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Summary: Employing alternative and renewable energy sources can help lessen Pakistan's current
energy crisis. Pakistan has an abundance of renewable energy resources, which can be harnessed to
store intermittent renewable energy for later use. This makes it essential for Pakistan, as well as other
developing economies, to produce ammonia from renewable resources. Consequently, initiating a
Pakistan Ammonia Economy depends on adding ammonia to the energy supply chain. To this end,
Pakistan must incorporate ammonia into its energy roadmap by utilizing its renewable energy
resources, as many nations are already doing. This study estimates the potential for various renewable
resources—mostly solar, wind, and biomass—that are readily available in Pakistan. An estimate is
made for producing ammonia from each of these renewable sources using different proven and
emerging technologies, including electrochemical synthesis and plasma-assisted methods. Although
several studies have examined energy resources in Pakistan, their use for ammonia production is still
lacking. According to the findings, biomass energy is estimated to generate about 50,000 tonnes of
ammonia per year, while solar energy could produce approximately 65,000 tonnes annually. The paper
also includes a case study on a prototype development for green ammonia production, utilizing solar
energy. The case study demonstrates a sustainable approach to ammonia synthesis, providing practical
insights for implementation. The policy implications suggest the need to integrate green ammonia into
Pakistan’s energy strategy, offering a pathway to reduce fossil fuel dependency and enhance energy
security. However, detailed policy formulation and roadmap development are beyond the scope of this
study.

Keywords: Renewable Energy, Green Ammonia Production, Energy Crisis, and Sustainable

Development.

Introduction

Ammonia (NH3) is a critical chemical used
primarily in fertilizers. Commercially ammonia is
produced via Haber-Bosch (HB) process by reacting
the Nitrogen(N.) gas from air with Hydrogen (H2) gas
under the high pressure, high temperature and reaction
catalyst [1]. Carbon dioxide (CO,) emissions are
caused by the hydrogen, which is typically obtained
from natural gas or other fossil fuels. In contrast, green
ammonia is created through sustainable techniques
and renewable energy sources, making it eco-friendly.
Unlike traditional ammonia production, which relies
on carbon fuel and results the huge amount of CO
emissions, green ammonia is produced from
renewable energy resources e.g. solar, wind,
hydropower [2]. This approach eliminates CO,
emissions, making the entire process carbon-neutral.
The term "green" refers to the sustainable and eco-
friendly nature of this production method, contributing
to the reduction of greenhouse gas emissions and
promoting a cleaner environment.

Need Assessment of Green Ammonia

The traditional HB process uses fossil fuels
which is a significant source of carbon dioxide
emissions. With global ammonia production
accounting for about 1-2% of total CO, emissions [3],
transitioning to green ammonia can substantially
decrease the carbon footprint of the agricultural and
chemical industries [4, 5]. As the world increasingly
shifts towards renewable energy, the challenge of
efficient energy storage and transportation emerges.
Green ammonia offers a solution as an energy carrier
[6], storing renewable energy in a stable and
transportable form. It can be used as a carbon-free fuel
for power generation and transportation [7],
particularly in the industries which are tough to
electrify e.g. shipping, heavy industry etc [8].

Ammonia is predominantly used in
fertilizers for agriculture, with additional applications
in the chemical industry, energy storage, and steel
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production. The potential of ammonia as a cleaner
fuel is crucial for achieving net- zero emissions goals.
Currently, ammonia production heavily depends on
fossil fuels, resulting in significant carbon emissions.
Transitioning to "green" ammonia, which is produced
with minimal environmental impact, is essential for
moving toward a cleaner energy future [9]. The
global energy consumption stands at approximately
20 TW, with CO,, levels around 400 ppm. With about
two-thirds of the global population living below the
poverty line, access to sustainable energy is critical
for poverty reduction [9]. To meet global energy
needs sustainably, an additional 10 TW of energy is
required without increasing CO, emissions [10].
Most existing energy resources, such as coal, oil, and
natural gas, are depleting and exacerbating global
warming [11].

To the best of our knowledge, Pakistan
currently lacks any plan or policy to introduce green
ammonia into its energy reserves. There is limited
literature addressing this issue, likely due to the
absence of information on producing green ammonia
from renewable energy sources. While other
countries have made significant advancements in
green ammonia technology, recognizing its
environmental and economic benefits, Pakistan has
yet to make substantial efforts in this domain. The
lack of a strategic framework results in missed
opportunities for integrating this sustainable energy
source into the national energy mix. As a result,
Pakistan remains heavily dependent on fossil fuels,
contributing to environmental pollution and energy
insecurity.
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Energy derived from renewable sources,
excluding large hydroelectric projects, constitutes
less than 1% of the current energy supply in Pakistan
[15, 16]. However, the country has ample renewable
resources that could be harnessed to produce green
ammonia through various conversion processes
previously discussed. Additionally, Pakistan has
diverse feedstocks and potential technologies
suitable for optimizing ammonia production.

The current study aims to evaluate the total
renewable energy resources available in Pakistan and
explore how surplus electricity could be utilized for
green ammonia production as an intermittent energy
carrier. This approach allows ammonia to serve as an
energy source during peak demand periods.
Renewable energy from remote areas, such as solar
and wind, could be converted into green ammonia
and utilized in urban areas where land availability for
energy production is limited. Furthermore, this green
ammonia could meet the demands of agriculture and
other industrial processes.

As part of this study, a lab-scale model was
developed to demonstrate the conversion of solar
energy into green ammonia using an energy-efficient
process, accompanied by suitable calculations as a
case study. This technical analysis is intended to
encourage policymakers to recognize green ammonia
as a valuable opportunity for energy storage and
environmental protection. However, detailed policy
formulation and the proposal of a comprehensive
roadmap are beyond the scope of this research.

Global low-carbon ammonia consumption by application (megatons per year)?
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We gathered data from reliable sources and
appropriately cited them, providing an estimate of the
potential annual production of green ammonia from
various renewable energy sources, including solar,
wind, and biomass. By adopting green ammonia and
other sustainable practices, Pakistan can progress
towards a cleaner and more sustainable future. This
study seeks to identify and quantify the renewable
resources in Pakistan that can be effectively utilized
for green ammonia production. It also provides an
overview of these resources, estimates potential
output, and lays the groundwork for selecting the
most appropriate technologies to advance a green
ammonia economy. Given Pakistan's geographic and
geological advantages, the country possesses vast
renewable energy resources with significant potential
for green ammonia production.

Production of Green Ammonia

In the production of green ammonia,
renewable energy sources such as solar and wind
power replace fossil fuels to produce hydrogen and
drive the synthesis process, as shown in Fig. 2. The
primary steps involve the electrolysis of water and
the HB process. During electrolysis, renewable
electricity from wind, solar, or hydropower splits
water into hydrogen gas (H;) and oxygen gas (O,)
[17]. This method is clean and sustainable, generating
no CO, emissions. The resulting green hydrogen is
then combined with nitrogen (N) extracted from the
air via the HB process [18, 19] to produce green
ammonia. This entire chain, powered by renewable
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energy, ensures carbon neutrality, significantly
reducing the environmental footprint compared to
traditional ammonia production methods.

Traditionally,  Traditionally, = ammonia
synthesis relies heavily on the HB process, which
demands high temperatures and pressures, consuming
substantial amounts of fossil fuels. However, the shift
towards renewable energy sources has led to the
development of alternative methods for ammonia
production. These include electrochemical synthesis
[20], photocatalytic and photo-electrochemical
synthesis [21, 22], biological production[23], and
plasma-assisted synthesis[24]. In electrochemical
synthesis, renewable electricity from wind or solar is
utilized to drive nitrogen reduction reactions within an
electrolyzer, making this method potentially carbon-
neutral [25]. Photocatalytic and photo-electrochemical
methods harness sunlight directly to split water for
hydrogen production and reduce nitrogen, using
specialized photocatalysts or photoelectrodes to
enhance reaction efficiency. The biological production
method is an innovative approach that employs
genetically engineered microorganisms or enzymes,
enabling ammonia synthesis under ambient
conditions.  Plasma-assisted  synthesis involves
generating plasma through renewable electricity,
allowing nitrogen and hydrogen to react at lower
temperatures and pressures compared to the traditional
HB process. These emerging methodologies offer
promising, sustainable alternatives to fossil fuel-based
production, contributing to a more diversified and eco-
friendly approach for green ammonia synthesis.

Transportation |—|  Utilization

Fig. 2: Production of green ammonia, transportation and utilization process.



Zahid Hussain et al.,

Energy Resources of Pakistan
Solar Resource

Pakistan is one of those countries where the
sun heats the surface all year, indicating a high potential
for solar power generation. In Pakistan, solar radiation
intensity shows considerable variation across different
regions and times of the year. The minimum intensity of
76.49 W/m? is recorded in Cherat in December, while
the maximum intensity of 339.25 W/mz2 occurs in Gilgit.
On a monthly basis, the national average ranges from
136.05 to 287.36 W/m2 Notably, solar radiation
exceeding 200 W/m2 is common from start of February
to end of October in Sindh province, from start of March
to end of October in Balochistan province, from start of
April to end of September in KPK, Northeran areas and
Azad Kashmir and from start of March to end of
October in Punjab. It is approx. 10 hours daily, the
average intensity of solar radiation per unit area per day
is 1500 W to 2750 W, especially in southern areas of
Punjab, Sindh, and Baluchistan. In these regions, an area
of 100 m? can produce between 45 to 83 MW power
monthly [26]. The clear sky insolation incident on the
horizontal surface, expressed in kilowatt-hours per
square day (Kwh/m?/Day).

Over the span from 2012 to 2022, the monthly
averaged clear sky insolation incident on a horizontal
surface exhibits a consistent pattern with seasonal
variations. Generally, higher insolation values are
observed from April to August, peaking around May
and June, indicating the most significant solar energy
availability during these months. The values tend to be
lower in the winter months, particularly from November
to January. Annual averages show slight fluctuations but
remain relatively stable, reflecting consistent solar
energy potential year-round as indicated by Table-1.

In  Pakistan, the alternative energy
development authority has reported that 28 solar power
projects are going to be established in the country with
the capacity of the 956.8 MW [28]. Raja and Twidell
[29] were the first who developed the energy potential
maps (month wise and year wise) for Pakistan by
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analyzing the 30 years of surface measured data of
global level solar insolation with sunshine duration. The
annual average daily solar irradiation in most parts of
the country was found in the range from 4.4 to 6.0
kWh/m?/day, with an average value of 5.3 kWh/m?[30].
While an estimated 30% of Pakistan has an insolation
value higher than 6 kWh/m?/day, the country’s 10-year
averaged data shows that the average insolation ranges
from 5 to 7 kWh/m?/day [31].

Solar Power Projects

Several solar power projects have been
successfully completed across various regions in
Pakistan. At Quaid-e- Azam Solar Park in Bahawalpur,
four major projects were developed under the China-
Pakistan Economic Corridor(CPEC) initiative [32]. QA
Solar Pvt. Ltd., Appolo Solar Pakistan Ltd., Crest Energy
Pakistan Ltd., and Best Green Energy Pakistan Ltd., each
with a capacity of 100 MW. Additionally, Harappa Solar
Pvt. Ltd. developed an 18 MW project in Sahiwal, while
AJ Power Pvt. Ltd. commissioned a 12 MW project in
Pind Dadan Khan. Furthermore, Zhenfa Pakistan New
Energy Company (Pvt.) Ltd. completed a 100 MW solar
project in Layyah, Punjab. Collectively, these solar
projects contribute a total capacity of 530 MW to
Pakistan's renewable energy sector.

There is one large scale PV solar power plant in
Pakistan named Quaid-i-Azam solar park having the
planned capacity of 1000 MW, in which 400 MW is
already installed and operational [33]. Its successful
operation deliberately represents the usefulness, cost
effectiveness and working conditions feasibility of large
-scale power production from the solar energy in
Pakistan. This economical and abundant solar energy can
be used directly or indirectly for the production of the
hydrogen as explained in Section 2.4. The projects vary
in capacity and location, with notable installations at the
Quaid-e-Azam Solar Park in Bahawalpur, Sahiwal, Pind
Dadan Khan, and Layyah in Punjab. Collectively, these
projects have added a total of 530 MW to Pakistan's solar
power capacity [34].

Table-1. Monthly averaged insolation incident on horizontal surface [27].

Parameter YEAR JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ANN
Monthly Averaged Clear Sky 2012 41 532 6.32 7.35 801 788 731 68 628 547 4.44 393 611
Insolation Incident on 2013 426 513 6.47 7.36 822 789 714 677 637 527 4.27 388  6.09
Horizontal Surface (Kwh/m? 2014 41 512 6.36 7.45 71 799 718 69 636 53 4.45 39 608
/Day) 2015 4.15 5 6.23 745 806 761 721 701 64 542 4.39 392 6.08
2016 422 531 6.2 751 806 767 726 695 635 551 4.38 3.84 6.1
2017 413 527 6.36 7.58 79 763 714 683 646 539 4.14 401 6.07
2018 415 502 6.38 7.34 793 768 706 669 6.18 53 4.45 396 6.01
2019 412 523 6.37 7.35 813 812 73 706 623 522 4.34 395 612
2020 413 509 6.23 7.49 814 809 751 707 66 565 44 3.96 6.2
2021 433 515 6.35 7.54 776 776 719 696 606 544 44 385 6.07
2022 412 515 6.39 749 79 797 711 698 638 537 4.31 385  6.09
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Wind Resource

The approximated potential of wind energy
in Pakistan is about 50000 MW [35]. A certain study
report reveals that Pakistan possesses an excellent
wind corridor in the Islamabad, Karachi, and Thatta
regions. Wind turbines require a minimum wind speed
of 3 to 4 kilometers per second to function effectively.
In Pakistan, the wind speeds in this corridor range
from 6 to 7.5 meters per second, which is ideal for
turbine operation. The potential of wind energy in
Pakistan is categorized as moderate. Wind class is a
technical term which is used to represents the wind
potential of a specific region with the availability of air
for wind power. The capacity of different areas of
Pakistan in this regard are mentioned in the Fig.3. The
available data indicates that approximately 20% of
Pakistani areas having the category of fair to excellent.
In general wind class 3+ category is considered
suitable for power generation.

The worst-case scenario for the GOP of
Pakistan is marked by the highest greenhouse gas
(GHG) emissions from the energy sector,
approximately 48.62 million tons, along with the
consumption of nearly 14.19 million tons of oil
equivalent (Mtoe) of fossil fuels [33, 36]. With the
recent published data by Intergovernmental Panel on
Climate Change (IPCC), 90 % of the carbon emissions
are increased in South Asia due to human activities
[37, 38].
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Wind Power Projects

The 36 wind power projects have a total
capacity of nearly 1900 MW and are currently
operational, providing electricity to the National
Grid. These projects, ranging in capacity from
approximately 30 to 60 MW each, collectively
contribute significantly to the generation of
renewable energy in Pakistan. Jhimpir in Sindh
serves as the focal point for wind power generation in
the country, benefiting from its favorable wind
conditions. The province of Sindh, known for its
large industrial growth, has emerged as a center for
wind energy projects, harnessing its natural resources
to contribute to the national energy mix. The
development of these wind power projects
underscores Pakistan's commitment to increase the
power capacity from the renewably energy resources
and further to reduce the reliance on the fossil fuels,
to contribute in the global goals of sustainable
development and mitigating the climate change.

Several wind energy projects have been
developed across the Jhampir and Gharo regions in
the Thatta district of Pakistan. These projects,
implemented by various local and international
companies, contribute significantly to the country's
renewable energy capacity, amounting to a total of
1845.475 MW. The details of these projects,
including the names, capacities, and locations, are
available at ref [32].
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Fig 3. Wind map of Pakistan.
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Biomass Resource

Biomass is a key renewable resource that has
been used for centuries and currently providing the
approximately 9 percent of the world primary need of
energy [39]. In Pakistan, about 62 percent of
population lives in the rural part of country with
agriculture as primary source of income. Traditional
biomass resources in Pakistan include wood and
animal dung. In rural and low-income areas, people
rely heavily on fuels like cow dung, firewood, and
crop residues for their daily energy needs. However,
Pakistan has very little forest cover, with only 5.3% of
the land being forested [40], hence placing it among
the nations with the fewest forest resources. Therefore,
using wood as a biomass fuel is not advisable. In
contrast, animal dung is a significant biomass source
because of the large livestock population in Pakistan,
estimated 62 million animals are present including
buffaloes, cows, camels, horses, mules and donkeys.
The livestock population is growing at a rate of 8%,
according to the annual livestock report by the
Ministry of Livestock, Government of Pakistan [41].
With these animals approximately 23.25 million cubic
meter of biogas can be produced daily from these
animals’ dung. A significant additional source of
biomass is agricultural waste from different crops.
Table-2 enlists different crops that produce residues
and the estimated amount of biomass that can be
obtained from them.

Biomass resources are not used much for
producing useful energy. In rural areas, people usually
use biomass for cooking on open fires or simple
stoves, which are very inefficient, transferring only 5-
15% of the fuel's energy to the food [43]. Biomass may
be converted into energy and hydrogen in a variety of
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methods. The two main methods are directly
converting biomass into hydrogen or indirectly
converting biomass into electricity, which can then be
used to produce hydrogen. However, using electricity
to produce hydrogen is not very efficient.

Ammonia Production from Renewable Resources-An
Estimation

The possibility for producing ammonia from
renewable energy sources is largely dependent on the
availability of land. In Pakistan, land is a scarce
resource, and its availability is restricted because of
the country's dense urban population. Thus, granting
land for the purpose of producing solar electricity is
linked to several social and political limitations. All
five provinces of Pakistan have vast areas of land that
might be used to build solar power facilities but are
unsuitable for farming. In order to address this issue,
the government of Pakistan has offered incentives
and allocated 6,500 acres of land in the Cholistan
desert near Bahawalpur for the construction of solar
power facilities (1000 MW) [44]. The Sindh Land
Scrutiny Committee has also granted permission to
build 21 solar and wind power facilities totaling 1880
MW on 15,089 acres of government land [45].

Solar Ammonia Generation

Because of its strong relationship to per
capita energy use, the phrase "solar electric footprint"
differs for various affluent regions. When the USA and
other countries' per capita energy use is compared, a
significant discrepancy is seen. As to the World Bank
data presented in Fig.4, per capita energy consumption
in Pakistan is 482 kgoe, but in the USA it is 703 kgoe.

Table-2: Annual availability of crops and their residue in Pakistan [42].

Crop Annual output (Thousand MT) Residue type Residue/kg Auvailable residue (Thousand MT)
Sugarcane 49,500 Bagasse, 0.33 16,500
Top and leaves 0.05 2800
Pod
Wheat 24,000 Stalks 0.3 7200
Husks 15 36,000
Rice 6900 Stalks 0.2 1400
Straw 15 10,400
Boll Shell 15 10,400
Cotton 3000 Husk 11 3300
Stalks 11 3300
Cobs 38 11,900
Bajra 500 Husks 0.33 152
Stalks 0.3 142
Cobs 2 950
Maize 300 Stalks 0.3 90
Cobs 2 600
Dry Chilly 190 Stalks 15 285
Barley 85 Stalks 13 110
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A considerable land area is necessary due to
the extensive footprint of solar energy. By utilizing
solar power, Pakistan can generate the required
electricity and additionally produce substantial
amounts of hydrogen. This hydrogen can then be
converted into ammonia, illustrating the feasibility and
benefits of solar-based ammonia production. This
approach not only addresses the electricity needs but
also opens up opportunities for sustainable ammonia
production, which is crucial for various industrial
applications. This approach could be particularly
advantageous for producing solar ammonia in remote
regions of Punjab, Sindh, and Balochistan. In these
areas, ammonia could serve as a practical solution for
energy storage and transportation, enabling the
intermittent delivery of energy to urban centers where
direct utilization of solar power is often limited due to
space constraints. Furthermore, the synthesized green
ammonia has versatile applications beyond energy,
such as serving as a critical input for the agricultural
sector (e.g., fertilizers) and various processing
industries, thereby enhancing its overall value as a
sustainable and multifaceted energy carrier. The
integration of solar energy into the production process
emphasizes the importance of renewable energy
sources in achieving energy and chemical production
sustainability. The analysis provided in Table-3
highlights Pakistan's significant potential for green
hydrogen and ammonia production using solar energy,
where land area availability becomes a pivotal factor.
Based on current data, Pakistan’s electricity demand in
2022 was approximately 31,000 MW as shown in
Table-3 [46]. The solar electric footprint is 6.5 acres
per 1,000 kWh, which demonstrates the land
efficiency required for solar power generation. To
meet this energy demand, a total of 201,500 acres of

—
|
W

I Germany [l China [ Bangladesh [l Russian Federation India

Energy use per capita in kg of oil equivalent (kgoe) [44].

land would be necessary for solar installations. The
potential for hydrogen production is also significant,
with the capacity to produce 4,105 thousand tonnes,
assuming 53.5 kWh of electricity per kilogram of
hydrogen. And the ammonia production potential is
estimated at 50 thousand tonnes, indicating the
capacity for using hydrogen in ammonia synthesis.
These values emphasize the substantial role that solar
energy can play in sustainable energy production and
industrial applications in Pakistan. The solar-based
ammonia synthesis process begins with surplus
renewable energy, splitting water to produce hydrogen.
This hydrogen, along with vaporized nitrogen,
undergoes high-pressure synthesis in a magnetite-
catalyzed reactor, achieving efficient ammonia
production. This model emphasizes renewable
integration in large-scale chemical production, boosting
sustainability while addressing energy independence.

Table-3: Solar Ammonia production potential in
Pakistan [44].

Electric Power demand in 2022 31,000 MW

Solar electric foot print 6.5 acres/1000 KwWh
Total land required 201500 acres
Electric Power potential 31,000 MW

H2 production potential 4,105 (1000 tonnes)

(@53.5 KWh/kg)
Ammonia Production Potential
50 1000
tonnes)

Synthesis Process

Green ammonia production involves several
key processes that uses renewable energy to convert
it in useful product. The potential for solar ammonia
production in Pakistan is provided in Table-3 and the
process is illustrated in Fig. 5.
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Green ammonia production starts with an
electrolyzer that utilizes surplus electricity from
renewable energy resources e.g. wind turbines or
solar power to split water into hydrogen H, and
oxygen O; gases. At the same time, liquid nitrogen is
vaporized into gaseous nitrogen, readying it for
integration into the ammonia synthesis process. The
hydrogen and nitrogen mixture is then compressed to
20 bar, increasing its reactivity for an efficient
conversion into ammonia [48]. The reactor is
composed of inner and outer vessels, with the inner
vessel housing a heater and magnetite beds. The
pressure and temperature are monitored on the outer
cylinder, while the heater elevates the temperature of
the gases to 200 degrees Celsius, creating optimal
conditions for ammonia synthesis. Magnetite beds
serve as catalysts, enhancing the conversion of
reactants into ammonia. The absorber unit captures
gaseous ammonia from the reactor, and to drive the
reaction towards completion, the absorbed ammonia
is heated in the presence of a catalyst. This step
separates the absorbed ammonia from the absorbent,
ensuring the reaction proceeds irreversibly towards
ammonia formation. The combined operation of the
reactor and absorber units facilitates green ammonia
production, with the reactor providing the necessary
synthesis conditions and the absorber ensuring the
reaction's irreversibility. The efficiency and
effectiveness of this process heavily rely on the role
of magnetite beds and the heating within the absorber
[49].

Direct Solar-to-Hydrogen (DSTH)
Direct

Solar-to-Hydrogen (DSTH)

(Regeneration)

Process diagram for production of green ammonia [47].

technology represents an advanced and promising
approach to sustainable hydrogen production,
bypassing traditional intermediate steps such as
electrolysis. In DSTH systems, solar energy is directly
converted into  hydrogen  through  photo
electrochemical (PEC) cells, which use sunlight to
split water H.O molecules into hydrogen H. gas and
oxygen O gas. This process involves semiconductor
materials that absorb the energy form sunlight and
produce the charge carrier and then drive the splitting
of water reaction. The DSTH technology offers
significant efficiency improvements by eliminating
the need for electrical energy conversion, thereby
reducing energy losses associated with traditional
photovoltaic-electrolyzer systems. Recent
advancements in DSTH technology focus on
enhancing the efficiency and stability of PEC cells
through the development of novel semiconductor
materials, surface coatings to prevent corrosion, and
innovative cell designs that maximize light absorption
and charge separation [50, 51]. These improvements
are crucial in making of DSTH more viable and
competitive option for hydrogen H2 production on
industrial scale, with the contribution of shifting the
global trends to clean, affordable and sustainable
energy resources.

DSTH technology, while promising for
sustainable hydrogen production, is still in the
experimental and pilot stages, facing significant
challenges in achieving commercial readiness. Key
hurdles include the high cost of materials, relatively
low conversion efficiencies, and technical
complexities of large-scale  implementation.
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Although proof-of-concept projects demonstrate
feasibility, substantial advancements in material
science, cost reduction, and scalability are required
before DSTH technology can be commercially
viable. Continued research and supportive policies
are essential to accelerate its transition to widespread
use.

Wind Ammonia Generation

Global wind data indicates that about 20%
of Pakistan area has the category of “Fair to
Excellent” as wind resources [52]. The Wind class
category 3+ is generally considered as suitable for
generation of power from wind resources.
Theoretical total capacity calculations are provided in
Table-4, from which potential green hydrogen and
green ammonia calculations are derived.

Table-4: Wind Resource and Capacity [44].

Green Ammonia Potential from Wind Energy in Pakistan

Electric power demand in 2022 19,000 MW
Capacity factor on-land 25-50%
Electric power potential 9,500 MW @ 50%

Hz production potential (53.5 KWh/kg) ~ 179,245.4 (1000 tonnes)

Ammonia Production Potential 1.775 (1000 tonnes)

These calculations provide insights into the
potential for green hydrogen and green ammonia
production based on the theoretical total capacity of
wind power generation in different regions of
Pakistan. The renewable resources of wind and solar
in Pakistan are mostly located in those areas which
are lacking in the infrastructure and electrical power
supply infrastructure. These regions population
density is comparatively low, with only one person
per square kilometer, and lack access to an electrical
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transmission network. In the result, the electrical
devices are not much to use in these areas, resulting
in low consumption of electrical power. The surplus
power generated from wind and solar resources can
be efficiently converted into hydrogen through
electrolysis. These wind and solar resource areas in
Pakistan serve as natural initiators for the hydrogen
economy. Due to the absence of an electrical
transmission network, there is a need to convert the
available power into an alternative energy source,
with hydrogen being the most favorable option.
However, while green hydrogen is a feasible solution,
its transport can be challenging. As a result, green
ammonia emerges as the ultimate solution for the
energy transmission problem.

Biomass Ammonia Generation

The innovative process of converting
biomass into ammonia through sustainable and
environmentally friendly methods is gaining
attention. This approach leverages biomass, an
abundant and renewable resource, to produce green
ammonia, a crucial chemical for fertilizers and
various industrial applications. By utilizing advanced
technologies such as gasification and pyrolysis,
biomass can be efficiently transformed into
hydrogen, which is then synthesized into ammonia
[53]. This approach provides a workable alternative
for renewable energy and environmentally friendly
farming methods by minimizing carbon emissions
and decreasing dependency on fossil fuels [54, 55].
Table-5 shows the potential hydrogen and ammonia
production from various crop residues in Pakistan,
highlighting the quantities of available residue and
the corresponding potential yields.

Table-5: Green hydrogen & ammonia estimation from crop residue [42, 44].

Residue Available residue 1000
Crop type MT
Wheat Stalks 7200
Husks 36,000
Rice Stalks 1400
Straw 10,400
Boll Shell 10,400
Cotton Husk 3300
Stalks 3300
Cobs 11,900
Bajra Husks 152
Stalks 142
Cobs 950
Maize Stalks 90
Cobs 600
Dry Stalks 285
Chilly
Barley Stalks 110

Total 86,229

Potential H availability (x10°

Potential NH3 availability (x103

tonnes) tonnes)
554 2.7438
2769 13.7143
108 0.5349
800 3.9622
800 3.9622
254 1.2580
254 1.2580
915 45318
12 0.0594
11 0.0544
73 0.3615
7 0.0346
46 0.2278
22 0.1089
8 0.0396
6633 65.7041
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The low moisture contents are highly
desirable to get the higher efficiency in energy
conversion. Regardless of the moisture content,
supercritical water gasification (SWG) maintains
constant conversion efficiency. However, to get the
higher efficiencies it is required to reduce the
moisture content of feedstock, which demands the
additional energy input. This additional energy to
lower the moisture content, reduces the overall
process efficiency. Pyrolysis offers a comparable and
efficient process as compare to the thermal
gasification.

Types of Direct Methods for Converting Biomass to
Hydrogen

Thermochemical Methods

In  thermochemical ~methods, various
processes convert biomass into hydrogen, including
pyrolysis mode gasification, steam  mode
gasification, steam reforming of biomass-oil and
supercritical water gasification. Pyrolysis heats
biomass without oxygen, producing gases, bio-oil,
and char, with hydrogen in the gas [56, 57].
Gasification partially oxidizes biomass at high
temperatures, creating hydrogen-rich syngas. Steam
gasification uses steam instead of air to produce
hydrogen-rich syngas. Steam reforming of bio-oils
involves reacting biomass-oil with high pressure
steam as catalytic reaction to generate to generate the
hydrogen gas H; [58]. Supercritical water gasification
uses supercritical water to gasify biomass, efficiently
converting it into hydrogen and other gases.
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Biological Methods

In biological methods, hydrogen can be
produced using green algae and cyanobacteria to split
water, photo- fermentation, dark-fermentation, and
hybrid reactor systems. Green algae and
cyanobacteria utilize sunlight to split water
molecules, releasing hydrogen. Photo-fermentation
involves  microorganisms  converting  organic
substrates into hydrogen wusing light. Dark-
fermentation uses anaerobic bacteria to break down
organic matter and produce hydrogen in the absence
of light. Hybrid reactor systems combine different
biological processes to optimize hydrogen
production efficiency [59].

This flowchart shown in Fig.6 categorizes
different pathways for converting biomass into
various products. Biomass sources include
agricultural residue, food waste, forest residue,
biochar, and sewage sludge. These sources undergo
various conversion processes, categorized broadly
into thermochemical, electric, transesterification, and
biological methods. The end products of these
processes include biofuels like biodiesel and ethanol,
biogas, glycerol, and gases such as carbon dioxide
(CO;) and hydrogen (H,). These conversion
processes involve steps like pyrolysis, gasification,
microbial electrolysis, and others, with the water gas
shift (WGS) reaction playing a role in generating
CO; and H,.

Agriculture Tood Waste Forest Biochar Sewage
Residue Residue Sludge
[ |
Thermochemical Electric Transesterification Biological
Pyrolysis Gasification Microbial Biodiesel Glycerol Anaerobi Alcoholic
Electrolysis l ¢
Biogas Ethanol

Steam reforming, partial oxidation, and autothermal reforming
Water Gas Shift (WGS) reaction

[
CO;

Fig. 6:

\
H,

Hydrogen H; gas generation by biomass [60].
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Gasification and pyrolysis

Gasification and pyrolysis are advanced
methods for converting biomass into valuable gases
and liquids. Gasification involves using heat and
gasifying agents such as air, steam, or oxygen to
produce syngas, which is rich in hydrogen and carbon
monoxide [61]. There are various methods of
gasification, including air gasification, steam
gasification, oxygen gasification, and supercritical

water gasification. Each method has distinct
processes,  reactor  conditions,  advantages,
disadvantages, and product vyields. Firstly, air

gasification utilizes air as a gasifying agent in a
fluidized bed reactor at temperatures between 700-
900°C, often mixed with steam. This method can
achieve maximum conversion but faces challenges in
tar removal from the product. It produces high yields
of hydrogen and gas at high temperatures [62].
Secondly, steam gasification employs steam along
with air in a fluidized bed gasifier at 770°C with a
specific steam-to-biomass ratio. It yields a high
hydrogen-to-carbon monoxide ratio, making it
suitable  for  large-scaleindustrial ~ production.
However, it also results in high tar content and CO;
emissions. The hydrogen yield ranges from 19.4% to
42.6% [63]. In contrast, oxygen gasification involves
supplying pure oxygen into a circulating fluidized
bed gasifier, producing syngas with low tar content.
However, the purification of oxygen is an energy-
intensive process. In addition, gasification with
supercritical water uses supercritical steam as the
gasification agent in a tubular batch reactor at 650°C
with a heating rate of 30°C/min. This method
achieves high conversions and hydrogen contents
without tar and coke formation, but requires a high
energy input to [64] pump the feedstock and works
under strict conditions. The hydrogen vyield is
between 30% and 40% [65]. Finally, fast pyrolysis
takes place at moderate temperatures in the absence
of oxygen with a high heat transfer rate to the biomass
particles in a fluidized bed reactor at atmospheric
pressure. This method can produce gas with a high
hydrogen content, but has a low hydrogen yield and
high energy consumption. The product yield includes
12% gases (2-3 wt% hydrogen to biomass), 72% bio-
oil and 16% charcoal [66].

Although Supercritical water gasification
(SWG) demonstrates the good efficiency at the
laboratory level production, its industrial level
feasibility has yet to be not verified. Therefore,
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biomass gasification is assumed to be the most feasible
process of converting the biomass to hydrogen H- gas.
From the estimation, about 13 kg of dried bone-
biomass is required for the production of 1 kg
hydrogen gas [64]. The hydrogen production potential
through biomass gasification is estimated at 6633
thousand tonnes. Additionally, the potential for
ammonia production is estimated at 65.7041 thousand
tonnes as illustrated in Table-6.

Total Ammonia Production Potential

The discussion on Pakistan's renewable
energy resources also covers the technologies
available for producing ammonia from these sources.
The potential of ammonia NHz production from the
renewable energy source is considered adequate and
feasible based on technology and practicality. Table
6 illustrates the potential ammonia production from
each renewable energy resource.

Table-6: Annual NH; production potential from

Renewable energy resources.
Annual Production (x10°

Renewable Energy Resource

tonnes)
Solar 50
Wind 1.775
Biomass 65.70

According to this biomass emerges as
having the greatest potential for ammonia production.
This aligns with Pakistan's agricultural based
economy, where a significant amount of residue from
crops is produced on the whole year. Fig.9 shows that
lower ammonia production cost using biomass as
feedstock compared to other renewable energy.

Fossil fuel reforming is the cheapest method
for producing hydrogen, costing less than $2 per
kilogram. Coal gasification is slightly more
expensive, also under $2 per kilogram. Hybrid
thermochemical cycles cost a bit more, just over $2
per kilogram. Electrolysis and biomass gasification
are in the mid-range, costing around $3 to $4 per
kilogram. PV electrolysis is more expensive, costing
over $6 per kilogram. Photo-catalysis and photo-
electrolysis have higher costs, while the photo-
electrochemical method is the most expensive,
costing nearly $10 per kilogram. This shows the wide
variation in costs for different hydrogen production
methods (and so for green ammonia production as
well).
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Fig. 7:
Case Study (Solar Ammonia Production)

In recent years, the urgency of transitioning
to sustainable industrial practices has intensified
globally, with particular emphasis on reducing
greenhouse gas emissions and dependency on fossil
fuels. Ammonia production, a critical process for the
agricultural industry, currently relies heavily on
energy-intensive methods that contribute
significantly to carbon emissions. For countries like
Pakistan, where agriculture forms a substantial part
of the economy, adopting greener production
methods is essential not only for environmental
benefits but also for enhancing energy security. This
project aligns with both national and international
sustainability goals, such as the United Nations
Sustainable Development Goals (SDGs), by
demonstrating a practical approach to renewable-
based ammonia production. By harnessing Pakistan's
abundant solar resources, our prototype paves the
way for more resilient agricultural practices and

Hydrogen H: gas production costs (per kg) for selected methods of production [67].

production from the HB process can be a costly
process and hazard to the environment. Recent
advancements aim to incorporate renewable-driven
hydrogen production to reduce its carbon footprint,
but challenges remain due to the high energy demand
and low single-pass conversion rates that necessitate
recycling.

Alternatively, the reaction-absorption cycle
offers a promising, energy-efficient approach, using
lower temperatures and moderate pressures.
However, the stability of absorbent materials,
typically metal halides, poses a barrier to large-scale
adoption. While it holds potential for reducing
emissions, improvements in material durability and
scalability are needed for widespread implementation
[68]. Table-7 highlights brief comparison of the HB
and reaction-absorption processes.

Table-7: Comparison Table: HB vs. Reaction-
Absorption Cycle [68].

offers a cleaner, sustainable energy carrier, Parameter HB (H-B) Process Reaction-Absorption
potentially benefiting multiple industrial sectors. Sperating pog— 18?;2';0
Temperature
This case study details our journey from Operating 15-25 MPa 2 MPa

concept to prototype, providing valuable insights for
scaling and advancing green ammonia technology. In
the current scenario, mostly the ammonia is produced
through HB process. But it is energy-intensive,
operating under high temperatures & pressures,
heavily reliant on fossil fuels and leading to
significant CO, emissions. In countries i.e., Pakistan
which are already facing the energy crises and CO;
emission issues i.e. Smog etc., the ammonia

Pressure
Primarily fossil
fuels, renewable
options emerging
High (1.8% of global
emissions)

Compatible with
renewable energy
sources
Lower potential
emissions
Higher conversion
rates due to
absorption

Energy Source

CO, Emissions

~15-20% per pass,

Conversion Rate : .
requires recycling

In the light of the above comparison
provided in Table-7, reaction-absorption process is
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used as novelty in this research work, of prototype
model development to produce the green-ammonia.

Our project aimed to address the growing
need for sustainable industrial practices by developing
a prototype for green ammonia production.
Recognizing Pakistan's potential in renewable energy,
we focused on utilizing solar energy to produce
ammonia, which is essential for fertilizers and can
serve as an energy carrier. Traditional ammonia
production methods are highly energy-intensive and
dependent on fossil fuels, contributing significantly to
greenhouse gas emissions. In contrast, our green
ammonia production process leverages renewable
resources, offering a cleaner and more sustainable
alternative. This case study outlines the steps we took
to develop, construct, and test our prototype,
highlighting its efficiency and potential impact on
sustainable agriculture and energy storage in Pakistan.

Prototype Development

The prototype was constructed with the
following components with a brief description of
their functions.

Electrolysis Unit

The first stage of the prototype involved the
construction of an electrolysis unit. We used a proton
exchange membrane (PEM) electrolyzer to produce
hydrogen from water. PEM electrolyzers are
preferred for their compact size, high efficiency, and
suitability for intermittent power sources like solar
and wind energy. Their operational flexibility
complements renewable energy sources [69]. This
process involved splitting water molecules into
hydrogen gas and oxygen gas using electrical power
from renewable sources e.g. solar, wind etc. The
chemical reaction for this process proceeds in
accordance with following chemical equation (eg.1).

2H,0 () - 2H, (g) + 0, (9) @
Ammonia Synthesis Reactor

The final stage of the prototype involved the
synthesis of ammonia. We used a modified HB

process with a ruthenium-based catalyst. Ruthenium
catalysts work effectively at lower temperatures and
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pressures, making the process more energy-efficient
and viable for distributed production [70]. The
traditional HB process operates at very high
temperatures and pressures, making it unsuitable for
small-scale or distributed production. By using a
ruthenium-based catalyst, we were able to conduct
the reaction at lower temperatures and pressures,
making the process more energy- efficient and
suitable for smaller-scale operations. The chemical
reaction for ammonia synthesis is given by following
chemical formula (eq. 2).

3H, (g) + N, (g) » 2NH; (g)  (2)

Absorber Unit

In our green ammonia production project,
the absorber unit was essential for making ammonia
efficiently and ensuring it stayed pure. It worked by
absorbing ammonia gas and stopping it from turning
back into hydrogen and nitrogen. This helped us
produce more ammonia and keep our system running
smoothly. The absorber unit was crucial for
maintaining the quality needed for ammonia used in
fertilizers, which are vital for agriculture.

Final Prototype

The final prototype for our green ammonia
production system integrates all the key components,
ensuring efficient and reliable operation and the CAD
model is illustrated in the Fig.9. The PEM
electrolyzer, powered by sustainable energy sources
e.g. solar and wind, produced hydrogen by splitting
water molecules. The hydrogen was then combined
with nitrogen, in the modified HB reactor, which
used a ruthenium-based catalyst to synthesize
ammonia at lower temperatures and pressures. The
produced ammonia was directed to the absorber unit,
which  ensured its purity by preventing
decomposition back into hydrogen and nitrogen.
Advanced control and monitoring systems regulated
the flow of gases and maintained optimal operating
conditions. This integrated system demonstrated the
feasibility of using renewable energy for sustainable
ammonia production, providing valuable insights for
future developments and scaling up of green
ammonia technologies. Fig.8 shows the final setting
of prototype.
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1. PV Panel and Battery

(5]

Electrolyzer

3. Hydrogen Backfire Arrestor Vessel
4. Liquid Nitrogen Vessel

5. Gaseous Nitrogen Vessel

6. Hydrogen Vessel

7. Compressor

8. Reaction Chamber

9. Ammonia Absorption Unit

10. Ammonia Regeneration Vessel

11. Ammonia Gas Storage

Fig.8: Green ammonia production plant (Prototype) Efficiency Analysis.

Energy Consumption

Energy consumption measurement in the
green ammonia production project was carried out to
evaluate efficiency at each stage. Digital power meters
were used to monitor the energy consumption of the
electrolysis unit, absorber unit, and ammonia synthesis
reactor. These meters recorded the voltage (V) and
current (I) supplied to each unit, and instantaneous
power (P) was calculated using following formula (eg.
3).

P=VxI 3)

To determine total energy consumption over
time (t), power usage was integrated using following
formula (eq. 4).

E=Pxt 4

By summing the energy consumptions from
each unit, the total energy consumption of the system
was estimated. The efficiency of ammonia production
was calculated by dividing the total amount of
ammonia produced by the total energy consumed,
yielding an overall efficiency metric. This thorough
measurement process provided a clear understanding
of the energy efficiency and sustainability of the green
ammonia production prototype.

Ammonia Production Efficiency Calculation

To determine the efficiency of our ammonia
production process, we compared the amount of
ammonia produced to the total energy consumed. This
calculation provides a clear indication of how

effectively the energy used in the process is converted
into ammonia.

The efficiency was calculated using the
following the following equation (eg. 5).

Amount of ammonia produced (kg)

Efficiency =
()

This formula expresses efficiency as the ratio
of ammonia output to energy input, indicating how
much ammonia is produced per unit of energy
consumed. We divided the total quantity of ammonia
produced by the total energy consumed to obtain the
efficiency ratio. For instance, if the total ammonia
produced was 1.5 kg and the total energy consumed
was 10 kwh.

Total Energy Consumed (kWh)

Efficiency = fivﬁi (6)

The theoretical efficiency of the absorption
process is higher compared to the HB process for
ammonia production. Specifically, the absorption
process requires 5-20 MJ of energy per kilogram of
ammonia, with a theoretical efficiency of 15-20%,
whereas the HB process consumes 28-35 MJ of
energy per kilogram of ammonia, with a theoretical
efficiency of approximately 11-11.3% [71].

The given lab-scale model has produced 0.2
kg of ammonia per kWh, which is equivalent to 3.6 MJ
of energy for 0.2 kg of ammonia. In comparison,
producing the same amount of ammonia through the
HB process would require approximately 4.6—7 MJ,
which is higher than the energy consumption of the
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absorption process. Due to lower energy requirements,
milder operating conditions, and reduced CO,
emissions, the absorption process is more energy-
efficient and environmentally friendly.

Conclusions

Pakistan must utilize and develop all
available energy sources to address the energy crisis
and ensure economic sustainability. Progress in
industrial and transport infrastructure requires
substantial energy resources. As green ammonia and
ammonia-based applications advance globally,
Pakistan needs to create a roadmap for transitioning to
an ammonia economy. Utilizing renewable energy
resources for ammonia production is essential and
feasible given Pakistan's abundant renewable
resources. Among these, biomass should be prioritized
to develop the ammonia supply chain, integrated with
solar energy and waste of feedstocks. The
technologies of converting the biomass to ammonia
are feasible and established, further can be tailored to
gross root level feedstock with expertise. Countries
worldwide are investing in ammonia production and
ammonia cracking as sources for hydrogen,
recognizing ammonia as a viable medium for the easy
transportation of renewable energy. This trend
highlights the importance of ammonia in the global
energy landscape and underscores the need for
Pakistan to join this movement. The government plays
a critical role in promoting the ammonia economy.
Financial incentives and support should be considered
for the technology providers and users to promote and
adopt the new technologies. Economic considerations
must be integrated into the development of renewable
energy projects to establish an ammonia supply chain.
The findings of this study can inform the creation of
an ammonia energy roadmap for Pakistan.

The case study discussed shows that how
renewable energy can be utilize to produce clean and
green energy in Pakistan. It also provides a practical
foundation for reducing carbon emissions and
supporting sustainable agricultural practices in the
country. By utilizing renewable energy resources, we
can significantly decrease dependence on fossil fuels,
promote energy independence, and improve economic
growth through sustainable technologies. This
approach will not only contribute in the development
of the eco-friendly environment but also to ensure the
a more reliable and sustained energy future of
Pakistan.

References

1. A. K Hill, C. Smith and L. T. Murciano, Current

10.

11.

12.

13.

14.

doi.org/10.52568/001642/JCSP/47.02.2025 134

and future role of Haber-Bosch ammonia in a
carbon-free energy landscape, EES, 13, 331
(2020).

S. A. Sarang, M. A. Raza, M. Panhwar, M. Khan,
G. Abbas, E. Touti, A. Altamimi and A. A
Wijaya, Maximizing solar power generation

through conventional and digital MPPT
techniques: a comparative analysis, Sci. Rep., 14,
8944 (2024).

A. Bouwman, D. Lee, W. A. Asman, F. Dentener,
K. Van Der Hoek and J. Olivier, A global high-
resolution emission inventory for ammonia,
Global Biogeochem. Cycles, 11, 561 (1997).

V. Negro, M. Noussan and D. Chiaramonti, The
Potential Role of Ammonia for Hydrogen Storage
and Transport: A Critical Review of Challenges
and Opportunities, Energies, 16, 6192 (2023).

M. Chorowski, M. Lepszy, K. Machaj, Z.
Malecha, D. Porwisiak, P. Porwisiak, Z. Rogala
and M. Stanclik, Challenges of Application of
Green Ammonia as Fuel in  Onshore
Transportation, Energies, 16, 4898 (2023).

S. Kumar, A. K. Agarwal, B. Khandelwal and P.
Singh, Ammonia, Hydrogen for Green Energy
Transition, Springer (2024).

G. Chehade and I. Dincer, Progress in green
ammonia production as potential carbon-free fuel,
Fuel, 299, 120845 (2021).

G. Mallouppas, C. loannou and E. A. Yfantis, A
review of the latest trends in the use of green
ammonia as an energy carrier in maritime
industry, Energies, 15, 1453 (2022).

A. Karim, M. A. Raza, Y. Z. Alharthi, G. Abbas,
S. Othmen, M. S. Hossain, A. Nahar and P.
Mercorelli, Visual Detection of Traffic Incident
through Automatic Monitoring of Vehicle
Activities, WEVJ, 15, 382 (2024).

I. Yousuf, A. Ghumman, H. N. Hashmi and M. A.
Kamal, Carbon emissions from power sector in
Pakistan and opportunities to mitigate those,
Renew. Sust. Energ., 34, 71 (2014).

A. Nemmour, A. Inayat, |. Janajreh and C.
Ghenai, Green hydrogen-based E-fuels (E-
methane, E-methanol, E-ammonia) to support
clean energy transition: A literature review, Int. J.
Hydrogen Energy, 48, 29011 (2023).

A. Kalair, N. Abas, M. S. Saleem, A. R. Kalair
and N. Khan, Role of energy storage systems in
energy transition from fossil fuels to renewables,
J. Energy Storage, 3, 135 (2021).

M. I. U. Hassan, M. Wu, Y. Rasool and C.M.
Gates, Finding the Relationship between
Agriculture and Carbon Emissions in Pakistan:
An Empirical Investigation, QEMS, 5, 297
(2024).

M. Khan, M. A. Raza, G. Abbas, S. Othmen, A.



Zahid Hussain et al.,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Yousef and T. A. Jumani, Pothole detection for
autonomous vehicles using deep learning: a
robust and efficient solution, Front. built environ,
9, 1323792 (2024).

H. A. Sher, A. F. Murtaza, K. E. Addoweesh and
M. Chiaberge, Pakistan’s progress in solar PV
based energy generation, Renew. Sust. Energ., 47,
213 (2015).

M. Sukhera, M. Pasha and M. Naveed, Solar
radiation over  Pakistan—Comparison  of
measured and predicted data. Solar & wind
technology, 3, 219 (1986).

N. Bora, A. K. Singh, P. Pal, U. K. Sahoo, D. Seth,
D. Rathore, S. Bhadra, S. Sevda, V.
Venkatramanan and S. Prasad, Green ammonia
production, Process technologies and challenges,
Fuel, 369, 131808 (2024).

S. Ghavam, M. Vahdati, I. G. Wilson and P.
Styring, Sustainable ammonia  production
processes, Front. Energy Res., 9, 580808 (2021).
S.Vinardell, P. Nicolas, A. M. Sastre, J. L. Cortina
and C. Valderrama, Sustainability Assessment of
Green Ammonia Production To Promote
Industrial Decarbonization in Spain, ACS Sustain.
Chem. Eng., 11, 15975 (2023).

L. Zhang, X. Ji, X. Ren, Y. Ma, X. Shi, Z. Tian,
A. M. Asiri, L. Chen, B. Tang and X. Sun,
Electrochemical ammonia synthesis via nitrogen
reduction reaction on a MoS2 catalyst: theoretical
and experimental studies, Adv. Mater., 30,
1800191 (2018).

Y. Shi, Z. Zhao, D. Yang, J. Tan, X. Xin, Y. Liu
and Z. Jiang, Engineering photocatalytic
ammonia synthesis. Chem Soc Rev., (2023).

Y. J. Jang, A. E. Lindberg, M. A. Lumley and K.
S. Choi, Photoelectrochemical nitrogen reduction
to ammonia on cupric and cuprous oxide
photocathodes. ACS Energy Lett., 5, 1834 (2020).
Y. Bicer, I. Dincer, C. Zamfirescu, G. Vezina and
F. Raso, Comparative life cycle assessment of
various ammonia production methods, J. Clean.
Prod., 135, 1379 (2016).

Z. Qu, R. Zhou, J. Sun, Y. Gao, Z. Li, T. Zhang,
R. Zhou, D. Liu, X. Tu and P. Cullen, Plasma-
Assisted  Sustainable  Nitrogen-to-Ammonia
Fixation: Mixed-phase, Synergistic Processes and
Mechanisms, ChemSusChem, 17, 202300783
(2024).

J. Wang, S. Chen, Z. Li, G. Li and X. Liu, Recent
advances in electrochemical synthesis of
ammonia through nitrogen reduction under
ambient conditions. ChemElectroChem, 7,1067
(2020).

S. Adnan, A. Hayat Khan, S. Haider and R.
Mahmood, Solar energy potential in Pakistan, J.
Renew. Sustain. Energy, 4, (2012).

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

doi.org/10.52568/001642/JCSP/47.02.2025 135

M. R. Edwards, T. Holloway, R. B. Pierce, L.
Blank, M. Broddle, E. Choi, B.N. Duncan, A.
Esparza, G. Falchetta and M. Fritz, Satellite data
applications for sustainable energy transitions.
Front. Sustain., 3, 910924 (2022).

I. Raja and J. Twidell, Distribution of global
insolation over Pakistan, Sol. Energy, 43, 355
(1989).

K. Fawz-ul-Hag and Z. Siddiqui, ldentifying
potential solar power generation sites using
satellite apt images, ASR, 14, 243 (1994).

J. Almorox, M. Bocco and E. Willington,
Estimation of daily global solar radiation from
measured temperatures at Cafiada de Luque,
Cordoba, Argentina, Renew. Energy, 60, 382
(2013).

M. A. Sheikh, Renewable energy resource
potential in Pakistan, Renew. Sustain. Energy
Rev., 13, 2696 (2013).

N. S. Khan, S. A. A. Kazmi, M. Anwar, S. U. R.
Mughal, K. Ullah, M. K. Rathi and A. Salal,
Enhancing Renewable Energy Integration in
Developing Countries: A  Policy-Oriented
Analysis of Net Metering in Pakistan Amid
Economic Challenges, Sustain., 16, 6034 (2024).
O. Rauf, S. Wang, P. Yuan and J. Tan, An
overview of energy status and development in
Pakistan, Renew. Sustain. Energy Rev., 48, 892
(2015).

H. Ishaque, Is it wise to compromise renewable
energy future for the sake of expediency? An
analysis of Pakistan's long-term electricity
generation pathways. Energy Strat. Rev., 17, 6
(2017).

A. Latif and N. Ramzan, A review of renewable
energy resources in Pakistan, J. Glob. Innov.
Agric. Soc. Sci, 2, 127 (2014).

K. A. Mir, P. Purohit and S. Mehmood, Sectoral
assessment of greenhouse gas emissions in
Pakistan, ESPR, 24, 27345 (2017).

R. Asghar, F. Rehman, Z. Ullah, A. Qamar, K.
Ullah, K. Igbal, A. Aman and A. A. Nawaz,
Electric vehicles and key adaptation challenges
and prospects in Pakistan: A comprehensive
review, J. Clean. Prod., 278, 123375 (2021).

A. lpcc, Ipcce fifth assessment report—synthesis
report, IPPC Rome, Italy, (2014).

M. Balat and G. Ayar, Biomass energy in the
world, use of biomass and potential trends,
Energy sources, 27, 931 (2005).

N. Nazir and S. Ahmad, Forest land conversion
dynamics: a case of Pakistan, Environ. Dev.
Sustain, 20, 389 (2018).

Government of pakistan, Pakistan, Livestock
Report by the Ministry of Livestock (2023).
[Available



Zahid Hussain et al.,

42,

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

from:https://www.finance.gov.pk/survey 2023.h
tml.

Government of pakistan. Pakistan, Economic
Survey of Pakistan. (2022-23) [Available from:
https://www.finance.gov.pk/survey 2023.html.
W. M. Lewandowski, M. Ryms and W.
Kosakowski, Thermal biomass conversion: A
review. Processes, 8, 516 (2020).

I. A. Gondal, S. A. Masood and R. Khan, Green
hydrogen production potential for developing a
hydrogen economy in Pakistan, Int. J. Hydrogen
Energy, 43, 6011 (2018).

Sindh government. EPAPER, Sindh government
to allot land for renewable power plants, (2019).
[Available from:
https://tribune.com.pk/story/2107089/sindh-
government-allot-land-renewable-power-plants
World Bank. IBRD, Data Updates and Errata,
(2024).

M. J. Palys, A. McCormick, E. L. Cussler and P.
Daoutidis, Modeling and Optimal Design of
Absorbent Enhanced Ammonia Synthesis.
Processes,6,91 (2018).

W. Deng, C. Huang, X. Li, H. Zhang and Y. Dai,
Dynamic Simulation Analysis and Optimization
of Green Ammonia Production Process under
Transition State. Processes, 10, 2143. (2022).

H. A. Y. Rizi and D. Shin, Green Hydrogen
Production  Technologies from  Ammonia
Cracking, Energies, 15, 1 (2022).

R. K. Pachauri, V. Sharma, A. Kumar,
Shashikant, A. A. Khan and P. Sharma,
Conventional and Al-Based MPPT Techniques
for Solar Photovoltaic System-Based Power
Generation: Constraints and Future Perception.
CREP., 355 (2024).

M. Khan, M. A. Raza, T. A. Jumani, S. Mirsaeidi,
A. Ali, G. Abbas, E. Touti, and A. Alshahir,
Modeling of intelligent controllers for solar
photovoltaic system under varying irradiation
conditions. Front. Energy Res., 11, 1288486
(2023).

W. Igbal, H. Yumei, Q. Abbas, M. Hafeez, M.
Mohsin, A. Fatima, M. A. Jamali, M. Jamali, A.
Siyal and N. Sohail, Assessment of wind energy
potential for the production of renewable
hydrogen in Sindh Province of Pakistan.
Processes, 7, 196 (2019).

K. L. Khatri, A. R. Muhammad, S. A. Soomro, N.
A. Tunio and M. M. Ali, Investigation of possible
solid waste power potential for distributed
generation development to overcome the power
crises of Karachi city, Renew. Sust. Energ., 143,
110882 (2021).

M. Rehan, M. A. Raza, A. G. Abro, M. Aman, .
M. I. Ismail, A. S. Nizami, M. I. Rashid, A.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

doi.org/10.52568/001642/JCSP/47.02.2025 136

Summan, K. Shahzad and N. Ali, A sustainable
use of biomass for electrical energy harvesting
using distributed generation systems. Energy J.,
278, 128036 (2023).

M. Rehan, M. A. Raza, M. Aman, A. G. Abro, I.
M. I. Ismail, S. Munir, A. Summan, K. Shahzad,
M. 1. Rashid and N. Ali, Untapping the potential
of bioenergy for achieving sustainable energy
future in Pakistan. Energy J.,275, 127472 (2023).
M. Balat, Thermochemical routes for biomass-
based hydrogen production. Energy Sources, 32,
1388 (2010).

A. Lateef, R. Nazir, N. Jamil, S. Alam, R. Shah,
M. N. Khan and M. Saleem, Synthesis and

characterization of environmental friendly
corncob  biochar based nano-composite—A
potential slow release nano-fertilizer for

sustainable agriculture, Environ. Nanotechnol.
Monit. Manag., 11, 100212 (2019).

G. Kumar, A. P. Eswari, S. Kavitha, M. D.
Kumar, R. Y. Kannah, L.C. How, G.
Muthukaruppan and J. R. Banu, Thermochemical
conversion routes of hydrogen production from
organic biomass: processes, challenges and
limitations, Biomass Convers. Biorefin., 1,
(2010).

J. Wang and Y. Yin, Fermentative hydrogen
production using various biomass-based materials
as feedstock, Renew. Sust. Energ. Reviews, 92
284 (2018).

N. Rambhujun, M. S. Salman, T. Wang, C.
Pratthana, P. Sapkota, M. Costalin, Q. Lai and K.-
F. Aguey-Zinsou, Renewable hydrogen for the
chemical industry. MRS Energy Sustain., 7 33
(2020).

B. Digman, H. S. Joo and D.S. Kim, Recent
progress in gasification/pyrolysis technologies for
biomass conversion to energy. Environmental
Progress & Sustainable Energy: An Official
Publication of the AIChE Journal, 28, 47 (2009).
M. Lapuerta, J. J. Herndndez, A. Pazo and J.
Lépez, Gasification and co-gasification of
biomass wastes: Effect of the biomass origin and
the gasifier operating conditions. Fuel Process.
Technol., 89, 828 (2008).

P. Parthasarathy and K. S. Narayanan, Hydrogen
production from steam gasification of biomass:
influence of process parameters on hydrogen
yield—a review. Renew. Energy, 66, 570 (2014).
B. Amuzu-Sefordzi, J. Huang, D. M. Sowa and T.
D. Baddoo, Biomass-derived hydrogen energy
potential in Africa. EP&SE., 35 289 (2016).

J. Zhou, Q. Chen, H. Zhao, X. Cao, Q. Mei, Z.
Luo and K. Cen, Biomass—oxygen gasification in
a high-temperature entrained-flow gasifier,
Biotechnol. Adv., 27, 606 (2009).


https://www.finance.gov.pk/survey_2023.html
https://www.finance.gov.pk/survey_2023.html
https://www.finance.gov.pk/survey_2023.html
https://tribune.com.pk/story/2107089/sindh-government-allot-land-renewable-power-plants
https://tribune.com.pk/story/2107089/sindh-government-allot-land-renewable-power-plants

Zahid Hussain et al.,

66.

67.

68.

69.

S. N. Reddy, S. Nanda, A. K. Dalai and J. A.
Kozinski, Supercritical water gasification of
biomass for hydrogen production, Int. J.
Hydrogen Energy, 39 6912 (2014).

C. Acar and I. Dincer, Impact assessment and
efficiency evaluation of hydrogen production
methods, Int. J. Energy  Res., 39, 1757 (2015).
O.A. Ojelade, S.F. Zaman and B.J. Ni, Green
ammonia production technologies: A review of
practical progress, JEM, 342, 118348 (2023).

K. Ayers, High efficiency PEM water
electrolysis: enabled by advanced catalysts,

70.

71.

doi.org/10.52568/001642/JCSP/47.02.2025 137

membranes, and processes, Curr. Opin. Chem.
Eng., 33, 100719 (2021).

X. Peng, M. Zhang, T. Zhang, Y. Zhou, J. Ni, X.
Wang and L. Jiang, Single-atom and cluster
catalysts for thermocatalytic ammonia synthesis
at mild conditions, Chem. Sci., 15, 5897 (2024).
H.S. Ahmed, Z. Yahya, W. Ali khan and A. Faraz,
Sustainable  pathways to ammonia: a
comprehensive review of green production
approaches, J. Clean Energy, 8, 60 (2024).



