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Abstract

Providing sustainable, affordable, and reliable electricity through low-carbon energy development in the Nigerian
energy sector is fundamental to ensuring energy security. Currently, efforts to harness the potential of renewable
energy, to provide universal electricity access for all have not translated into significant economic development

in Nigeria. Investment in green hydrogen could strengthen Nigeria’s net-zero transition plan (NETP) and achieve
sustainable energy access. The study explored the role of green hydrogen among five Electricity Distribution Com-
panies (DisCos), from three geopolitical zones in Nigeria—North West, North Central, and North East. A bottom-up
optimization linear programming methodology based on an open energy modelling framework (OEMOF) was used
as the modelling paradigm. Secondary data mined from the Nigeria Energy Commission, Nigeria Electricity Regula-
tory Commission, NECAL 2050 report and international reports, and 2020 was used as a reference year to benchmark
the model. The basic characteristics of the generation of electricity from green hydrogen, fuel cells, electrolyzers,

and hydrogen storage, among other existing generation plants, were modelled till 2060 using modelled daily data
obtained from Toktarova et al. (Electrical Power and Energy Systems 111:160-181, 2019). Outcomes from benchmark-
ing led to two planning scenarios; these investigated possible insights that explored green hydrogen in Nigeria.
Results showed that an integrated distributed approach would enhance harnessing green hydrogen in Nigeria,

that is, electricity distribution among the DisCos. The study also revealed the following (1) the levelized cost of elec-
tricity could drop by about 8%, so also the cost of the investment; (2) access to electricity showed an improvement
compared to the base year; and (3) emissions were cut in the power sector. To attain sustainable NETP with green
hydrogen, the study recommends that a distributed generation approach among DisCos would support the national
net-zero transition plan.
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Introduction

The role of the energy sector is significant in attaining
countries’ established climate targets because it is a sec-
tor that is found to be a focal point for abating anthro-
pogenic emissions (IEA, 2020). Developing countries,
especially sub-Saharan African (SSA) countries struggle
to provide reliable and affordable modern energy to their
growing population (Michoud & Hafner, 2021). In addi-
tion, countries in the region have fallen short of attain-
ing their climate change commitments (Fawzy et al,
2020). These climate commitments are aimed at reducing
risk and vulnerability to climate change, strengthening
resilience, enhancing the well-being of people, and the
capacity to anticipate and respond successfully to change
(Eriksen et al., 2021).

In the SSA region, especially in Nigeria, energy poverty
and meeting climate targets are intertwined, i.e. the coun-
try needs to tackle the twin challenges of energy poverty,
which limits economic development, and climate change.
Although several attempts, including the policy that aims
at strengthening the renewable energy sector, have been
legislated and implemented to combat these challenges,
still, people of the region and country have yet to expe-
rience reasonably reliable and affordable modern energy
services. This is evident in their very low per capita elec-
tricity consumption when compared to other developed
regions in Europe and America.

To overcome the intermittent nature of renewable
energy sources, storage devices are required. The expen-
sive cost of electricity storage systems is a main setback
to enabling the integration of renewable energy sources
into the countries’ energy mix. Due to the cost issue asso-
ciated with storage facilities, the transformation of power
to another form of fuel cells or gas (also, called power to
x) has been gaining international attention. The use of
fuel cells has largely found application in almost all sec-
tors, including sectors that are difficult to decarbonize,
i.e. transportation, heavy industries, and agriculture.

Hydrogen has a high energy content and is naturally
available in nature in combination with oxygen gas. It is a
significant source of fuel cells that could support the drive
towards carbon neutrality through the electrolysis of
water using electricity generated from renewable energy
sources. Although a rigorous deployment of clean fuel
cells has found application in several developed countries
in Europe, and developed to support their energy transi-
tion strategies; most developing countries in SSA are yet
to make frantic efforts to investigate how hydrogen and
fuel cells could be utilized to holistically address the like
challenges confronting the region.

This study employs the Open Energy Modelling Frame-
work (OEMOF) to explore a system analysis and the role
of green hydrogen technologies as a future energy carrier
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in the Nigerian power sector. This application supports
low-carbon development and climate goals. It also con-
siders the outlook and potential of green hydrogen as a
future low-carbon fuel along with other technologies in
the Nigerian energy mix. It explores how energy demand
would be met across several suppressed demand scenar-
ios through a distributed generation strategy. To do this
the study utilized secondary data mined from national
and international archives, the National Energy Master
Plan, reports, Nigeria's demand profile extracted from
global load projection presented in Toktarova et al,
(2019), and insight from the analysis of stakeholder per-
spectives on the Nigerian energy evolution in Shari et al.,
(2023).

Background and green hydrogen technology

In recent years, many countries including Nigeria, have
committed to net-zero emissions in their energy sector. It
is expected that a globally ambitious net-zero emissions
target capable of keeping global temperature increases to
within 1.5 °C (IPCC, 2018), be set. This ambitious climate
goal means striking a balance between GHG emitted to
the atmosphere and the GHG removed from the atmos-
phere. Emissions from all energy end-uses must thus be
reduced to reach this target. While energy efficiency,
electrification, and renewables can achieve about 70% of
the global mitigation needed as an orderly transition in
the energy sector, hydrogen will be needed to decarbon-
ize end-uses where other options are less mature or more
costly (IRENA, 2022). Considering these applications,
hydrogen could contribute about 10% of the mitigation
needed to keep the global temperature increase to within
1.5°C (IEA, 2021).

Hydrogen is not an energy source but an energy car-
rier (vector), which can be produced from multiple feed-
stocks, such as fossil fuels and renewable energy sources
via electrolysis (shown in Fig. 1). Apart from electroly-
sis (involving splitting of water molecules), there are
other methods of producing green hydrogen including
decomposition of natural gas, solar hydrogen production,
biological hydrogen production, and thermochemical
splitting.! However, the aforementioned methods of pro-
ducing green hydrogen have yet to be commercialized.
Currently, hydrogen is produced on a commercial scale
from fossil fuel sources and can be used across virtually
any application at an industry scale such as in the steel
and chemical industry and refinery, transport, heating,
and power generation (Gielen et al., 2020).

! https://www.futurebridge.com/industry/perspectives-energy/green-hydro
gen-generation-overview-of-upcoming-technologies/.
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Fig. 1 Hydrogen production by source in 2021 (data source: IRENA,
2022)

Figure 1 shows that electrolytic hydrogen represents a
meagre share of global electricity generation by source.
This suggests that hydrogen production from renewable
energy sources is largely experimental. In 2021, electric-
ity generated from renewable energy accounted for about
33% of global electricity generation; this reflects that only
about 1% of hydrogen output is produced from renew-
able energy. The implication is that electrolytic hydrogen
remained limited, at about 700 MW in 2021 (IRENA,
2022).

According to BloombergNEEF, grey hydrogen, or hydro-
gen produced with natural gas without abatement, and
blue hydrogen produced with fossil fuel but subject to
carbon capture in 2023 have an average production cost
of around 2.13 and 3.10 US dollars per kilogram, respec-
tively. Conversely, green hydrogen, which is produced
from water electrolysis using renewable electricity has
an average cost of about 6.40 US dollars per kilogram
in 2023. It implies that green hydrogen is more expen-
sive than its grey or blue counterpart (Schelling, 2023).
In contrast, research by BloombergNEF revealed that by
2030 green hydrogen will be cheaper than grey hydrogen
in some markets (Schelling, 2023).

Hydrogen production from renewable sources (green
hydrogen or electrolytic hydrogen) is considered a
potential source of a sustainable future and may unlock
the global renewable energy trade. It is worth noting
that electrolytic hydrogen can also enhance sustainable
CO, capture when CO, reacts with hydrogen, which in
turn forms synthetic fuel and acts as a reducing agent
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to replace coal in iron production (IRENA, 2022). Also,
nitrogen being a main component of greenhouse gases
when reacted with green hydrogen produces green
ammonia which can be used as feedstock for green fer-
tilizers. This means that the hydrogen needed to make
ammonia will come from water using electrolysis based
on renewable electricity (Ramachandran & Menon,
1998). The hydrogen derivatives produced, further
enhance the energy density of hydrogen, making long-
distance transport and long-term storage cost-effective
(Di Lullo et al., 2022; HFW, 2022). For instance, liquid
ammonia a derivative of hydrogen is about eight times
the energy density (MJ/m?®) of lithium-ion batteries. The
high energy density of the hydrogen derivative implies
that hydrogen energy can be transported cost-effectively
(IRENA, 2022).

The adoption of several hydrogen derivatives would
reduce global dependency on fossil fuel resources. This
would likely enable the timely attainment of national/
global energy transition targets. The global energy trade
through hydrogen derivatives would provide economic
benefits as importing countries can tap into cheaper
(than domestic) resources, thereby improving the resil-
ience of the system since there would be alternative
ways to satisfy final energy demand, hence strengthening
energy security. Also, the development of green hydrogen
and associated derivatives is significant in enhancing a
circular economy and creating green jobs while meeting
international and national energy demand (Kabir et al.,
2023; Stuller et al., 2022). Further, most developing coun-
tries are heavily dependent on fossil fuels despite having
high renewable potential. On this note, Panchenko et al.
(2023) claimed that investment in hydrogen derivatives
could tackle energy insecurity, accelerate green electric-
ity production, and improve renewable energy resources
exploitation.

About the present and foreseeable energy future,
hydrogen could have several attributes and benefits on a
global and national scale. It is therefore imperative that
the developed and developing countries embrace hydro-
gen as a future fuel and position themselves at the tech-
nological frontier. This will assist the countries in their
drive towards carbon neutrality. These opportunities are
in power generation, heat for industry, transportation,
storage, and low-carbon hydrogen (IRENA, 2023). The
abundance of renewable energy resources in sub-Saharan
Africa implies that countries in the West African corridor
can harness the potential of hydrogen fuel cells to light
up homes and businesses, and also support the global cli-
mate neutrality agenda (Baye et al., 2021).

Solar potential is abundant in Nigeria, estimated at over
427 GW where an average of 6,372,613 PJ/year of solar
energy is received across the entire country (Ohunakin,
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2010; Newsom, 2012). In addition, water resources com-
prising surface water of about 267 billion cubic meters
and enormous groundwater resources estimated at 52
billion cubic meters of replenishable yield per year, exist
in basement complex that covers over 60% of Nigeria
(Oteze, 1981; Maduabuchi, 2004; Newsom, 2012; USAID,
2021). These and many more are among the numerous
energy resources found in Nigeria. The availability of
these enormous renewable resources indicates that the
country can provide natural feedstocks for electrolytic
hydrogen fuel cells. This is an opportunity for Nigeria to
generate alternative energy to cater for the demand of
the growing population by complementing the existing
technologies to attain energy sufficiency and economic
growth.

While hydrogen alone cannot halt climate change, its
high energy content per unit weight compared to gaso-
line or diesel is an excellent clean future fuel cell in the
energy mix that could help ameliorate climate impacts.
It is an effective alternative energy fuel in the power sec-
tor, heavy industries, and transport sector; hence, it tends
to drive the low-carbon agenda in the net-zero transition
plan. There is thus the need for the country to position
itself at the technology frontier to take full advantage of
the energy transition opportunities. These opportunities
are in the production, transportation, storage, and use of
renewable hydrogen.

Green hydrogen value chain

This sub-section discusses the challenges that are asso-
ciated with the use of green hydrogen in the context of
decentralized systems. The main challenges that exist
in the green hydrogen value chain, include hydrogen
production, storage and transportation. Also, some
applications of the levelized cost of green hydrogen in
a decentralized system will be discussed. Qureshi et al.
(2023) explicitly conducted a state-of-the-art review of
hydrogen (H,) production, storage, transportation tech-
niques and its challenges based on its techno-economic
feasibility. Several production techniques were identi-
fied, including steam reforming, Plasma reforming, par-
tial oxidation, water electrolysis, photoelectrolysis and
pyrolysis.

However, recent trends to explore the systematic pro-
duction of hydrogen using renewable energy sources
(called green/renewable hydrogen) have emerged as
the most efficient H, extraction processes. Renewable
H, production is efficient because it uses water and
only produces pure oxygen as a by-product through
the water electrolysis process. Also, this process is
crucial to supporting the transition to a low-carbon
economy and developing a strategic net-zero emission
planning for both developed and developing countries.
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The electrolysis processes often use direct current power
from clean energy sources such as sun, wind, and bio-
mass. In the production process, electrolyzers play a
pivotal role by employing green electricity to dissociate
water molecules into H, and oxygen in the production of
green hydrogen. However, the amount of green hydrogen
produced through this process is about 4% contributing
to a significant economic constraint. Among many signif-
icant obstacles that prevent the widespread use of renew-
able H,, include its high production cost.

For renewable H, to serve its transition purposes, its
storage and transportation are crucial aspects of achiev-
ing the reality of renewable hydrogen towards net-zero
emissions planning. The significantly low energy den-
sity has made storing green hydrogen challenging, espe-
cially when transporting or used as fuel tanks. Such fuel
tanks will have to be big enough with a high volumetric,
gravimetric storage unit, low cost, lightweight, excellent
adsorption, desorption kinetics and recyclability. As a
result, H, storage systems can be either physical-based or
material-based. While hydrogen can be physically stored
as a liquid at cryogenic temperatures due to its low boil-
ing point or as a gas at high-pressure tanks, hydrogen
storage materials such as hollow spheres, carbon-based
materials, zeolites, and metal-organic frameworks are
potential materials to store H, (Yang et al., 2023; Le et al.,
2024).

Hydrogen can be transported from the production site
and distributed to the end consumer by road, pipeline
and shipping, however, the transportation mode depends
on the hydrogen volumes, delivery distances and other
local conditions. Road transportation mode is ideal for
conveying small hydrogen demand across up to 100 km
in pressured vessels, and large amounts of gaseous
hydrogen can be transported through pipelines to meet
large demands for hydrogen at about 500 km and it is the
most economical way to transport hydrogen (Yang et al.,
2023). The existing natural gas pipeline can be modi-
fied and adapted to transport gaseous hydrogen this is
likely to reduce investment in transporting large gaseous
hydrogen. Although hydrogen transportation through
pipelines is considered a viable option for long-distance
transport, it is geographically constrained. In a global
context, transporting hydrogen over the sea is the most
economical option, as it enables hydrogen trade between
countries for long-distance transport of over 1000 km.

The levelized cost of green hydrogen and electrolyzers

The cost of hydrogen is a major determinant of its prolif-
eration as an alternative fuel source for carbon neutral-
ity and nations’ net-zero emissions ambition. One of the
major challenges in the short-to-medium term is that
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green hydrogen is still more expensive than blue hydro-
gen. According to the H2-Atlas.

The Levelized Cost of Green Hydrogen (LCGH) com-
pared with the levelized cost of other forms of hydrogen
and fossil fuels sources is a function of the economics
based on the electrolysis technologies employed such as
alkaline electrolysis (AE) and proton exchange membrane
(PEM), with green electricity sources (Man et al., 2024)
and high-temperature (HT) electrolysis. However, green
electricity sources from solar energy will be the predomi-
nant energy for green hydrogen production in the future.
AE exhibits a levelized cost of hydrogen (LCH) of about
3.18-8.74 USD/kg which is more competitive than the
PEM with an LCOH of around 3.33-10.24 USD/kg for
hydrogen production (Man et al., 2024).

Also, for in situ green hydrogen production studies
from de la Cruz-Soto et al.,, (2024), revealed that due
to income generated from energy exportation a grid-
interconnected Power-to-Gas (P2G) system can have a
reduced LCOH when compared to decentralized green
hydrogen. It could be inferred that green hydrogen from
solar PV sources combined with the alkaline electrolysis
in large-scale green hydrogen production could achieve
a low LCGH, especially in developing countries, while a
PEM is suggested to be cost-effective in cases with high
power fluctuation and end-devices, which is the case in
many sub-Saharan African countries (Man et al., 2024).

However, the utilization and market viability of HT
electrolysis have not matured enough to gain significant
market value (Yadav & Banerjee, 2020), although with
higher efficiency compared to other electrolysis processes
(Wendt et al., 2022). However, the efficiency of most elec-
trolyzers is about 67%, in simple terms it implies that
it takes around 50kWh of electrical energy to electro-
lytically produce 1 kg of hydrogen which has an energy
content of around 33.33 kWh. It then means that about
1.5 units of energy are to produce one unit of hydrogen
(Roeb et al., 2020). It implies that the low-efficiency rate
and prohibitive cost of green hydrogen have significantly
weakened the enforcement of green hydrogen vehicles in
many developing nations, including Nigeria, thus making
it a relatively immature technology in the region (Abou-
Seada & Hatem, 2022).

Understanding the cost of hydrogen from several pro-
ducing sources is considered thus: producing hydrogen
from natural gas costs between €0.03/kWh of H, and
€0.06/kWh of H,. Conversely, producing green hydrogen
by electrolysis costs between €0.10/kWh of H, and €0.15/
kWh of H,. However, the cost of producing green hydro-
gen is expected to decrease in the future owing to the
reduced cost of electricity from solar and wind energy
(Prognos, 2020). The Hydrogen Council estimates that
costs between €0.017/kWh H, and €0.05/kWh H, will be
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achievable by 2050 (Hydrogen Council, 2020); whereas,
the levelized cost of green hydrogen is between $4/kg and
$17.4/kg in Nigeria, compared with between $2.8 and
$3.5 per kg for blue hydrogen. It, therefore, appears to be
uncompetitive to deploy green hydrogen at the moment,
which may be the reason why the Nigerian Energy Tran-
sition Plan sees it playing a role only after 2030 (Ebii,
2023).

In addition, green hydrogen production costs are usu-
ally largely determined by the electricity supply costs
(renewable energy sources), the investment costs such
as capital expenditure (CAPEX) of the electrolysis sys-
tem and its utilization (annual full load hours) (H2 Diplo,
2024). Also, the hydrogen production costs such as the
techno-economic parameters of the electrolyzer or the
CAPEX of the PV and wind power plants are determined
via the world market and differ marginally between
regions. For instance, in a green hydrogen plant the solar
photovoltaic, wind turbines and hydrogen electrolysis
have 1,470,000 €/MW, 1,580,000 €/ MW and 1,250,000 €/
MW CAPEX, respectively (Halloran et al., 2024). Elec-
tricity from wind energy is still costly compare to other
production sources.

The Nigerian energy sector

Several challenges confronting Nigeria’s power sector,
including unavailability of gas, machine breakdowns,
seasonal water shortages, and limited grid capacity, have
severely limited the operational performance of power
generator plants (Roche et al., 2020). This situation has
led to acute shortages of electricity supply across the
country with blackouts lasting for several hours in a day.
Despite challenges confronting the energy sector, Nige-
ria is committed to achieving net-zero by 2060. The plan
presents an opportunity for Nigeria to generate alterna-
tive energy to cater for its growing population and attain
energy sufficiency and economic growth. In addition, it
will also create legitimate well-paying green jobs (ETP,
2022).

In August 2022, Nigeria officially launched its net-zero
energy transition plan (ETP) aimed at changing energy
production and use, with increased removal of green-
house gases from the atmosphere while improving elec-
tricity access. It also includes plans to integrate green
hydrogen into her energy mix as a potential future clean
fuel cell. The outlined strategies include but are not lim-
ited to (i) generating electricity without emissions; (ii)
using electric vehicles; (iii) deploying carbon capture and
storage, and direct air capture; and (iv) utilizing hydrogen
as an alternative fuel, among others (ETP, 2022).

Although the government has presented a clear path-
way to meet demand across the centralized and decen-
tralized power area, it has not explored in detail the role
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of green hydrogen as a future energy carrier in the net-
zero emissions target. Against this backdrop, the study in
this chapter aims to explore the prospects and dynamics
of green hydrogen in the Nigerian energy transition plan.
It also assesses different decentralization strategies that
meet suppressed demand. Hence, to examine hydrogen
utilization and decentralization strategies in the Nige-
rian power sector, the following research questions are
considered:

i. How will suppressed demand be met in an energy
mix with different net-zero emissions targets, and
different energy mixes including renewable energy,
hydrogen fuel cells, and nuclear energy?

ii. What energy mix would be deployed to fully
decentralize pathways for the Nigerian power sec-
tor?

To achieve this, the study explores a distributed assess-
ment of green hydrogen production among five elec-
tricity Distribution Companies (DisCos), from three
geopolitical zones in Nigeria including North West,
North Central, and North East. In addition, scenarios
that consider fuel switching, energy efficiency, nuclear,
and investment in renewable energy (both on-grid and
off-grid) are considered. This implies that a dual mod-
elling approach would be applied based on (i) a system
thinking approach from a stakeholder’s perspective anal-
ysis by Shari et al., (2023), and (ii) a bottom-up optimiza-
tion linear programming methodology based on an open
energy modelling framework (OEMOF), was used as the
modelling paradigm.

The role of hydrogen in the Nigerian power sector

In the past, hydrogen was only considered a fuel cell for
transport, heat, and industries. In recent years, devel-
oped and developing countries have embraced hydro-
gen fuel cells as a major part of their net-zero emissions
strategy. Hydrogen end-use technology and its applica-
tion demonstrate that the hydrogen economy is crucial
to achieving net-zero emissions targets both in devel-
oped and developing countries (van der Spek et al., 2022).
The high energy density of hydrogen (earlier discussed),
has made it a significant source of energy in major heat-
dependent sectors.

The investment in hydrogen globally as a future low-
carbon fuel is not farfetched. These efforts could be
attributed to some of the following benefits (i) compat-
ibility with conventional diesel or gasoline trucks; (ii)
hydrogen energy density (hydrogen has an energy den-
sity of about 120 M]/kg when compared to diesel having
energy density of 45.5 MJ/kg and gasoline with 45.8 MJ/
kg; in terms of electrical power, this implies that the
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energy density of a hydrogen fuel cell is equivalent to 33.6
kWh of usable energy per 1 kg, compared to diesel or gas-
oline which is about 12-13 kWh per kg (Molloy, 2019));
(iii) high efficiency (50% of the energy generated by an
internal combustion engine is converted to heat, while
electric drive train powered by hydrogen only loses about
10% to heat); (iv) hydrogen stands better chances in price
reduction of more than 50% lower than diesel in the next
decade; the price of fossil fuels is unstable and might not
decline coupled with the Russia—Ukraine issues. Consid-
ering all these factors and more, there are better chances
for hydrogen to gain the attention of world leaders as a
main energy vector to achieve their carbon neutrality
ambitions, as it is an efficient, cheaper and economically
sustainable future energy carrier.

It is worth noting that electricity from hydrogen comes
with its limitations: (i) hydrogen gas is colourless, odour-
less, and highly flammable; hence, detecting leakages
could occur unnoticed and could be disastrous; (ii) the
pathways to the production of green hydrogen or renew-
able hydrogen is unclear; (iii) there are still unclear path-
ways to which the technology of producing renewable
could be scaled in the future as the technology is yet to be
fully exploited on a larger scale; (iv) costly storage poses a
major limitation. Hydrogen is produced in gaseous form
and needs to be pressurized or liquefied thus requir-
ing more energy. However, there are emerging methods
that use chemical bonds called liquid organic hydrogen
carriers (LOHC) or ammonia to transport hydrogen in
a stable state. These methods do not require pressure
or cryogenic liquefaction and thus utilize less energy to
transport and store hydrogen, although the technology is
still in the pilot stage (Molloy, 2019).

Although the use of hydrogen as feedstock in industries
has been well-established for over six decades (Fan et al.,
2021), green hydrogen is currently widely researched as a
fuel cell for cars, production of fertilizers, and electricity;
it has recently emerged as a potential solution to decar-
bonize heavy transport because it releases almost three
times the energy of what can be obtained from gasoline/
petrol or diesel (Molloy, 2019). From a broader perspec-
tive, the world is making frantic efforts to produce, uti-
lize, and commercialize electrolytic green hydrogen due
to the benefits it offers for decarbonizing the industrial,
chemical, and transportation sectors.”> The European
Union (EU) identifies the role of green hydrogen in
achieving its climate targets and helping reduce CO, out-
put from sectors difficult to decarbonize; in this light, the
European Green Deal (EGD) recognizes hydrogen as key

% https://www.weforum.org/agenda/2021/06/4-technologies-accelerating-
green-hydrogen-revolution/.
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to a clean and circular economy.’ It is indeed pertinent
to know that plans to invest in hydrogen fuel cells have
recently gained momentum in SSA countries, as coun-
tries are reviewing their energy acts to include renewable
energy sources and green hydrogen in their energy mixes
(IEA, 2022; Kobina & Stephanie, 2022). For example, in
2021, Namibia announced an estimated 9.4 billion USD
green hydrogen project by 2026.*

Further, it is evident that investment in green hydro-
gen is veritable, several EU countries have signed a treaty
with some West African countries to trade hydrogen fuel
cells. The treaty to develop green hydrogen is unprece-
dented and has the potential to open up the green hydro-
gen fuel cell market of the ECOWAS region in the future.
For instance, the German Ministry of Education signed
a treaty with Niger to generate and export green hydro-
gen in the region (Bhandari, 2022). Meanwhile, countries
like Kenya, Nigeria, and Morocco are at various stages of
developing plans to integrate green hydrogen into their
energy mix for the mid- and long-term. Also, at COP26
in Glasgow, the United Nations pledged to support South
Africa’s Just Energy Transition with about 8.5 billion USD
to develop upcoming economic opportunities in green
hydrogen, and a 17.8 billion USD plan to support a pipe-
line of green hydrogen (Yohannes & Diedou, 2022).

The report of the International Renewable Energy
Agency (IRENA) report on the Nigeria Renewable Energy
Road Map revealed that the potential of renewable
energy will not only help to meet Nigeria’s large energy
deficits, but also power sustainable economic growth and
create jobs while achieving global climate and sustainable
development objectives (IRENA, 2023). With the renew-
able energy potential, green hydrogen would be emerg-
ing as a frontrunner for achieving a clean, secure, just,
and affordable energy future for Nigeria and the entire
Africa; this will greatly support economic opportunities
for Nigeria’s economy (Africa’s Green Hydrogen Poten-
tial, 2022). With the abundant wind and solar potentials,
many parts of Nigeria are ideally positioned for green
hydrogen production to build their energy dependence
and industrialization, while also meeting rising national
energy demand.

Further, an advisory report prepared by the Deutsche
Gesellschaft fur Internationale Zusammenarbeit (GIZ)
Gmbh claimed that large renewable energy systems for
commercial and industrial (C&I) purposes, that utilize
solar PV solutions in an off-grid solar hybrid mini-grid
rely heavily on diesel generator sets for backup power

3 https://www.intereconomics.eu/contents/year/2021/number/6/article/
green-hydrogen-in-europe-do-strategies-meet-expectations.html.

* https://fuelcellsworks.com/news/namibia-announces-9-4-billion-green-
hydrogen-project/.
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(Gorre & Nweke-Eze, 2023). However, recent research
revealed that the country such application of renewable
energy can be achieved complementarily using electro-
lyzers and fuel cells in a decentralized framework and
achieving net-zero emissions objectives, such as energy
access, producing green hydrogen and displacing petrol
and diesel generator sets.

In 2022, Nigeria launched its roadmap to carbon neu-
trality by 2060, and an estimated sum of 1.9 Trillion USD
is required (ETD, 2022). As part of the decarbonization
strategy of the country’s net-zero targets, Nigeria has
made plans to include about 9 GW and 34 GW of renew-
able energies by 2040 and 2050, respectively, in its power
mix, in addition to a 4 GW and 22 GW capacity for
hydrogen electrolyzer storage by 2040 and 2050. Electric-
ity demand of about 1 TWh and 46 TWh is projected to
be met by electricity generated from electrolytic hydro-
gen in 2040 and 2050, respectively (ETP, 2022).

Green hydrogen in Nigeria’s decentralized energy sector

Currently, about 80% of Nigeria’s operational energy
capacity comes from off-grid diesel/petrol generators.
Access to electricity is further made difficult due to the
constant increase in the price of diesel fuel as well as the
expensive acquisition and maintenance costs of diesel
generators. The poor energy situation in Nigeria is exac-
erbated by the current increase in the grid electricity by
about 240% making more people rely on diesel/petrol
generators. However, measures to promote power gen-
eration in Nigeria are focused on mini-grids and solar
home systems (SHS) based on renewable energy sources
such as photovoltaic, bioenergy and hydroelectric power.

Nigeria like other countries in the tropics possesses
exceptional solar resources that have enormous poten-
tial for producing green hydrogen. The potential contri-
bution of green hydrogen to the Nigerian energy sector
includes but is not limited to the following: (i) contribu-
tion towards energy transition and advancing net-zero
emissions plan; (ii) contribution to energy access; and (iii)
stabilization of renewable energy system grid-connected.
However, the choice to invest in green hydrogen is largely
dependent on the cost, also other factors include policy
and regulation, infrastructure, logistics, local demand,
and export trade.

Although there are a few private decentralized hydro-
gen projects in Nigeria, more are underway. To develop
decentralized hydrogen projects in Nigeria there is a
need for Nigeria to develop a clear and comprehensive
technical and economic feasibility study. Assessing the
technical and economic feasibility of green hydrogen
projects for decentralized energy applications and sup-
porting decarbonization efforts requires a comprehen-
sive evaluation of various factors which include:


https://www.intereconomics.eu/contents/year/2021/number/6/article/green-hydrogen-in-europe-do-strategies-meet-expectations.html
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https://fuelcellsworks.com/news/namibia-announces-9-4-billion-green-hydrogen-project/

Shari et al. Sustainable Energy Research (2024) 11:16

A. Resource availability: Resources such as solar, wind,
hydropower and biomass are essential for generating
green/renewable hydrogen to support decentraliza-
tion and decarbonization efforts. Nigeria has a high
potential for renewable energy resources well dis-
tributed across different parts of the country, such
as solar, biomass and hydropower resources in the
northern, and southern parts of the country. Also,
wind energy is in the core northern region and along
the coastal area.

B. Electrolyze and fuel cell technologies: Electrolyz-
ers are the spinal for producing green hydrogen.
Although the efficiency of many electrolyzers is
around 67%. There are pieces of evidence that the
efficiency and cost will be competitive in the future.
This implies that with a competitive cost and high
efficiency of electrolyzers Nigeria can leverage to
provide energy security while supporting the coun-
try’s decarbonization efforts.

C. Infrastructure development: Currently, Nigeria’s
energy infrastructure is not mature and resilient
enough to support renewable energy integration, let
alone green hydrogen. However, future decarboniza-
tion efforts should consider green hydrogen produc-
tion storage and distribution in a decentralized appli-
cation model. This would include pipelines, storage
facilities, transportation means, and refuelling sta-
tions.

D. Demand and market analysis: An effective distrib-
uted energy generation effort would require a thor-
ough analysis of the potential demand for electricity
in decentralized settings for a targeted market. Other
evaluations and assessment analyses include evaluat-
ing the market size, growth potential, and competi-
tion, regulatory support for hydrogen adoption in
decentralized systems

E. Project financing and funding: There is a need to
evaluate the financial viability of the project, con-
sidering upfront investment costs, potential revenue
streams, and payback periods. Such efforts would
facilitate investors to consider investing in the green
hydrogen market in Nigeria and thus would enhance
collaboration and partnerships

F. Risk assessment and life-cycle assessment: Scaling up
hydrogen would require a life-cycle emissions assess-
ment as hydrogen is one of the keys to energy tran-
sitions. It is therefore not only important to make it
economically viable, but also to maximize its decar-
bonization potential and minimize its impact on
resources, such as water. For instance, hydrogen from
natural gas with a 98% CCS capture rate using ATR
technology will achieve life-cycle emissions compa-
rable to 100% solar powered electrolysis when the
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ATR is powered with fully decarbonized energy. This
implies that a risk and life-cycle assessment could
enable the full scaling up of green hydrogen produc-
tion and end users in a decentralized energy system.

Methodology

This section presents the methodology to explore a low-
carbon strategy for a typical developing country that
explores carbon neutrality in a set timeframe. An open-
source energy modelling tool is applied to the Nigerian
energy system with a focus on the role of renewable
energy towards a transition to net-zero emissions tar-
gets, and developing a carbon—neutral strategy. In this
case, the open energy modelling framework (OEMOF)
is employed to investigate the role of green hydrogen
as a future energy carrier in the Nigerian power sec-
tor toward its net-zero energy transition plan under dif-
ferent electrification pathways and policy constraints.
This optimization modelling approach synthesizes and
reflects in-depth insights not only on how the electric
energy demand of (i) existing, (ii) suppressed, and (iii)
non-electrified people can be met, but also explores the
strategic role of renewable hydrogen in Nigeria’s net-zero
emissions target. To do this, six scenarios were defined
based on the government’s intended energy transition
plans (Current Policy Scenarios), and net-zero emission
scenarios with energy efficiency (Best Policy Scenarios);
also, the role of green hydrogen in distributed electricity
generation among the electricity Distribution Companies
(DisCOs) in Nigeria is investigated. The scenarios were
designed based on the power sector—Nigeria Energy
Transition Plan (ETP). Also, the scenario was based on
the assumption that the Distribution Companies would
serve as a standard to enhance a distributed and decen-
tralized hydrogen strategy in the country.

The OEMOF framework and its building block

Oemof is an energy system modelling platform database
integrated with Python (pandas) libraries, based on a
modular open-source framework (Oemof-Team, 2020).
Through collaborative development in an academic con-
text based on open processes, oemof was developed to
support a maximum level of participation, transparency,
and open science principles in energy systems model-
ling (Hilpert et al., 2018). Hence, enhancing a prominent
level of scientific standards (transparency, repeatability,
reproducibility, and scrutiny) became pertinent to the
overall system’s model framework. The oemof frame-
work is based on a generic graph-based description of
energy systems (Oemof-Team, 2020). It is differentiated
into several dichotomies of energy system models that
each is specified for a certain task in the energy system
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modelling process, of which, oemof-solph is one of its
significant parts (Hilpert et al., 2017a).

Oemof-solph or solph is part of oemof (a meta-pack-
age), which has been developed to serve as an integrated
energy system model (Krien et al, 2020b). It gener-
ates energy system simulation and optimization mod-
els which are designed to solve linear problems (LP) or
mixed-integer linear optimization problems (MILP)
from a generic object-oriented structure based on graph
theory (Krien et al., 2020a). Oemof-solph is built on the
Python optimization model language (pyomo). Pyomo is
an open-source modelling tool that provides classes and
functions designed to create optimization functions via
an Application Programming Interface (API) (Hart et al.,
2019). It enhances its functionalities to simulate or opti-
mize multi-regional energy systems considering power,
heat, and mobility. Its structure enables us to generate
models on various levels of detail by employing prede-
fined components and other possible additional expres-
sions and formulation constraints; also, it is possible to
switch between a dispatch and an investment model
(Hilpert et al., 2017b).

Oemof-solph employs a modular and generic system
approach.” Oemof includes components such as energy
technology transformation. Other major constituents
include (i) generation systems such as cogeneration,
natural gas plants, solar arrays, wind turbines, diesel
generators, etc.; (i) transporting energy which consists
of an electricity grid network; (iii) electricity consumer/
demand types viz. residential, commercial, and industrial
consumers; (iv) fuel such as gas and oil or hydrogen; and
(v) export in which excess electricity generation is dis-
tributed where possible.

To simplify the rigorous modelling efforts in oemof,
oemof-B3 was introduced which was used as a sector
integrated energy system model of Brandenburg and
Berlin, Germany. It represents many sectors including
electricity, centralized and decentralized heat, hydro-
gen, CO,, and methane. It is a multi-node model, which
means that several distinct regions are represented that
are connected via transmission lines (Oemof-B3, 2023).
The model is a perfect foresight, cost-minimizing lin-
ear optimization model based on oemof-solph, oemof
Tabular and oemoflex. The oemof-B3 has been adopted
to develop a regional integrated model that explores how
power systems are modelled in a distributed-generated
approach.

Graph theory also known as the bipartite graph is a
mathematical study of graphs. They are mathematical

® https://oemof-solph.readthedocs.io/en/latest/reference/oemof.solph.
components.html.
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structure models with pairwise relationships between
objects. An oemof graph is represented as a network of
nodes and edges. A node can either be a bus or a compo-
nent; the bus is a virtual element that connects different
components of the energy system and must be balanced
at every stage of the system. Also, a bus corresponds to
a node or cell in the energy system. The edges represent
the input and output of a component, they consist of
flows, the flow is a very significant component of oemof
because the edge is responsible for energy flow between
two nodes and is often used to measure system costs. Fig-
ure 2a shows a diagrammatic illustration of graph theory,
comprising nodes, edges, bus, component, and flow. Fig-
ure 2b shows the basic representative use and flow of the
oemof model.

The generic approach to modelling in Oemof is divided
into two levels viz. components and graphs. The com-
ponents consist of a source, sink, and transformer. The
source is explained as having one output with no input.
It can be used to model energy sources such as solar and
wind power plants, coal, gas and oil power plants. On the
other hand, the sink has one input, no output, which is
employed to model energy consumers, energy excess, or a
reduction in energy consumption, while the transformer
connects inflows to outflows through one or more con-
version factors. In this regard, it can be used to simulate
power plants such as Combined Heat and Power (CHP)
Plants, or gas turbines that operate with a constant effi-
ciency or capacity factor.

Figure 2a shows a graphic theory as it is applied to an
oemof framework and its virtual representation in Fig. 2b.
Figure 3 presents a schematic illustration of a simplified
energy system in an oemof framework. Figure 3 further
demonstrates how the oemof model framework can be
employed to model a simplified energy system. Renew-
able and fossil fuel energy represents the energy source,
the storage system represented here is a general stor-
age scheme as it has not distinguished between different
types of storage systems. As seen in Fig. 3, the storage
allows a dual energy flow, i.e. electricity/current stored
could be released when needed. Also, Fig. 3 illustrates
two types of sinks, the demand or energy consumers and
excess energy that could be exported to other consumers.

Transformers are represented as inverters, rectifiers,
and fuel generator sets. This implies that energy sources
such as solar or fossil sources could be transformed into
useful energy. Examples of such transformers found in
fuel generators are conventional diesel/petrol generator
sets, and gas or oil power plants. The inverter converts
direct current (DC) generated from renewable energy like
solar panels to alternative current (AC) found compatible
with consumer appliances. Conversely, alternative elec-
trical currents generated from non-renewable sources


https://oemof-solph.readthedocs.io/en/latest/reference/oemof.solph.components.html
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Fig. 3 Schematic illustration of a simplified energy system in oemof

(through power plants) are converted into a direct cur-
rent by using a rectifier. This electricity converted from
AC to DC is to enable the current to be saved in batter-
ies/storage devices for later usage.

System analysis of green hydrogen technology
The oemof-solph framework is adopted to explore the
system analysis of green hydrogen technology in the

4

Fuel genset

AC Bus Fuel Bus

Nigerian power sector, towards the carbon neutrality tar-
get. Figure 4 shows the reference energy system (RES) by
which the oemof framework would adopt to model Nige-
ria’s power sector through coupling hydrogen technology.

According to Fig. 4, the far left represents primary
energy sources which include gas, fuel oil, diesel, nuclear,
biomass, wood fuel and geothermal. The energy sources
are processed into useful energy, i.e. electricity, by



Shari et al. Sustainable Energy Research

(2024) 11:16

Page 11 of 23

wind offshore
Electricity
N export
Wind onshore
/ N\ o | Electricity
Solar CSP "] curtailed
Gas > Gas plant
»| Storage/
battery
Fuel ol > oil plant
‘ y
Diesel »t Diesel generator R
Electricity Electricity
demand
Nuclear »  Nuclear plant g 1
Biomass »  Biomass plant »| Hydrogen
electrolyzer
Charcole/fuel %
wood "% Charcoal plant >
y
Geothermal »t Geothermal plant Hydrogen

Hydropower

Solar PV

Hydrogen

electricity import

Hydrogen

fuel cell i

Fig. 4 The reference energy framework for the power sector coupling

the various power plants; however, renewable energy
sources are also sources of electricity including electricity
imports. To the far right suggest several uses and appli-
cations of electricity generated, which include electricity
export, curtailment, storage and electrolyzer. The pur-
pose of the RES is for the electricity demand to be met
with consideration to power-to-gas (P2G) or a sector

coupling arrangement, thus forming a key power sector
coupling.

The right side of Fig. 4 represents the process of export-
ing, curtailing or storing excess electricity for later usage.
Also, excess electrical energy is converted into storable
chemical energy in batteries. More so, the excess elec-
tricity generated is used in a hydrogen electrolyzer which



Shari et al. Sustainable Energy Research (2024) 11:16

Page 12 of 23

NGR-electr
icity-shor
tage

NGR-electr
icity-impo
1t

NGR-wind-o
nshore

NGR-electricity

Fig. 5 A simplified oemof model output for green hydrogen

involves the use of electricity to separate water into
hydrogen and oxygen gas (although the process of elec-
trolysis of water is more advanced than what is presented
in Fig. 4). The oxygen gas produced is released into the
atmosphere, while the resulting hydrogen gas is stored
and used when required, or made to be recombined with
oxygen gas in a fuel cell. To make the hydrogen gas pro-
duced from the electrolyzer useful, the fuel cell is used.
The hydrogen fuel cell then converts the hydrogen into
electricity to meet electrical energy demand.

Figure 5 shows a clearer model of green hydrogen pro-
duction in Nigeria. Here, the oemof conventional sym-
bols have been used to represent how hydrogen can be
generated from excess electricity obtained from renew-
able energy sources.

Model scenarios

Scenarios are developed to investigate the research
questions. Table 1 describes scenarios that are aimed at
meeting energy demand, suppressed demand, and non-
electrified demand. The load curve for Nigeria used to
estimate hourly electricity demand was retrieved from
Toktarova et al., (2019), and modified to fit the scope of
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the scenarios. The outcome was then used as a bench-
mark to model the development scenarios that explore
how to achieve net-zero emissions targets while meet-
ing demand. It is important to reiterate that assumptions
used for the scenarios are taken from the analysis of the
stakeholders’ perspectives in Shari et al., (2023).

Three scenarios are presented in Table 1, including the
business as usual (BAU), the sustainable scenario, and the
carbon-neutral scenario and are based on the ETP power
sector. The BAU scenario describes the current energy
situation and the current energy growth in Nigeria. It
assumes the energy status quo across the 2030, 2040
and 2060 modelling periods. Each model period details
the input assumptions. The 2030 model period assumes
gradual investment in solar energy for off-grid according
to the Rural Electrification Agency (REA) report (REA,
2016), while the 2045 and 2060 model period assumes
that natural gas as a transition fuel with decreased cap-
tive diesel generators, and also with a significant invest-
ment in solar technology to provide for the reduction in
diesel usage, respectively.

The sustainable scenario describes a rigorous invest-
ment in renewable energy targets both for off-grid and
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Table 1 Scenario development and description of net-zero emissions target

Scenario Description

Assumption

Business as usual (BAU)

served areas

Sustainable

(NETP, 2022)

Carbon neutral

able scenario

This considers the current energy situation from 2020. Con-
siders current status quo and energy growth rate in renew-
able energy (RE) on-grid/off-grid and prosumers for under-

This considers rigorous investment in RE—on-grid/off-grid
and prosumers and energy efficiency on the demand side,
while reducing diesel gen use above BAU, improved gas.
Model values adopted from the current NETP and NDC

To achieve net-zero investments in nuclear, bioenergy,
hydrogen and fuel cells are considered beyond the sustain-

2030—qgradual investment. in decentralization

2045—gas as a transition fuel with decreased captive diesel
generators

2060—a significant investment in solar technology reduction
in diesel and at an increased demand based on an 8% GDP
growth rate

2030—RE grows by 30% and investment in EE according
to NDC

2045—nmore investment in RE and EE according to conditional
NDC

2060—Outlaw the use of diesel generators and an increased
demand based on 11% GDP growth rate

2030—net-zero plan
2045—gradual investment in Nuclear and hydrogen fuel cell

2060 - an increased demand based on a 13% GDP growth rate
and with significant investment in solar for green hydrogen

on-grid, solar home systems for prosumers, and energy
efficiency on the demand side while reducing the usage of
diesel/petrol and improving the adoption of gas as a tran-
sition fuel. The scenario assumes an investment in energy
efficiency (EE) and renewable energy (RE) resources at
30% following the Nationally Determined Contribution
(NDC) (2021) by 2030, while more investment in RE and
EE according to conditional NDC by considering deliber-
ate fuel-switching efforts and banning the use of diesel/
petrol generator by 2045 and 2060, respectively.

The third scenario is the carbon—neutral scenario.
Here, the scenario aims to achieve net-zero emissions by
investing in nuclear, bioenergy, hydrogen and fuel cells,
and are considered beyond the sustainable scenario. To
do this, the scenario assumes implementing the net-
zero plan according to the ETP (ETP, 2022), including a
gradual investment in nuclear, bioenergy and hydrogen
fuel cells, and consideration of a significant investment in
solar energy for green hydrogen for export in the model
period, respectively. The scenarios are summarized in
Table 1.

The description of the scenario in Table 1 assumes an
electricity demand increase that is based on the gross
domestic product (GDP) growth rate in Nigeria. The
assumptions of the GDP growth rate are based on the
World Bank report, and the analysis from the Energy
Commission of Nigeria (ECN) presented in Sambo
(2008) and Akanonu, (2019). The scenario assumes that
electricity demand would increase at a GDP growth rate
of 8% in the BAU, 11% and 13% in the sustainable, and
carbon-neutral, respectively. However, the assumption
would be found relevant and applied in the model period
2045 and 2060 for the scenario.

Table 2 presents the scenario that explores a distrib-
uted generation strategy from the five DisCos. The sce-
narios are based on assumptions, earlier discussed and it
comprises two scenarios based on a regional model for
2030 and 2060. The regional model 2030 describes the
gradual phasing out of the use of diesel generators and
investment in alternative green technologies, while the
regional model 2060 illustrates the replacement of fos-
sil fuel sources with clean alternatives, especially green
hydrogen and fuel cells

The carbon-neutral scenario (in Table 2) is subjected to
further analysis to reflect a distributed generation strat-
egy. The strategic scenario for distributed energy system
planning was done based on the assumption of an aggre-
gated model to explore the role of green hydrogen in the
Nigerian power sector via the electricity DisCos. The
regional DisCos adopted for this work are selected based
on the availability of vast renewable energy resources
especially solar and wind in their regions in line with
Ohunakin, (2010). The relevant DisCos that cover the
regions endowed with renewable energy resources as
reported in Ohunakin, (2010), are domiciled in the
Northern part of Nigeria including the North-Central,

Table 2 Scenario for distributed energy system planning

Scenario Description

Regional model 2030 Take into account the gradual phasing
out of diesel generators and invest-
ment in alternate green energy

technology

Regional model 2060 Assumes the replacement of fossil fuel
sources with clean alternatives, espe-

cially green hydrogen and fuel
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Fig. 6 The five distribution companies DisCos (Source: NERC)

North-East, and North-West (Fig. 6). The DisCos are
(i) Kaduna Electricity Distribution Company covering
Kaduna, Zamfara, Kebbi, and Sokoto States; (ii) Yola
Electricity Distribution Company covering Yobe, Borno,
Adamawa and Taraba States; (iii) Abuja Electricity Dis-
tribution Company covering, Federal Capital Territory
(FCT), Niger, Kogi and Nassarawa States; (iv) Kano Elec-
tricity Distribution Company covering Kano, Jigawa and
Kastina States; and, (v) Jos Electricity Distribution Com-
pany covering Bauchi, Gombe, Plateau and Benue States.
The DisCos covers a total of 19 States out of the 36 States
of the country.

Results and discussion
The results from the scenario models are presented in
this section. The models were developed based on the
oemof framework and validated by developing a busi-
ness-as-usual model as shown in Fig. 7. The Nigerian
electricity demand profile utilized for the study was
extracted from Toktarova et al. (2019) and then used to
benchmark the model. An hourly dispatch model which
shows the current power situation in Nigeria is used to
validate the model, as shown in Fig. 7.

The result from the model validation shown in
Fig. 7, revealed the heavy use of diesel/petrol-powered

generator fuel in the country and represents over 60% of
the total electricity generated in 2020. This means around
19 GW of power demanded in that year including off-
grid and on-grid were met by captive diesel/petrol gen-
erator sets. This validation justifies findings in the media
reports and the World Bank survey (WB, 2014; Nnodim,
2022). It can be observed from Fig. 7 that less than 30%
of the national power demanded was met by a combina-
tion of grid-tied gas and hydropower plants. About 20%
of the electricity demanded was never met and referred
to as the unmet electricity demand, while those met from
captive diesel/petrol generator sets are regarded as sup-
pressed demand.

Discussion of the result based on Table 1—net-zero
emission strategy

Figure 8 shows the capacity evolution of the business-
as-usual scenario across the model period. Exploring
the clean energy strategy in the BAU scenario towards
a net-zero emissions agenda, Fig. 8 reveals that diesel/
petrol-fueled generators will continue to serve as the
main supply of power in Nigeria by 2030. Figure 8 fur-
ther reveals that there would be about a 40% reduction in
the usage of diesel-fueled generators by 2045, and there
would be no significant usage of captive diesel/petrol
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Capacity evolution of Business as Usual Scenario
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Fig. 8 Evolution of business-as-usual scenario across the model periods

generators by 2060. In the same scenario, natural gas will
be a significant part of the energy mix in 2030 and 2045;
however, about a 29% reduction in natural gas in the mix
by 2060.

Renewable energy sources especially solar photovol-
taic (including solar mini-grids and solar home systems)
have experienced significant growth from 2030 to 2060,
representing the largest single energy source in the BAU
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scenario. Hydrogen and fuel cells have gained low accept-
ance in the energy mix, with a constantly low growth rate
from 2030 to 2045, but experienced a relative increase
in growth rate by 2060. Hydropower has seen a signifi-
cant growth of about a 50% increase in the BAU scenario.
With the bioenergy resource, a sharp rise was experi-
enced from 2030 to 2045, but this became constant by
2060. Due to the rising contribution of renewable energy
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Capacity evolution of sustainability scenario
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Fig. 9 Evolution of sustainability scenario across the modelling period

in the scenario, electricity storage in battery has been
employed and has experienced significant growth from
2045 to 2060.

The scenario has identified that there will be a need
for a significantly high level of investment in the power
sector moving forward from the base year (i.e. 2020)
to achieve such a mix. The scenario shows a significant
increase in the share of renewable energy in the energy
mix; this suggests that a significantly large share of solar
photovoltaic might not be sustainable, due to the large
share of storage required and the associated cost. Despite
the share of the renewable energy mix and the inclu-
sion of hydrogen and fuel cells, the scenario still employs
some level of electricity supplied by diesel generators.
These imply that the BAU scenario is not enough of a
mix that would eradicate the use of captive diesel/petrol-
fueled generator sets, and may not deliver the expected
carbon neutrality even in the long term.

The sustainability scenario presented in Fig. 9 shows
the model evolution of the energy technology mix over
the 2030, 2045, and 2060 periods. In the sustainability
scenario, the evolution of fuel oil used in diesel power
plants was observed to be marginal in 2030 when com-
pared to the BAU scenario. While natural gas was seen
to have met about 20% of energy demand in 2030, power
from diesel generators accounted for about 16% of the
overall production during the same year, resulting in
a reduction in the BAU. In terms of renewable energy
share, investment in solar energy was prioritized in 2030
to include both on-grid and off-grid systems; about 20%
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of electricity was met from solar sources. It is worth not-
ing that onshore wind and bioenergy sources account
for about 5% each, of the total mix, while hydropower
assumes about 8% of the total mix. Overall, in 2030, the
sustainability scenario shows almost an equal mix of both
renewable energy and fossil fuel energy sources.

Subsequently, in 2045, the sustainability scenario
increased the share of power generation due to increased
demand for the period. In this modelling period, the
share of fossil fuel sources was marginal and accounted
for about 6% of energy generation by source, while
renewable energy sources accounted for about 56%, with
solar having over 80% of the renewable energy share.
Also, generation from hydrogen based on fuel cells
accounted for about 7% of total generation, while stor-
age by battery and electricity storage from hydrogen
accounted for around 25%. This is likely due to the high
share invested in renewable energy, thereby balancing
its variable nature. This modelling period (the year 2045)
has shown the significance of fuel switching from heav-
ily dependent fossil fuel sources to a wide mix of energy
sources.

In the 2060 period shown in Fig. 9, there is no use of
captive diesel generators. However, the only fossil fuel
source is from gas which accounted for about 2.5% of
the total energy mix. Electricity generation from renew-
able energy sources is highly significant accounting for
about 65% of the total electricity generated, while the
share of solar PV represents around 62% of total renew-
able energy sources. Generation from hydrogen fuel cells
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Capacity evolution of carbon neutral Scenario
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Fig. 10 Evolution of carbon-neutral scenario across the modelling period

accounted for around 6.6%, while electricity storage and
battery storage accounted for about 25% of the total elec-
tricity supplied.

For the carbon-neutral scenario given in Fig. 10, the
2030 modelling period suggests a substantial energy
mix, Natural gas was seen as a fossil fuel source across
the modelling period. The 2045 model year shows a simi-
lar energy mix to that obtained from another scenario in
the same model year; however, the availability of nuclear
sources is distinct. For the 2060 model year of the same
scenario in Fig. 10, solar, hydrogen, and storage are pri-
oritized in the mix, although the scenario had more elec-
tricity demand. Discrepancies in the electricity demand
across the modelling period are part of the model
assumptions that electricity demand would increase in
2050-2060 based on the GDP growth rate, according to
reports from the World Bank and Energy Commission of
Nigeria. The carbon—neutral scenario is designed for the
highest energy demand.

Discussion of the result based on distributed generation

via DisCos (scenario Table 2)

Figure 11 shows hourly dispatched electricity generation
capacity in the modelling year 2030 by considering elec-
tricity transmission among five DisCos in the Nigerian
power sectors. The result from the model is simplified
to show generation and distribution flexibilities and to
reflect hourly variabilities in electricity generation from
renewable energy sources such as wind and solar. As
earlier explained, five DisCos have been selected among

Electricity storage
Onshore wind
Offshore wind
Nuclear

Solar CSP

Solar photovoltaic
Diesel generator

Fuel oil

Hydropower

Heat storage
Charcoal

Hydrogen storage
Hydrogen fuel cell
Geothermal

Storage battery
electricity electrolyzer
Electricity curtailment
Natural gas
Bioenergy

2060

the eleven DisCos because their zones have higher solar
resources compared to the other regions. This would also
help manage computation times as simulation could fail
with many connections. It is important to note that the
demand represented aggregate both on-grid and off-grid
power demand.

The ABJ-electricity dispatch represents the Abuja elec-
tricity distribution company showing a total demand
of about 5.5 GW of power. The ABJ DisCos shows how
power demands are met by considering the energy mix.
The ABJ DisCos shows that solar and wind have high
variability due to their seasonal and hourly availability,
while capacity from hydropower and natural gas serves
as the base load to cater for the observed variability in
the system. It shows no sign of electricity curtailment of
storage, and this could be due to the high demand with
relatively insufficient capacity. The suppressed demand
was catered for by the use of captive diesel/petrol genera-
tors. This implies that by 2030 diesel generators will still
be dispatched to the Federal Capital Territory (FCT) to
make up for the unmet demand.

The JOS electricity dispatch represents the JOS elec-
tricity distribution company. It supplies all states shown
in Fig. 6. Similar generation is observed as that observed
in the Abuja DisCos, although there are more variabili-
ties in the solar PV, and limited natural gas was deployed
to the distribution network. There is a large suppressed
demand, and unmet demand is observed which is thus
expected to be met from diesel/petrol generators. There
is no curtailment of electricity.
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JOS-electricity dispatch
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Fig. 11 Hourly electricity dispatched for five DisCos in the Nigeria Power Industry for the month of January, 2030

The Kaduna electricity distribution company rep-
resented as KAD-electricity dispatch shows a similar
generation trend but more hydropower is dispatched.
However, solar and wind generations are observed but
not supplied as base load. Although other sources of
capacity may have also been generated, this is further
explained in later sections. The Kano distribution com-
pany shows that more natural gas is dispatched, with
little renewable energy and evidence of power import.
The result revealed that electricity has been transmitted
from other distribution companies to meet some power
demand. However, there are still some unmet demands,
which are suppressed. The Yola distribution company
shows some differences when compared to the other dis-
tribution companies in that hydropower was the major
supply with supply from solar. It can be observed from
Yola DisCos that some electricity was stored and some
transmitted to other DisCos including Kano DisCos as
shown in Fig. 11. The full scope of generation across the
whole scenario may not be very visible in Fig. 11, hence
Fig. 12 was plotted to show the capacities across the
DisCos.

Figure 12 shows the aggregated capacity accord-
ing to the distribution companies. It revealed that the
Abuja and Yola DisCos have the largest load allocation
after Ikeja DisCo and this is because of the high energy
demand in that region due to the increased number of
allocated States. Figure 12 presents the clear overall out-
look of capacities that are dispatched in Fig. 11. It shows
that natural gas will be the main fuel by 2030 followed by
solar energy resources; this could be due to the current
investment made to electrify its rural and underserved
areas with solar PV in the form of mini-grid systems
and solar home systems. Among other renewable energy
sources wind and hydropower are planned to be effec-
tively deployed. Diesel generator shows a significant
source of capacity by 2030, while biomass transformed
into bioenergy is likely to be among the mix by 2030.

Figure 13 shows hourly electricity dispatched for five
electricity distribution companies for January 2060. It can
be observed that all the distribution companies show sim-
ilar characteristics, although with an increase in electric-
ity demand and an increase in generation from solar PV.
It was also found that no diesel/petrol-fueled generator
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Fig. 13 Hourly electricity dispatched for five DisCos in the Nigeria Power Industry for January, 2060



Shari et al. Sustainable Energy Research (2024) 11:16

Page 20 of 23

capacity

70 GW

60 GW

50 GwW

40 GW

30 GwW

20 GW

10 Gw

ow
capacity

ABJ Jjos

capacity

B Solar PV
B Wind on

Bl Biomass ST
Hydro ROR

Fig. 14 Aggregated capacity across the Distribution Company by 2060

was dispatched to the system. The figure shows that all
suppressed demand has been met through adequate
transmissions among the DisCos, while excess electricity
was curtailed and exported to DisCos in other regions.
Excess electricity generated from renewable energy has
been stored and utilized through electrolysis to produce
green hydrogen. The fossil fuel source, especially natural
gas is marginal. The Kano distribution company does not
show the likelihood of dispatching hydropower to meet
electricity demand.

In addition, Fig. 13 reveals the outcome for the second
scenario described in Table 1 (ie. the regional model
2060). It assumes the full replacement of all fossil fuel
sources with clean alternatives, while green hydrogen
takes prominence. The results from the current scenario
imply that electricity distributed will play a significant
role in meeting unmet/suppressed demand in Nigeria by
2060 (future). This means that power will have to shift
from the current centralized scheme and would be gen-
erated on a regional basis, based on existing jurisdiction
already supplied by the DisCos. While electricity demand
is met across all the DisCos, supply from natural gas still
serves as the base load. This may be due to the rigorous
effort the country has put into natural gas as a transi-
tion fuel, which will stay in the country’s power mix for
a long time. It is also important to note that the electric-
ity dispatched represented in Fig. 13 does not show full
variabilities across the whole year, but was simplified to
focus on the beginning of the year, i.e. January, as this
would provide more clarity and a glimpse of how the sys-
tem behaves. To present the full system power capacity,

capacity

capacity
KNO YOL

capacity

BN CH4 GT
Bm  Battery

Electrolyzer
H2 fuel cell

Fig. 14 is given to show an aggregated capacity of the five
DisCos.

Figure 14 illustrates the contribution from all genera-
tions in 2060. It reveals that electrolyzer, hydrogen fuel
cell (H, fuel cell) and generation from solar PV take over
about 80% of the capacities, while capacities from natural
gas (CH, GT), bioenergy converted from biomass, hydro-
power from a run of river, and wind (onshore wind), are
marginal; they are also low-carbon sources. This implies
that natural gas will be a part of the generation mix in the
long-term but its contribution is marginal in the model-
ling period.

Conclusions and policy implications

This section presents deductions from the analysis of an
open energy modelling framework. This explores low-
carbon energy system modelling for an energy transition
plan, and a distributed energy system framework.

It has been shown that Nigeria’s electricity demand
is huge and rapidly increasing, while a larger part of
it is met by captive generation from diesel/petrol gen-
erator sets. The persistent use of diesel generator sets
would go beyond the current situation, till 2030, 2045,
and beyond. As the economy grows at different GDP
growth rates, there will be a higher demand for energy
infrastructure to meet demand. This will enhance the
generation mix while minimizing greenhouse gas emis-
sions. To achieve net-zero emissions reduction targets,
natural gas will serve as a transition fuel, which is a
major fuel for the short- and medium-term, while solar
energy technologies will serve as the most accepted
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and relevant future driver of the technology mix. Also,
the need for green hydrogen fuel cells to be among
the technologies that drive Nigeria’s green initiative in
its net-zero emissions target will be heavily driven by
a purposeful and deliberate investment in solar tech-
nology. Distributed generation with electricity trans-
mission among the DisCos, would help control excess
electricity that would otherwise be wasted or lost. As
the country makes net-zero emission plans, adopting
a distribution generation approach would better meet
demand and enhance the integration of more clean
energy technologies into the Nigerian energy mix.

Further, the current study concludes that while energy
from natural gas will be a short-, and medium-term
driver, solar energy will be the main clean energy ini-
tiative that would support the realization of a clean
energy transition strategy in the long term. A distrib-
uted generation approach would further restrain waste
and reduce over-dependence on captive power genera-
tion from diesel/petrol generators. Natural gas, being a
major future clean fuel in the Nigerian energy transition
strategy, should also be well integrated and explored in
the residential sector. An integrated assessment of the
energy sector and a transition fuel would support robust
planning.

The policy implications from the study cut across three
thematic areas, which included (i) the cost of electricity
in the future; (ii) improved access to electricity; and (iii)
emissions reduction in the power sector. The study rec-
ommends that attention should be paid to the hydrogen
economy for a sustainable electricity price reduction in
future, however, population and economic growth will
largely increase electricity demand. A price reduction
regime through investment in renewable energy consid-
ering a distributed-generated system would enhance the
proliferation of renewable generation and encourage pro-
ductive use of electricity. Also, emission reduction would
be beneficial to achieve some of the country’s Nationally
Determined Contributions (NDCs) objectives. The study
also recommends that a strategic investment in green
hydrogen could be beneficial to attaining the country’s
power sector NDCs goals. Achieving electricity access is
crucial to Nigeria and is a significant part of the NETD, as
such distribution energy generation system is one of the
most viable ways to achieve sustainable energy access.
The study recommends that a deliberate action with
a strong political will to invest in a distributed energy
generation system, considering already existing infra-
structure such as the DisCos framework could support
Nigeria’s universal energy access in the future.

Finally, to attain sustainable NETP that achieves energy
security in the Nigerian power sector, the study recom-
mends that a distributed generation approach among
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DisCos would support the national net-zero transition
plan.

Future studies could consider a range of techno-eco-
nomic and socio-economic implications of a distributed
energy generation system that is based on green hydrogen,
including a specific DisCo case study. Also, community-
based distributed generation systems could be looked into,
that is communities with high proximity should be consid-
ered for further analysis as it could suggest a more viable
and cost-effective green hydrogen regime. Other oemof
and open-sourced energy models could be considered to
investigate the energy reality of other developing countries
in sub-Saharan Africa to investigate their green hydrogen
capability for the mid- and long-term perspective.
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NETP Nigeria’s net-zero transition plan
OEMOF  Open energy modelling framework
SSA Sub-Saharan African
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EDG European green deal

LP Linear problems

MILP Mixed-integer linear optimization problems
API Application programming interface
CHP Combined heat and power

DC Direct current

AC Alternative current

RES Reference energy system
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