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challengesduetothecostand pollutionofnon-renewable
energy sources and the increasing power demand
from renewable energy sources. Green hydrogen is a
promising solution in Libya for converting renewable
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hydrogen, its features, preparation methods, and uses.
_ Green hydrogen production is still limited in the world
types of hydrogen, preparation ]
L ) due to safety requirements because hydrogen has a
methods, Utilization techniques. ) T '
relatively low ignition temperature and an extensive
ignition range and is considered a hazardous element,
the lack of infrastructure in Libya, as well as the high

cost of production currently.
However, the production costs of one megawatt of green hydrogen and fossil fuels are

insignificant. This suggests that electricity production from green hydrogen could become an
economic competitor to fossil fuels in Libya. This is due to the cost of adding renewable energy to
the public electricity grid. Also, the production of gray hydrogen is possible in Libya because of oil

through the installation of systems for converting methane gas and capturing carbon dioxide gas.
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1. INTRODUCTION

A growing number of nations have committed to reaching net zero emissions in recent years.
88% of the world’s greenhouse gas emissions, had declared net zero goals. Global temperatures
have already risen by 1.1°C since pre-industrial times as a result of anthropogenic emissions.
Most people agree that achieving net zero by 2050 will raise the likelihood of restricting the rise
in temperature to 1.5°C [1]. Because of this increasing emphasis, emissions from all energy-
related end use need to be reduced. Where alternative solutions are less developed or more
expensive, such as heavy industrial, long-haul transportation, and seasonal energy, hydrogen
will be required to decarbonize end users, even though energy efficiency, electrification, and
renewables can deliver 70% of the mitigation needed. Libya can lead the world in renewable
energy. It has a very high daily solar radiation rate, around 8.1 kWh/m?/day in the southern
region and 7.1 kWh/m?/day on the flat coastal plain [2]. According to a study published in the
Journal of Renewable Energy, With these uses in mind, hydrogen may account for 12% of the
total energy demand and 10% of the mitigation required to meet the 1.5°C scenario. Libya could
produce more than five times the consumption if used PV systems as possible if it employed a PV
system for just 0.1% of its space area.

Libyas economy is heavily dependent on the extraction of natural gas and oil, making structural
changes challenging. Libyan people lack a workforce with the necessary skills to build and
maintain green hydrogen infrastructure. The state can increase its current revenue base by
utilizing sustainable and renewable energy sources and investing in green hydrogen with the
appropriate funding and training. Using the renewable energy sources found in this oil-rich
nation, Libya can meet all of its electrical needs, power the general grid, charge electric vehicles,
and export a sizable amount of energy to its neighbors in southern Europe [3].

The possibility of integrating renewable energy into the Libyan transport system will increase
the expansion of transit commerce. Also, the production of electricity from renewable energy
sources close to the places of electricity consumption is provided by the prospect of integrating
clean energy into the Libyan transport system through the integration of photovoltaic cells in the
Libyan grid [4,5]. In Libya, solar PV modules installed at large stations can supply up to 100% of
the country’s transport system needs, Libya is a bridge connecting Africa and Europe, with any
excess power feeding the public grid. political backing for renewable energy sources integrated
into the grid will help Libya’s transit trade grow. The Libyan General Electricity Company signed
a contract with Total to carry out initiatives aimed at utilizing the energy from solar systems
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with a maximum 500MW capacity to produce power, its production will be injected into the
general electricity grid at a price of 10¢/kWh [6]. Libya’s first solar energy project will be put into
action to address the problems facing the country’s electrical industry. The nation experienced a
daily electrical shortage of over 2,500 megawatts. The majority of Libyans now depend on private
generators as a result. By 2025 and 2030, respectively, the General Electricity Company hopes to
increase its capacity to 14,834 MW and 21,669 MW [7].

It's important to note that, on average, Libya’s coastal regions receive an average of 3,500 hours
per year of sunshine and 140,000 TWh of annual power[8] in Fig 1. If Libya exploits a PV to
cover only 0.1% of its area, it would still be able to generate a significant amount of solar energy
due to its large landmass. PV technology has the potential to greatly benefit Libya’s energy needs
and reduce its reliance on fossil fuels. Libya could create about five times as much electricity from
solar power as from crude oil if it covered just 0.1% of its geographical area with solar panels.
The oil and gas industry is the main source of income for the country’s economy, accounting for
approximately 95% of export earnings, 25% of the GDP, and 60% of public sector pay.

Libya has one of the highest per capita GDPs in Africa thanks to its tiny population and significant
energy sector earnings. According to Responding to Climate Change, Libya has the potential to
grow into a major player in renewable energy. It has a very high daily solar radiation rate; in the
south, it is approximately 8.1 kWh/m?/day, and on a flat coastal plain, it is approximately 7.1
kWh/m?/day.

Compared to Libya, the UK has less than half of that amount, at roughly 2.95kWh/m?/day.

If Libya used just 0.1% of its landmass for solar power,
it could generatoe the equivalent of seven million
barrels of oill per day, which would be about five times
the 1.4 million barrels it currently produces.

Fig 1. Suppose Libya exploits a PV to cover only 0.1% of its area [9].

As a result of the increase in the price of electricity produced either from natural gas or Oil:
the world is moving towards producing electricity from renewable energy sources, and green
hydrogen. This shift towards renewable energy sources and green hydrogen is driven by the need
to reduce carbon emissions and mitigate the impact of climate change. Governments, businesses,
and individuals are investing in solar, wind, hydro, and geothermal energy to power their
homes, offices, and industries. Green hydrogen, produced through electrolysis using renewable
energy, is also gaining traction as a clean and sustainable alternative to traditional fossil fuels.
As technology advances and economies of scale are achieved, the cost of renewable energy and
green hydrogen is expected to become more competitive with traditional forms of electricity
generation. This transition towards cleaner and more sustainable energy sources is crucial for a
more sustainable and environmentally friendly future. Hydrogen-fueled electric generators are
a promising alternative to traditional fossil fuel generators. A hydrogen-fueled generator set that
can run on natural gas blends with up to 25% hydrogen by volume. These generator sets are highly
efficient, have lower greenhouse gas emissions compared to natural gas and diesel engines, and
have the same long overhaul intervals as natural gas-fueled assets. Retrofit kits are also available
for existing generator sets. The Libyan government of national unity issued a decision setting
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electricity generators from traditional fossil fuel sale prices based on nine tranches. The decision
aims to ensure fair pricing for electricity consumers and to address the financial challenges facing
the electricity sector in Libya.

The nine tranches are designed to take into account the varying consumption levels of different
consumer groups, to promote energy efficiency and conservation. Table (I) sets the sale prices of
electric energy in Libya on the following prices, This new pricing system is expected to contribute
to the sustainability of the electricity sector and to improve the overall reliability of the power
supply in the country [40].

TABLE I. Setting the sale prices of electric energy in Libya dirhams per kWh.

NO. Type of Use Cost (dirhams per kWh)
1 Household 40
2 Household Bank Installments or Salary 25
3 Commercial 80
4 Light Industrial 60
5 Heavy Industrial 45
6 Public Utilities 135
7 Street Lighting 135
8 Small Farmers 40
9 Large Farmers 45

A growing number of nations are using more renewable energy (RE) sources to diversify their
energy mix to mitigate the negative environmental effects of burning fossil fuels. At least half of the
energy produced worldwide. The Industrial Revolution—which has the potential to boost income
levels and enhance human well-being—must come from zero-emission technology to combat
climate change and population increase [10]. Due to urbanization, economic expansion, and
population growth, the world’s energy demand has been rising continuously. The need for energy
will only grow as the global population is predicted to reach approximately 9.7 billion people by
the year 2050. Meeting this increasing energy demand will require a mix of solutions, including
renewable energy sources, energy efficiency measures, and advancements in technology. It will
also necessitate a shift towards more sustainable and environmentally friendly energy practices
to mitigate the impact on the planet. As we look towards the future, it is crucial to prioritize the
development and implementation of clean energy solutions to ensure a sustainable and secure
energy supply for generations to come [11].

Large volumes of greenhouse gases (GHGs), mostly carbon dioxide (CO,), are released during
the combustion of fossil fuels, and these GHGs play a role in climate change and global warming.
Rising sea levels, more frequent and severe weather events, and a decline in biodiversity are
all effects of global warming. The need to reduce greenhouse gas emissions and transition to
renewable energy sources has become increasingly urgent to mitigate the impacts of climate
change. Governments, businesses, and individuals all have a role to play in addressing this
global challenge. Implementing policies and practices that promote energy efficiency, investing
in renewable energy technologies, and supporting sustainable land use are all crucial steps in
combating the effects of global warming. We must work together to protect the planet for future
generations [12].

Many nations have begun to invest in renewable energy sources in response to the escalating
worries about the environment and energy security. Clean energy sources that emit little to
no greenhouse gases, such as hydroelectric power, solar power, and wind power, contribute to
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lowering the energy sector’s overall carbon footprint. As a result, many countries are now focusing
on developing and implementing policies and incentives to promote the use of renewable energy.
This shift towards clean energy not only helps to reduce carbon emissions but also creates new
job opportunities and stimulates economic growth. With advancements in technology and
increasing investment in renewable energy infrastructure, the future looks promising for a more
sustainable and environmentally friendly energy sector [13].

The increasing need for clean, sustainable energy sources has sparked technological innovation
in the areas of renewable energy transmission, storage, and production. In this context, green
hydrogen’s high energy density, environmental friendliness, and adaptability to a wide range
of uses have made it an appealing clean energy carrier. Green hydrogen can be produced
through various methods, including electrolysis of water, reforming of natural gas, and biomass
gasification. Its versatility allows for its use in fuel cells for transportation, heating, and electricity
generation. As the demand for clean energy continues to grow, green hydrogen is positioned to
play a crucial role in the transition to a more sustainable energy future [14].

Green hydrogen presents a viable resolution to the obstacles confronting the energy industry. It
can make a substantial impact on the worldwide shift towards a low-carbon, sustainable future
by seamlessly merging with renewable energy sources and mitigating the intermittent problems
frequently linked to them. Hydrogen’s versatility and abundance make it an attractive option for
addressing energy challenges. Its potential to be used in various sectors such as transportation,
industry, and power generation further solidifies its position as a key player in the transition
to a greener economy. Fig 2. Showing the advancements of green hydrogen production and
storage technologies, the prospects for its widespread adoption continue to improve, offering a
promising solution to the global energy dilemma.
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Fig 2. The advancements in the manufacture, transportation, storage, and use of hydrogen [15].

Putting hydro turbines in wastewater treatment plants’ intake and output pipelines and using
the sludge left over after treatment as a source for biogas production—which can be utilized to
produce electricity—as well as using the sludge as a byproduct of the process. The leftovers from
the fermentation process are then utilized as organic fertilizer to enhance agricultural land quality.

Solar Energy and Sustainable Development, Votume (13)- N° (1). Dec. 2024 5



Ibrahim Imbayah et al.

The treated water is then used to irrigate decorative plants in the roads, gardens, and forests. The
study suggested a hybrid system at the wastewater treatment facility in Gharyan that consists
of an electric generator powered by biogas and a hydroelectric station. because the city stands
out for being situated at a height of roughly 713 meters above sea level [16]. As environmental
degradation and the limited supply of fossil fuels, such as diesel, grow more concerning, the
hunt for sustainable alternative energy sources is underway. Because it is widely available and
can produce clean energy, hydrogen fuel has become an attractive alternative. But diesel is still
widely used in the world’s infrastructure today, especially in the transportation industry. tries to
present a thorough comparison between diesel and hydrogen fuel in TABLE II, offering insights
into their applicability and usefulness.

TABLE II. Comparisons between fuels (fuel and diesel) and hydrogen.

Comparison

Fuel and Diesel

Hydrogen

Definition

One kind of fossil fuel that
comes from crude oil is diesel.
Diesel engines, which are mostly
found in internal combustion
engines, burn fuel to produce
mechanical energy. Although they
are renowned for having a high
energy density, their operation
also results in the production of
particulate matter, nitrogen oxides
(NOx), carbon dioxide (CO.), and
other pollutants.

The utilization of hydrogen
gas (Hz) as a power source is
referred to as hydrogen fuel
There are other ways to create
hydrogen, such as natural gas
reforming and electrolysis. It is an
environmentally benign energy
source because, when used in fuel
cells, it reacts chemically with
oxygen to produce electricity, with
the only byproducts being heat
and water.

Environmental Impact

Diesel engines release particulate
matter, NOx, CO,, and other
pollutants into the atmosphere,
which greatly contributes to air
pollution. Climate change and
several health problems have been
connected to these emissions.
Although efforts have been made
to lessen this impact—such as
by integrating biodiesel and
improving  engine  designs—
diesels overall environmental
footprint is still troublesome.

The main benefit of hydrogen
fuel over diesel is that it is
more environmentally friendly.
Hydrogen emits no pollutants
when used in fuel cells; the sole
result is water vapor. However,
depending on the process,
emissions may be connected to
hydrogen production.  Green
hydrogen provides an entirely
clean fuel lifecycle and is generated
via electrolysis using renewable
energy.

Economic and Energy
Efficiency

Dijesel is favored for long-
distance transportation and heavy
machines due to its high energy
density, which implies that it
provides a lot of energy per unit
volume. Another well-known
quality of diesel engines is their
dependability and  durability.
Diesel has a financial edge over
new fuels like hydrogen due to
the vast infrastructure already
in place for its manufacturing,
distribution, and retailing.

Diesel-powered internal
combustion engines are generally
less efficient than hydrogen-
powered fuel cells. Higher
efficiency rates result from their
direct conversion of the chemical
energy in hydrogen into electricity
without combustion. Diesel is a
well-established and mature fuel
market, and its prices are now
lower than those of hydrogen
production, storage, and
distribution.
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Prospects & Opportunities
for the Future

It appears that diesel will continue
to evolve rather than go extinct.
Diesel is predicted to continue
playing a role as advances in
technology, such as biodiesel and
cleaner diesel engines, occur,
especially in industries where
engine robustness and energy
density are critical.

The hydrogen industry is
expanding as a result of rising
climate change concerns and
technological advancements.
Globally,  corporations  and
governments are investing
in hydrogen technology and
infrastructure to replace fossil
fuels like a diesel with hydrogen

soon.

Diesel’s current economic advantage and energy density make it an essential component of the
Libya energy mix, even if hydrogen fuel offers substantial advantages in terms of environmental
effect and potential for improved efficiency. But as part of a varied and sustainable energy mix,
hydrogen will probably play a bigger role in the Libyan economy soon.

A. Main contribution

The contribution provided in this article is an overview of the different types of hydrogen, their
key features, various preparation methods, and potential uses in the context of Libya’s energy
landscape. By understanding the characteristics and applications of green hydrogen, stakeholders
in Libya can explore its potential to contribute to a more sustainable and environmentally friendly
energy future.

B. Outline

The remaining sections in the article are organized as follows: Libya can lead the world in renewable
energy. It has a very high daily solar radiation rate. Section II. Libya’s strategy for transitioning to
a green hydrogen economy. Section III. Ttypes hydrogen production colors. Section IV. Presents
routes for the production of green hydrogen production. Section V. Hydrogen storage prospects
in Libya. Section VI. Libyan economic costs of electricity production from hydrogen. Section
VII.  Green hydrogen utilization techniques. Section VIII. Finally, the cost of producing
hydrogen. A summary of the conclusion followed by the references closing the article.

2. LIBYA'S STRATEGY FOR TRANSITIONING TO A GREEN HYDROGEN ECONOMY

Libya faces several obstacles as it begins to establish a green hydrogen economy. Considering the
possibility of production and various routes of use, in addition to its goal of achieving net-zero
emissions by 2050 and a 75% reduction in emissions by 2030, a series of steps can be taken to move
the economy toward green hydrogen. For green hydrogen to be produced on a big scale using
renewable energy sources, there must first be a market for it. According to Fig. 3, green hydrogen
is predicted to enter Libyan in three stages. Involves leveraging its abundant solar and wind
resources to produce renewable hydrogen. The country aims to invest in large-scale renewable
energy projects and develop the necessary infrastructure to support the production, storage, and
distribution of green hydrogen. This transition will not only reduce Libya’s dependence on fossil
fuels but also create new economic opportunities and drive sustainable development. With a
clear roadmap and strong commitment from the government, Libya is poised to become a key
player in the global green hydrogen market [17-22].
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Hydrogen produced by fossil fuels,
mastly natural gas and coal, causing CO.
emissions in the process

Hydrogen produced by fossil fuels in
combination with CCS, reducing the GHGE
emissions of the process

Hydrogen produced via pyrolysis of fossil
fuels, whare the buy-product is solid
carbon

Hydrogen produced by electrolysis using
Hydrogen electricity generated from RES

Hydrogen produced by electrolysis using
Hydrogen electricity from nuclear power plants

Hydrogen produced by electrolysis using
Hydrogen grid electricity

Fig. 3. Charging techniques for various stages [23].

3. TYPES OF HYDROGEN PRODUCTION COLORS

Three primary categories can be distinguished between hydrogen generations based on the
source material:

i. Hydrogen generation from hydrocarbons, such as biomass, and fossil fuels like coal, oil, and
natural gas.

ii. Direct water splitting, which produces hydrogen.

iii. Direct reactions between chemical reagents, such as metals, acids, and bases, produce
hydrogen.

Each of these categories has its own set of advantages and challenges, and ongoing research
and development is focused on improving the efficiency, cost-effectiveness, and environmental
impact of each hydrogen generation technology. There are several major energy sources from
which hydrogen can be created. The cost of producing hydrogen and its associated emissions can
vary greatly depending on the type of energy utilized. This is the reason why various colors such
as grey, blue, turquoise, green, purple, and yellow are frequently used to categorize hydrogen-
generating systems see Fig. 4.

Primary Matural
Inputs + water, ity
+ air water

b K

Process SMR, coal SMR + CCS Pyralysis | Elcctrolysis  Electrolysis  Electrolysis

Renewable

city +

gasification

L1y

Ho+Cy+
nuclear
wasle

Output

Fig. 4. Several colors of producing hydrogen [34].
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Fig.5 provides an overview of all the ways to produce hydrogen that have been mentioned. Several
colors produce hydrogen. we refer to all methods of producing hydrogen that rely on fossil fuel
inputs without the use of carbon capture and storage as grey hydrogen for this analysis, as is the
case with the majority of scientific literature. Grey hydrogen is currently the most widely used
form of hydrogen production, but it comes with significant environmental drawbacks due to its
carbon emissions. As the world seeks to transition to a more sustainable energy system, there is a
growing focus on developing and scaling up cleaner forms of hydrogen production, such as green
and blue hydrogen [24].

*INFRASTRUCTURE FOR GREEN HYDROGEN PRODUCTIO
\/ +«Several industrial techniques that include the replacing of nonrenewable hydrogen with green
hydrogen.
Phase 1 *Overcome constraints. such as the restricted availability of energy from renewable sources
and the absence of mdustrial backing for the use of green hydrogen.

{2“2‘3' +Priorities should be placed on the development of renewable energy facilities, research and
2'["25)- development in large-scale water electrolysis. _J

/1 * INCREASE THE PRODUCTION OF GREEN HYDROGEN
\35 *Development of the hydrogen market to include heavy-duty. long-term. and rail
hase 2

transportation.
* Interoperability of equipment or devices with green hydrogen and concurrent activity of fuel
{21]15_ cell techmology must be overcome.
2.&30} +It is essential continue providing subsidies for fuel cell technology. S

<

*EXPORTS OF GREEN HYDROGEN
« Green hydrogen use in transportation, energy power generation, and energy storage.
Phase 3 *Uncertainty in the market need for green hvdrogen is a challenge that must be overcome.

2030 *Carbon tax for carbon-intensive fuels, tax exemption for fuel cell cars, and feed-in tariff for
( - green hydrogen are the required measures.
2035)

*MAXIMIZING THE POTENTIAL OF GREEN HYDROGEN PRODUCTION
* Green hydrogen use in transportation. energy power generation. and energy storage.
Phase 4 + Uncertainty in the market need for green hvdrogen is a challenge that must be overcome.
(2035- » Carbon tax for carbon-intensive fuels, tax exemption for fuel cell cars, and feed-in tariff for
= green Iydrogen are the required measures.

2040)

Fig. 5 Overview of all the ways for producing hydrogen [34].

Using Libya’s natural gas to produce gray hydrogen has a major drawback in the form of substantial
carbon dioxide emissions during the hydrogen generation process. However, natural gas steam
reforming without CCUS is a proven, cost-effective method for hydrogen production. Water is
heated, and natural gas is pretreated.

Gas pre- CH
Naiural iga treatment i :

tural gas A ML _ :

- = CO, H; Shift CO;, H; | Purifier and
g [ A converter | separator

> r syngas
—al . - Reformer : |

. Heater Steam | : _ '
Waler - !
Grey
Eq. (1) Eq. (2) Hydrogen

Fig. 6. Using Libya’s natural gas to produce gray hydrogen [34].

The methane is then broken down into syngas in the reformer using steam, with the primary
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constituents being CO and H,. Subsequently, this is converted into CO, and H, through the water
gas shift reaction, with the CO, being separated and the H, being purified as shown in Fig.6.
Natural gas steam reforming is a widely used method for industrial hydrogen production due to
its efficiency and cost-effectiveness. However, substantial carbon dioxide emissions associated
with this process pose a significant environmental challenge.

Implementing carbon capture, utilization, and technologies could mitigate these emissions,
making gray hydrogen production more sustainable. In addition, exploring alternative
methods such as green hydrogen production from renewable sources could further reduce the
environmental impact of hydrogen generation [25].

4. ROUTES FOR THE PRODUCTION OF GREEN HYDROGEN

Green hydrogen There are several potential pathways for the production of green hydrogen
in Libya, including electrolysis powered by renewable energy sources such as solar and wind
power, as well as biomass gasification. These methods offer promising opportunities for Libya
to diversify its energy resources and reduce its carbon footprint. With its abundant renewable
energy potential and strategic geographical location, Libya has the potential to become a key
player in the global green hydrogen market. Libya’s commitment to green hydrogen production
aligns with global efforts to transition towards sustainable and low-carbon energy sources. By
leveraging its natural resources and investing in renewable energy infrastructure, Libya can
position itself as a leader in the green hydrogen sector, contributing to both its economic growth
and environmental sustainability. In Fig .7 possible pathways for green hydrogen production in
Libya provide various opportunities for producing green hydrogen. With its abundant sunlight
and vast desert landscapes, Libya is well-suited for large-scale solar power projects that can be
used to produce green hydrogen. Additionally, the country has access to ample water resources
along its coastline, which can be used in the electrolysis process to split water into hydrogen
and oxygen. These factors make Libya a prime location for harnessing the potential of green
hydrogen as a clean and sustainable energy source.
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Fig 7. Potential routes for Libya’s generation of green hydrogen [26].

Green hydrogen is produced by using electricity from renewable energy sources to electrolyze
water. This type of hydrogen is receiving special attention as we transition to a more
environmentally friendly energy and transportation system. Terms such as “clean hydrogen,”
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“renewable hydrogen,” or “low-carbon hydrogen” are also used to describe green hydrogen in
literature. Green hydrogen can potentially play a significant role in reducing carbon emissions
and addressing climate change. It can be used as a clean fuel for transportation, heating, and
industrial processes, offering a sustainable alternative to fossil fuels. As the demand for green
hydrogen continues to grow, efforts to scale up production and reduce costs are underway,
making it an increasingly viable option for a greener future. In Fig.8. shows the general schematic
electrolysis process. Liquid electrolyze solutions can be used for electrolytes.

The function at higher temperatures functions by transmitting electricity through the water,
which produces positively charged hydrogen ions at the anode together with oxygen. Hydrogen
gas is created when this passes through the liquid electrolytes and combines with the electrons
from the external circuit. when there is a solid electrolyte. At the cathode, the water dissociates
and combines with electrons from the external circuit to form H, and negatively charged O2.
Oxygen gas is produced when O2 diffuses through the membrane and releases electrons at the
anode [27].

Creates
Surplus Renewable Powers Renewable
Electricity Electrolysis Hydrogen Gas

Fig. 8 General schematic electrolysis process [41].

Because of its great energy conversion and extremely low emission levels, hydropower is another
renewable energy source that has the best ecological efficiency. There are three main types of
hydropower plants: run-of-river plants, whose generation depends on the reservoir plants, which
can store a significant amount of water behind the dam and effectively function as an electrical
storage system; river flows, which depend on the time and volume of flows since they have little
to no storage capacity behind the dam; and pumped storage systems, which draw water from a
reservoir utilizing off-peak electricity. Hydropower is an incredibly versatile source of renewable
energy that can be used to generate electricity on a large scale [28-29].

Numerous research works have examined the techno-economic aspects of producing green
hydrogen from potential hydropower excess energy in various nations. The predominant
renewable energy sources are hydropower and geothermal energy. Because there is a surplus
of water in the nation, extra water is diverted toward the spillway, which can result in flooding,
landslides, and erosion, particularly during the rainy seasons. Green hydrogen can be produced
during high-throughput seasons using extra energy and water, potentially alleviating energy
shortages [30].

Offshore wind power aims to maximize energy efficiency and reduce waste by utilizing excess
wind power to produce hydrogen and liquefy gaseous hydrogen using cold energy. This innovative
approach allows for the storage and transportation of hydrogen, providing a sustainable energy
solution for various applications. Fig.9 displays the offshore wind configuration in its entirety.
The offshore wind power project integrates cutting-edge technology to harness renewable
energy sources and address the growing demand for clean energy. By leveraging excess wind
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power to produce and store hydrogen, the project offers a viable solution for energy storage and
transportation. This sustainable approach not only reduces waste but also contributes to the
overall efficiency of the energy system [31].
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Fig.9 displays the offshore wind configuration in its entirety [34].

Green hydrogen is non-polluting and favorable to the environment, the most promising,
efficient, and clean energy source. The generation of green hydrogen from solar energy has
promise for meeting the global need for sustainable green energy, supplanting finite fossil fuels,
and mitigating climate change caused by carbon dioxide emissions. Photocatalytic water splitting
is a necessary and beneficial process that converts renewable, sustainable solar energy into
hydrogen. Nevertheless, the efficacy of photocatalytic water splitting is dependent on opsonic
and chemical features. If capital costs drop considerably, hydrogen production from renewable
energy sources could eventually become viable (2030-2050). Minimum production costs for
hydrogen from renewable energy sources should drop to less than $1/kg in some places with
optimistic assumptions and to $1.5/kg under central assumptions by 2050. The most economical
long-term source of hydrogen is contingent upon regional factors, including gas pricing and
the possibility of renewable energy. Hydrogen imports from renewable energy sources are more
economical when there is limited or high domestic production potential. The development of
advanced photocatalysts and efficient solar energy conversion systems is crucial to overcoming
the current limitations and maximizing the potential of solar hydrogen energy. Furthermore,
in Fig. 10 green hydrogen production from solar and wind energy novel research in material
science and nanotechnology is driving the exploration of innovative photocatalytic materials and
nanostructures, aiming to enhance light absorption, charge separation, and surface reactivity.
These advancements are pivotal in improving the overall efficiency of solar hydrogen production.
Additionally, the integration of advanced reactor designs and engineering solutions holds
significant promise in scaling up the production of green hydrogen from solar energy, making it
a viable and competitive energy source for the future [32].

Although there are potential financial and environmental advantages to green hydrogen, there
are also financial and technological obstacles that must be removed before it can be widely used.
Over time, opportunities can be realized and hazards can be mitigated with coordinated policy
support and scientific research and development.
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Fig.10 Green hydrogen production from solar and wind energy [34].

It is essential to address these challenges through collaborative efforts to unlock the full potential
of green hydrogen as a sustainable energy solution. By fostering innovation and investment in
infrastructure, as well as promoting international cooperation, we can pave the way for a more
efficient and cost-effective green hydrogen industry. This will not only contribute to a cleaner and
greener future but also create new economic opportunities and drive global progress towards a
low-carbon economy. in TABLE III SWOT analysis of the production of green hydrogen [35].

TABLE III. SWOT analysis of the production of green hydrogen.

source that emits no
greenhouse gases

from fossil fuels is
more  costly.

technologies  develop
and costs come down.

Strengths Weaknesses Opportunities Threats
A sustainable and|At the  moment, | Possibilityofexpanding | Price competitiveness
renewable energy | producing  hydrogen | as renewable energy|is  hampered by

hydrogen from fossil
fuels’ ongoing cheap
cost.

The possibility
of decarbonizing
challenging industries
to electrify, such as
transportation and
heavy industry.

Lack of infrastructure
and immature
technologies  prevent
large-scale production
and  distribution.

Increasingly, energy-
intensive  businesses
are seeking low-carbon
alternatives.

In certain applications,
hydrogen might be
replaced by other low-
carbon  technology,
such as batteries.

Capacity to distribute
and store renewable
energy  over  great
distancesand promptly.

Production facilities
and distribution
networks have high

initial ~capital costs.

Growth  of global
markets and commerce
for hydrogen
Possibilities for
economic expansion,
job development in the
hydrogen industry

Issues
acceptance
production,
and
safety.

with  public

of
storage,
transportation

Increasing
government  support
for investments and
policies.

global

The availability —of
renewable energy
sources, such as
solar ~and  wind
power, determines
production.

Possibility ~ for a
strategic alliance with
nations or areas rich in
renewable  energy.

Geopolitical concerns
regarding dependence
on imports of essential
minerals and materials.
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5. HYDROGEN STORAGE PROSPECTS IN LIBYA

Libya has oil and gas it can generate gray hydrogen but finding suitable storage locations for the
captured carbon that cannot be used is another issue. There are situations where storing carbon
underground may need high upfront costs. The overall cost of hydrogen may be substantially
more than that of gray hydrogen because of CCUS. Furthermore, who is responsible for the
CO; and the expense of storage is not yet controlled [22]. The entire procedure and necessary
steps are shown in Fig.11 Finding the right balance between cost-effective storage options and
environmental impact is crucial in the development of carbon capture and storage technology.
In addition, the potential risks associated with underground storage, such as leakage and seismic
activity, must be carefully assessed and managed.

It is clear that there are still many challenges to overcome in the implementation of large-scale
carbon capture and storage, but continued research and innovation in this area are essential for
addressing the urgent issue of climate change [32].
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Fig.11 Producing gray hydrogen for carbon capture method [34].

6. LIBYAN ECONOMIC COSTS OF ELECTRICITY PRODUCTION FROM HYDROGEN

One of the primary reasons for the reluctance to adopt this process is the high economic costs
involved. Manufacturers are striving to minimize project costs, whether they pertain to investment,
maintenance, or construction. Nevertheless, the expenses remain relatively high compared to
other methods of electricity production. In Table (IV), the cost in Libyan dinar per kg of hydrogen
is presented, showing considerable improvement. While this cost is undoubtedly significant, over
time, production costs are decreasing. Despite the initial high costs, advancements in technology
and economies of scale are steadily driving down the expenses associated with hydrogen-based
electricity production. This trend is expected to continue, making it a more viable and competitive
option in the future.

Asresearch and development efforts progress, it is anticipated that the cost of hydrogen production
and subsequent electricity generation will further decrease, making it a more attractive and
sustainable energy solution for Libya.

TABLE IV. Hydrogen type with cost in Libyan dinar per kg.

No. Hydrogen Type Cost (dinar per kg)
1 Green (Renewable Energy) 15-38
Gray (Natural Gas) 4.5-16
3 | Blue (with Carbon Capture, Storage, and Utilization Techniques 7.5-14.5
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7. GREEN HYDROGEN UTILIZATION TECHNIQUES

Libya’s governments initiative for zero emissions presents an opportunity for the expansion of
the green hydrogen economy and renewable energy sources. As per the country’s Energy Policies
2023 and 2035, green hydrogen can be utilized in the following ways. Green hydrogen can be
utilized in the following ways: as a clean fuel for transportation, as a means to store and transport
renewable energy, and as a feedstock for industrial processes such as ammonia production.

These initiatives align with global efforts to reduce carbon emissions and combat climate change.
By leveraging its abundant solar and wind resources, Libya can position itself as a key player
in the emerging green hydrogen market, contributing to both environmental sustainability
and economic growth. The majority of governmental initiatives have concentrated on road
transportation, specifically on fuel-cell electric cars and recharging facilities. As a result of
the increased emphasis on a wider range of hydrogen uses, national strategies, infrastructure,
supply, and industrial acceptance are receiving more attention from policymakers. This shift in
focus is a positive step towards promoting the adoption of hydrogen technology across various
sectors. By addressing infrastructure and supply challenges, Libyan governments can create an
environment that encourages the widespread use of hydrogen in transportation, industry, and
energy production. This holistic approach will ultimately contribute to reducing greenhouse gas
emissions and advancing the transition toward a more sustainable and low-carbon economy.
Hydrogen utilization techniques in fuel cell automobiles Although hydrogen is primarily utilized
as a chemical compound today, it has other important uses the primary use is to store excess
electricity produced by renewable sources, either to convert it back into electricity (with very
high losses) or for use in industrial processes, natural gas grid injection, or fuel cell vehicles for
transportation as shown in Fig. 12. Fuel cell vehicles are a promising technology that can help
reduce greenhouse gas emissions from transportation. These vehicles use hydrogen as fuel and
emit only water vapor as a byproduct, making them a clean alternative to traditional gasoline-
powered vehicles. However, the widespread adoption of fuel cell vehicles is currently limited
by the high cost of production and the lack of infrastructure for hydrogen refueling. Despite
these challenges, many automakers are investing in the development of fuel-cell vehicles, and
governments around the world are providing incentives to encourage their adoption [33].

Production > | Distribution Application
[

ﬂ Storage: Re- | 4
ﬁ/ H;rf(,e;e" * Direct use on site I electrfication | =/ M

or industry use

Blue Injection into ﬂﬁl |

. Pipeli | !
I ipeline [~ natural gas
Hydrogen o
e)‘ Use in the ‘@
-——r——-——-l Traller delivery I transport m
sector

J CC:storage

i co, (E=P | lunderground)

H 2

i Pipeline C0; End

.......................... e

Fig. 12. Hydrogen utilization techniques [34].
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8. COST OF PRODUCING HYDROGEN

Energy requirements (kWh/kg H,) Electrolysis 39 kWh/kg H, is the theoretical minimum energy
needed for water electrolysis. Since commercial alkaline electrolyzers typically have an efficiency
of roughly 70%, the energy needed is more in the range of 55-60 kWh/kg H,. Renewable energy
input depends on the renewable source’s capacity factor, a certain quantity of renewable energy
input is needed. For instance, 180 kWh of renewable energy would be required for every kilogram
of hydrogen produced (55 kWh/kg H, / 0.3 capacity factor) if the renewable source had a 30%
capacity factor. Production cost ($/kg H) capital costs include the electrolyzer system, storage,
compression, and the production of renewable energy from solar and wind turbines, among
other sources. Spread out over a lifetime. Levelized cost of electricity from renewable sources
expressed in dollars per kilowatt-hour. Multiplied by the amount of energy needed in kWh/kg
H,.The levelized cost of electricity from renewable sources is a crucial factor in determining the
overall production cost of hydrogen. By multiplying the amount of energy needed in kWh/kg H,
by the levelized cost of electricity, we can gain insight into the financial implications of hydrogen
production. This approach allows for a comprehensive understanding of the economic viability of
utilizing renewable energy sources for hydrogen generation. O&M Costs: Includes operating and
maintenance costs for the system over a lifetime. The transport/Distribution cost of transporting
hydrogen to the point of use, includes compression, storage, etc. if applicable. Other: Costs like
land, permitting, etc. Total levelized cost: add up capital costs amortized, electricity costs, O&M,
transport over lifetime kg of hydrogen produced. Divide by lifetime kg of H, to get $/kg. The key
is using realistic assumptions around utilization rates, lifetimes, and financing to get an accurate
total levelized cost of production. This methodology allows comparison to other production
methods [36], [37]. Based on average fossil fuel costs over the long run of Dinar Libyan LYD
375/bbl for oil and LYD 20-30/GJ for natural gas, the cost of producing renewable hydrogen is
two to three times higher than that of fossil references. Pipelines for hydrogen may be 10-50%
more expensive. When it comes to road transportation, fuel cells and storage tanks are far more
costly than internal combustion engines. Currently, jet fuel derived from fossil oil can be three
to six times more expensive than synthetic fuel for flight. For ammonia, methanol, and steel, the
cost premium for renewable paths over fossil fuel-based alternatives can range from 50-75%,
150%, and 30-40%, respectively. However, it is important to note that while renewable energy
sources may have a higher initial cost, they have the potential to provide significant long-term
cost savings and environmental benefits. As technology continues to advance and economies
of scale are achieved, the cost of producing renewable hydrogen, fuel cells, and storage tanks is
likely to decrease. Additionally, the cost of fossil fuels may increase due to supply and demand
fluctuations, geopolitical tensions, and environmental regulations. Therefore, the Libyan
government’s investing in renewable energy sources may prove to be a wise financial decision
in the long run. Right now, there is no price index for the sale of hydrogen because it is not a
traded commodity. Customers will pay more as a result of the lack of price transparency and
competition. Low-carbon hydrogen is not in high demand, so initiatives must be integrated from
supply to infrastructure and end-use. This lack of demand can also be attributed to the high cost
of producing low-carbon hydrogen, as well as the limited infrastructure for its distribution and
use. Without a clear price index and competitive market, the adoption of low-carbon hydrogen
will continue to face significant barriers. Initiatives to drive down costs and increase demand for
low-carbon hydrogen will be crucial in unlocking its potential as a clean energy source [38].

The production, processing, and transportation of hydrogen or the extraction, processing, and
delivery of fuels (coal, natural gas) are examples of upstream and midstream emissions. These
emissions also encompass CO, and methane emissions. The impact of today’s observed range of
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upstream and midstream emissions on emissions intensity is shown by error bars for coal and
natural gas. The lowest bound for natural gas stands at 4.5 kg CO,-eq/G]J, reflecting the current
best available technology; the upper limit is 28 kg CO,-eq/G], representing the 95th percentile
of the global range. For coal, the lower limit corresponds to the 5th percentile (6 kg CO-eq/
GJ), while the upper limit matches the 95th percentile (23 kg CO,-eq/GJ) of the upstream and
midstream emissions of coal supply worldwide. The generation-weighted global average of grid
power intensity serves as the basis for the 2021 world grid average. The error bars show the
10% percentile (50 g CO,-eq/kWh) and 90% percentile (700 g CO,-eq/kWh) for each country.
The power stations’ direct emissions of CO,, CH4, and N2O are included in the grid electricity
intensity; however, the upstream and midstream emissions of the fuels utilized in the power
plants are not. The embedded emissions that result from the manufacturing of solar PV systems
(27 g CO,-eq/kWh) and onshore wind turbines (12 g CO,-eq/kWh) are referred to as dashed
lines.
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Fig. 13. Emission intensity comparison of various hydrogen production routes [39].

These embedded emissions are shown here primarily for demonstrative purposes and are not
part of the IPHE methodology. Low-temperature water electrolysis is referred to as electrolysis,
and an overall electricity consumption of 50 kWh/kg H, is anticipated, including compression
to 30 bar. If there is no CO, collection, the production of hydrogen from natural gas by SMR is
based on 44.5 kWh/kg H,, on 45.0 kWh/kg H, in the case of a 60% capture rate, and on 49 kWh/
kg H, for natural gas and 0.8 kWh/kg H, for electricity in the case of a 93% capture rate. The
demands of 41 kWh/kg H, for natural gas and 0.6 kWh/kg H, for electricity, assuming a 99%
capture rate, are the basis for the hydrogen synthesis from natural gas using POx. Gasification
is used to produce hydrogen from coal, and it requires 57 kWh of coal for every kilogram of H,
and 0.7 kWh of electricity for every kilogram of H,. 59 kWh/kg H, of coal is required for a 93%
CO; capture rate in the absence of CO, collection, while 60 kWh/kg H, of coal is required for a
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98% CO, capture rate. As shown in Fig. 13. Emission intensity comparison of various hydrogen
production routes. The BAT = best available technology; CCS = carbon capture and storage;
SMR = steam methane reforming; POx = partial oxidation; Median upstr. emis. = global median
value of upstream and midstream emissions in 2021; BAT upstr. emis. = best available technology
today to address upstream and midstream emissions. Colors in the next figure show that baby
blue represents upstream and midstream emissions - methane. The blue represents upstream and
midstream emissions - CO,. The green represents direct emissions. [39].

9. CONCLUSIONS

The hydrogen industry is expanding as a result of rising climate change concerns and technological
advancements. Globally, corporations and governments are investing in hydrogen technology
and infrastructure to replace fossil fuels like diesel with hydrogen soon. Libya has great potential
for producing green hydrogen due to its abundance of renewable energy sources, including
wind, and, despite being in the early stages of development. Green hydrogen can potentially
reduce energy consumption in various sectors such as the built environment, transportation,
industry, and utilities. Libya’s economy still faces technological and economic obstacles because
it is dependent on gas and oil. To overcome these challenges and advance the country’s hydrogen
economy and renewable energy sources, the government can play a significant role. For Libya to
become a renewable energy and green hydrogen economy by 2050, the country’s energy industry
must be entirely renewable. To achieve this, Libya can focus on investing in solar and wind energy
infrastructure, as well as developing the necessary technology for green hydrogen production.
Additionally, the government can work on creating a favorable regulatory environment and
attracting foreign investment to support the transition to renewable energy.
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