known as PEM facilities,
emerging as the most promising option for coupling hydrogen
production with solar and wind power sources at present. When
evaluating the cost-effectiveness of electrolyser types in green
hydrogen production from PV systems, several factors come into
play, including the technology employed, the operating conditions
and the size of the production facility. Due to their high efficiency
and rapid hydrogen production time, PEM electrolysers are gener-
ally considered the most cost-effective option for green hydrogen
production from PV systems [36]. The continuous advancements
in PEM electrolyser technology are shaping a more sustainable
and economically viable future for green hydrogen production,
aligning with the ever-increasing demand for renewable-energy
solutions.

5 Conclusion

Electrolysis itself is not a novel concept, but the utilization of re-
newable energy sources to power hydrogen production through
electrolysis has garnered significantinvestmentinterestin various
countries worldwide. To remain at the forefront of sustainable
energy advancements, African nations must also proactively ex-
plore opportunities in this domain. Many African countries pos-
sess an abundance of renewable PV energy resources, presenting
a clear pathway to follow the lead of developed nations and in-
vest in green hydrogen production. As evidenced in this study,
Nigeria has yet to embrace this direction, with only little research
carried out in the conceptualization stage. However, the analysis
carried out in the study showcases the viability of generating
green hydrogen in different regions of the country.

Six different regions were analysed for green hydrogen pro-
duction, and it was found that PV Grid Region D, situated in the
northern part of the country, where solar intensity is highest,
emerged as the most prolific producer of green hydrogen among
all the regions studied. This region boasts an impressive annual
output of 12 247 278 kg of green hydrogen, with an additional
8573094 kg of ammonia production potential. Given the abun-
dant availability of water resources in African countries and the
ongoing decline in the price of deploying renewable-energy pro-
jects, Nigeria and other African nations should seize the oppor-
tunity to invest more in this sector to drive carbon neutrality.
Embracing green hydrogen production powered by renewable en-
ergy can serve as a transformative step towards a sustainable and
greener future for the continent.
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