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Abstract

The global steel industry emits 1.92 tons of CO, per ton of output and faces urgent pressure
to decarbonize. In Pakistan, the sector accounts for 0.29 tons of CO, per ton of output, with
limited mitigation frameworks in place. Green hydrogen (GH2)-based steelmaking offers
a strategic pathway toward decarbonization. However, realizing its potential depends
on access to renewable energy. Despite Pakistan’s substantial technical wind potential of
340 GW, grid limitations currently restrict wind power to only 4% of national electricity
generation. This study explores GH, production through sector coupling and power
wheeling, repurposing curtailed wind energy from Sindh to supply Karachi’s steel industry,
and proposing a phased roadmap for GH, enabling fossil fuel substitution, industrial
resilience, and alignment with global carbon-border regulations.

Keywords: green hydrogen-based steelmaking; industrial decarbonization; sector coupling;
renewable energy integration

1. Introduction

The global steel industry is a major contributor to economic activity, projected to reach
2.2 billion metric tons by 2030, growing at a CAGR of 2.9% from 2024 to 2030, driven by
construction, automotive, and infrastructure demands [1]. The Asia Pacific market size
accounted for USD 960 billion in 2024 [2]. However, the sector is also one of the largest
industrial sources of carbon emissions. Average CO, emissions per ton of steel increased
from 1.85 tons in 2018 to 1.92 tons in 2023, accompanied by an energy intensity of 21.27 GJ
per tonne of crude steel cast, largely due to its dependence on coal, which supplies about
75% of its energy and feedstock. In response, there is increasing momentum toward green
steel, produced via low-emission technologies such as hydrogen-based direct reduction and
electric arc furnaces (EAFs) powered by renewable energy [3,4]. This shift is being driven
by tightening regulations, carbon pricing mechanisms, investor pressure on Environmental,
Social, and Governance (ESG) performance, and growing consumer demand for sustainable
materials. Technological advances are making green steel increasingly cost-competitive,
accelerating its adoption. Notably, 93% of newly announced steelmaking capacity globally
now follows the EAF route, signaling a clear transition away from coal-based production [4].
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1.1. Significance of Green Hydrogen (GH2) for Decarbonization of Steel Industry

Hydrogen-based steelmaking is emerging as a key enabler. Sweden’s HYBRIT ini-
tiative has already produced the world’s first hydrogen-reduced steel, and commercial
H,-DRI plants are under construction in Europe. Globally, however, near-zero-emission
steel output remains nascent, less than 1 million tonnes annually as of 2023 [5].

Despite progress, key challenges persist, including technological limitations and the
need for extensive infrastructure investment. GH2 and its production through renewable
energy remain expensive, and scaling technologies like Hp-DRI to industrial levels poses
significant hurdles. Infrastructure for hydrogen production and distribution, as well as
regulatory certainty, are essential for widespread adoption. Furthermore, public policy
is beginning to align with decarbonization goals, as the EU’s Carbon Border Adjustment
Mechanism (CBAM), introduced in 2023, will impose carbon tariffs on high-emission steel
imports and phase out free EU ETS allowances by 2034 [6]. The EU Green Deal Industrial
Plan and Hydrogen Bank are also promoting low-carbon industrial investments [7].

1.2. Status Quo of Decarbonization in Steel Industry of Pakistan

In contrast to global trends, Pakistan’s steel industry remains small but is poised for
transformation. Against the global benchmark of 2.5 tons of CO, per ton of steel pro-
duced via the Blast Furnace-Basic Oxygen Furnace (BF-BOF) route, Pakistan’s steel sector,
driven by secondary steelmaking through the Electric Induction Furnace (EIF) process,
emits 0.29 tons of CO, per ton of steel [8]. Per capita steel consumption is approximately
48 kg/year, suggesting room for growth [9]. Domestic production is based almost entirely
on scrap recycling via electric arc and induction furnaces, as the country’s only integrated
steel mill, Pakistan Steel Mills (PSM), has been non-operational since 2015. According to a
2020 report by Climate Transparency, Pakistan’s steel industry has an approximate emis-
sion footprint of 0.59 MtCO2e and an emissions intensity of 2360 kgCO2e/tonne [10]. The
widespread use of outdated induction furnace technology leads to high energy consump-
tion and inefficiency. Emissions are projected to rise steadily, yet there are no dedicated
national policies for steel sector decarbonization. As of January 2025, Pakistan imported
iron and steel products worth PKR 60,804 million [11], showing how the dependence on
imported steel exposes the sector to price volatility and forex risks. Thus, decarbonizing
Pakistan’s steel sector faces considerable barriers including high capital costs, outdated
equipment, limited access to clean technologies, unreliable electricity supply, and a lack of
policy or financial incentives.

However, the sector presents opportunities for green development. Pakistan’s abun-
dant renewable resources offer a long-term pathway to clean energy. Given the predomi-
nance of secondary steelmaking, grid decarbonization would have an immediate impact.
Sindh, in particular, hosts a growing steel industry and substantial wind power capacity, yet
much of this renewable potential is currently underutilized due to curtailment issues. A sec-
tor coupling approach, such as utilizing the region’s renewable energy for green hydrogen
(GH2) production, could address this challenge while providing a clean energy feedstock
for industry. Additionally, the potential revival of PSM is gaining strategic traction, with
renewed Russian interest in modernizing or replacing the facility, via energy-efficient,
hybrid gas or electric furnaces [12]. A successful revival could reduce import dependency,
generate employment, and promote low-carbon steel production.

As international markets shift toward decarbonized value chains and stringent regula-
tions, Pakistan must act decisively to align its steel sector with global climate and trade
realities. Building on the preceding discussion, this study aims to (i) analyze the existing
conditions, opportunities, and challenges in the context of decarbonizing Pakistan’s steel
industry, (ii) explore how Pakistan can utilize its renewable energy resources to align with
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global decarbonization goals, and (iii) propose feasible low-carbon development pathways
to enhance the competitiveness and sustainability of Pakistan’s steel sector by leveraging
sector coupling and power wheeling, enabling industrial symbiosis for GH2 co-production.

2. Methodology

This study employs a mixed-method approach to assess the current state and de-
carbonization potential of Pakistan’s steel sector, with a dedicated focus on enabling the
transition to GH2 via sector coupling. The methodology integrates both quantitative and
qualitative data, sourced from an extensive review of literature, policy documents, finan-
cial data, and industrial reports. Key sources include the Pakistan Credit Rating Agency
(PACRA) [9], the International Renewable Energy Agency (IRENA) [5], and SDPI’s analysis
under the Annual State of Renewable Energy (ASRE) 2024 [13] and Pakistan Industrial De-
carbonization Program (PIDP), specifically addressing low-carbon development potential
in the steel industry [4]. Figure 1 outlines the methodology employed in this study.

Local Steel Production in Pakistan (mln MT)
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Figure 1. Trends of local steel production in Pakistan expressed in million metric tons [9].

Primary data collection further complements the analysis through stakeholder con-
sultations, including focus group discussions (FGDs) such as “Exploring the Potential of
Green Hydrogen in Hard-to-Abate Sectors of Pakistan” [14] and “Special Lecture with
Amreli Steels Limited on Charting the Course of the Decarbonization Drive in Pakistan’s
Steel Industry” [15], along key informant interviews (KIIs) [16-18] with industry represen-
tatives, energy regulators, grid operators, and renewable energy experts provided critical
qualitative insights and enriched the evidence base. Together, these data sources inform
a strategic assessment and policy design process, examining the feasibility of sector cou-
pling and renewable power wheeling as strategic enablers of GH2 integration. Given the
co-location potential between steel clusters and renewable energy corridors in Sindh, the
analysis explores how dedicated renewable electricity could be wheeled to industrial zones
to power electrolyzers for hydrogen production, to support a low-carbon steel value chain.
The findings are synthesized into a phased GH2 transition roadmap, structured around
five core pillars, infrastructure, policy, finance, technology adoption, and capacity building,
designed to catalyze the decarbonization of Pakistan’s steel sector. Figure 2 reflects the
methodology adopted for the study.
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Figure 2. Snapshot of the study’s methodology.

3. Results and Discussion
3.1. Phenomenon of Wind Curtailment in Pakistan

Wind curtailment remains a persistent technical challenge in Pakistan’s renewable
energy sector, particularly in high-potential zones like the Jhimpir-Gharo Wind Corridor in
Sindh. Despite the “must-run” status of wind power plants, curtailment continues to affect
12 low-tariff projects, highlighting the structural rigidity of the national grid [19]. As of
2024, wind energy capacity has stagnated at 1.8 GW for the second consecutive year, with
no new additions [20].

Wind Power Projects (WPPs) are facing significant financial strain due to insufficient
billable energy, which jeopardizes their ability to meet debt servicing obligations. Over 90%
of these projects are financed through loans from prominent foreign financial institutions,
including the International Finance Corporation (IFC), Asian Development Bank (ADB),
Islamic Development Bank, the U.S. Government, FMO Entrepreneurial Development
Bank, and others. Table 1 presents primary data obtained from wind power producers,
detailing the current state of wind curtailment and installed capacity by location. Table 2
provides a representative example of monthly wind power curtailment in 2023. Both
datasets are based on primary information gathered through stakeholder dialogues and
consultations, notably during the Pakistan Energy Conference 2023.

Table 1. Current status of curtailment and installed capacity by location.

Location Installed Capacity
Jhimpir 1543 MW
Gharo 249 MW
Jamshoro 50 MW
Total Installed Capacity 1842 MW
Total Evacuation 1100 MW
Capacity under Curtailment 742 MW

Table 2. Example of WPP Curtailment (Monthly Data) as of 2023.

Month Hours of Curtailment (at Different Levels of Generation)
January 330
February 380
March 117
April 53
May 30
June 115
July 164
August 384

Total 1573 h
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According to ASRE 2024, the National Transmission and Despatch Company (NTDC)
has initiated high-capacity transmission lines to support wind farms in Jhimpir, which
together contribute over 1200 MW to the national grid. However, persistent issues, in-
cluding inadequate transmission infrastructure, voltage instability, and limited reactive
power management, continue to restrict wind power integration. Despite a technical wind
potential of nearly 340 GW, wind energy accounts for only 4% of Pakistan’s total elec-
tricity generation, underscoring the critical impact of grid-level constraints on renewable
energy development [13].

3.2. Proposed Avenues/Models for GH2 Production from Curtailed RE

GH2 production through sector coupling with renewable energy offers a viable and
strategic pathway, primarily due to Pakistan’s substantial renewable energy potential
and industrial decarbonization needs. The country has high wind potential in regions
such as Jhimpir, Gharo, and Thatta, which face frequent curtailment due to transmission
constraints. A GIS-based study identifies that 8.67% (85,373.84 km?) of Pakistan’s total
land area is suitable for renewable hydrogen production, especially in Baluchistan and
southern Sindh, offering both land availability and proximity to coastlines for water intake
and export logistics [21].

Economically, the Levelized Cost of Hydrogen (LCOH) for Pakistan is estimated
at $3.80-$4.27 /kg in 2024, with projected reductions to $1.00-$2.00/kg by 2050 due to
declining CAPEX and efficiency gains. Monthly practical hydrogen production capacity is
estimated at 69.97 million metric tons, which can support both domestic decarbonization
and future exports. Crucially, Pakistan can potentially reduce up to 308 million tons of CO,
annually by replacing fossil-based hydrogen and industrial fuels with GHj, positioning
itself as a regional green energy leader [21,22].

Sector coupling via electrolysis is a mature and flexible solution for converting in-
termittent wind energy into hydrogen. Technologies like Proton Exchange Membrane
(PEM) and Alkaline electrolyzers offer high responsiveness to fluctuating renewable inputs,
making them ideal for integrating with curtailed wind power. Deploying electrolyzers near
high-curtailment zones like Jhimpir and Thatta, or close to major demand centers such as
Karachi, minimizes transmission losses and optimizes infrastructure use. This approach
not only maximizes renewable energy utilization but also supports deep decarbonization
in hard-to-abate sectors. In particular, Karachi’s steel industry, a significant fossil fuel
consumer, presents a prime candidate for hydrogen use, especially in Direct Reduced Iron
(DRI) production where GHj can directly replace natural gas. This substitution not only
reduces fuel imports, estimated at $3.95 billion in natural gas imports in 2022 [23], but
also cuts process emissions significantly. Behind-the-meter electrolyzers can further reduce
curtailment impacts and act as non-wires alternatives, lessening pressure on the national
grid. GH2 produced from Sindh’s renewable resources can serve as a clean feedstock,
reducing emissions, lowering import dependence, and paving the way for a low-carbon
industrial economy.

For operationalization, foremost, the expedited implementation of the Transmission
System Expansion Plan (TSEP) 2024-2034, particularly high-voltage corridors like Thar—
Gharo and Matiari-Moro-RYK is critical to alleviate existing curtailment and support long-
distance energy transfer. Concurrently, the Competitive Trading Bilateral Contract Market
(CTBCM) reform must be leveraged to enable open-access power wheeling, allowing
wind-rich regions to supply electricity directly to industrial hydrogen users in Karachi.
Behind-the-meter electrolysis systems collocated with wind farms can further reduce
curtailment by bypassing transmission bottlenecks altogether. These measures should
be supported by expanded deployment of Battery Energy Storage Systems (BESS), such
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as the ongoing 50 MWh pilot in Jhimpir [13], to enable time-shifting of generation for
electrolyzer operation during grid-compatible periods. Integration of SCADA-enabled
smart grid systems will further enhance real-time monitoring and dynamic load balancing
between renewable generation, hydrogen production, and industrial consumption.

3.3. Opportunities

Green hydrogen presents Pakistan with transformative opportunities across energy
security, industrial modernization, and climate action. Leveraging its vast renewable energy
potential, particularly in wind-rich regions like Jhimpir and Thatta, Pakistan can repurpose
curtailed power for green hydrogen production, maximizing the value of existing infras-
tructure. This clean fuel offers a pathway to decarbonize hard-to-abate sectors such as steel,
fertilizer, and cement, creating an enabling environment for meeting the national climate
targets such as 50% reduction in emissions and achieving 60% renewable energy as set out
in Pakistan’s updated Nationally Determined Contributions (NDCs) [24]. The industrial
hub of Karachi, home to energy-intensive steel production, is especially well-positioned to
benefit from green hydrogen in DRI processes. Beyond domestic use, Pakistan stands to
gain a competitive edge in the rapidly expanding Asian hydrogen export market, projected
to reach $406 billion by 2030, with 24% of investments expected in South Asia [25]. Ac-
cording to a recent study, Dhabeji and Port Qasim have emerged as the most economically
viable zones for green hydrogen production in Pakistan. Dhabeji offers the lowest levelized
cost of hydrogen (LCOH), estimated at $4.19/kg (off-grid) and $2.12/kg (grid-connected),
while Port Qasim follows closely at $4.22/kg and $2.36/kg, respectively. In addition to cost
advantages, Dhabeji demonstrates the lowest annual CO, emissions, further reinforcing
its strategic suitability. Grid-connected systems, in particular, present a compelling oppor-
tunity for Pakistan to produce low-cost, low-carbon green hydrogen, enabling industrial
decarbonization and export competitiveness [26]. This shift could also catalyze sustainable
economic growth through job creation, technology transfer, and industrial diversification,
while enhancing grid flexibility through electrolyzers that provide ancillary services like
frequency regulation. Collectively, these factors position green hydrogen as a cornerstone
of Pakistan’s energy transition and green industrial strategy. Figure 3 shows the benefits
offered by Green hydrogen-based steel production for Pakistan.

EXPORT
@ COMPETITIVENESS
IMPORT SUBSTITUTION
= /
JOB CREATION &
INDUSTRIAL GROWTH
\ @ ENERGY SECURITY

ATTRACTING
GREEN FINANCING

Figure 3. Green hydrogen-based steel production presents a transformative opportunity for Pakistan,
offering both technical and economic benefits.

3.4. Challenges

Despite its promise, Pakistan’s green hydrogen ecosystem faces significant technical,
economic, and institutional challenges. Foremost is the high Levelized Cost of Hydrogen
(LCOH), which remains uncompetitive without subsidies, carbon pricing, or premium
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markets [21]. Electrolyzers operated solely on curtailed wind power may suffer from
low-capacity factors, increasing costs further and undermining project viability. Water
availability also poses a constraint, especially inland, where electrolysis requires reliable
input; while desalination is feasible in coastal areas, it adds complexity and infrastructure
requirements. The lack of hydrogen-specific infrastructure, such as pipelines, compres-
sion, and storage systems, hinders scalability and reliability. Moreover, Pakistan lacks a
comprehensive regulatory framework governing hydrogen production, trade, emissions
monitoring, and safety protocols, which significantly dampens investor confidence. On
the environmental front, Pakistan has been placed 179th as per the Yale Environmental
Performance Index 2024, with a low overall score of 25.5 out of 100 [27], reflecting poor
policy enforcement, transparency, and accountability, that pose substantial risks for secur-
ing both domestic and international investment in green hydrogen and broader industrial
energy transition initiatives. Additionally, market mechanisms such as long-term offtake
agreements and open-access wheeling, while under development through reforms like
CTBCM and the TSEP 2024-2034, are not yet fully operational.

These challenges can be mitigated through an integrated strategy combining targeted
policy frameworks, standardized hydrogen regulations, and reliable carbon accounting
systems. Technology transfer agreements can accelerate deployment of high-efficiency
electrolyzers, while performance-based financial incentives can offset high CAPEX and
LCOH. Capacity building, especially in grid management, safety standards, and hydrogen
storage, will ensure operational readiness. Collectively, these measures will enable scal-
able, bankable, and technically sound green hydrogen infrastructure. Table 3 presents a
GH2 roadmap for Pakistan, outlining short-, medium-, and long-term recommendations,
grounded in the country’s renewable energy potential and projected industrial demand.

Table 3. Green Hydrogen Roadmap for Pakistan (2025-2040), anchored in Pakistan’s renewable base
and industrial demand.

Pillar

Short-Term (1-3 Years)

Medium-Term (3-7 Years)

Long-Term (7-15 Years)

1. Policy & Regulation

Enable power wheeling for
renewable-H; projects

Establish hydrogen
certification and
traceability system

Enforce industrial
decarbonization targets for

under CTBCM rules. (aligned with CBAM) hard-to-abate sectors

Establish a regulatory

sandbox to enable steel
.rr.1anufa.cturers to pl}ot . Integrate GH2 in IGCEP Mandate renewaple

digital twin technologies in and ARE Policy updates hydrogen share in
real-world environments, yup large-scale industry
supported by dedicated
R&D funding.

Issue guidelines for pilot Mandate % use of GH2 in Embed hydrogen into

H, use in steel and
mobility sectors.

steel sector

national climate
compliance regulation

2. Finance & Investment

Secure concessional climate
financing for pilot projects.

Issue green bonds for
hydrogen infrastructure

Provide tax credits for
industrial off-takers using
certified Hy

Integrate hydrogen into
carbon pricing mechanisms
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Table 3. Cont.

Pillar

Short-Term (1-3 Years)

Medium-Term (3-7 Years)

Long-Term (7-15 Years)

2. Finance & Investment

Offer blended finance
packages for
electrolyzer-linked
RE projects

Secure FDI via bilateral
energy MOUs

Offer incentives for green
steel and hydrogen exports

Leverage existing green
sukuks for pilot projects

Offer incentives for green
steel and hydrogen exports

Channel carbon revenues
into innovation and grid
modernization

3. Technology &
Innovation

Deploy 2-3 pilot Hj
electrolysis units (1020
MW) in Jhimpir/Thatta

Scale up to 100-200 MW
green Hj plants co-located
with solar/wind IPPs

Use AI/SCADA for
renewable-to-hydrogen
integration

Retrofit 1-2 EAF/DRI units
for H» in steel hubs

Facilitate the transition to
hydrogen-based direct
reduced iron (DRI), enabling
low-carbon steel production
through the use of green
hydrogen (GHy) instead of
coal-based reduction

Initiate DRI steel trial using
blended H, at
Karachi plants

Localize basic electrolyzer
assembly via industrial
partnerships

Develop local R&D fund
for electrolysis and Hj
compression/storage

Enable multi-sector use:
refining, fertilizers,
mobility

Deploy GW-scale H;
production clusters for
domestic use and export
readiness

4. Infrastructure

Commission Thar-Gharo
and Matiari-Moro-RYK
HVDC lines

Develop hydrogen-ready
industrial zones (e.g., Port
Qasim hub)

Develop on-site or
proximate renewable
energy sources, strengthen
grid connectivity for
reliable power supply, and
deploy energy storage
solutions (such as BESS or
pumped hydro) to address
fluctuations in renewable
generation.

Conduct bankable
feasibility studies for Hj
pipelines and storage

Build port and transport
infrastructure for hydrogen
carriers (ammonia, liquid
organic hydrogen carrier
(LOHQ))

Expand to inter-provincial
H, corridors.

Install pilot BESS units to
stabilize RE for H,
production

Integrate smart
grid/SCADA for real-time
energy-to-H; operations

Develop export terminals
(ammonia or LOHC-based)
with maritime
infrastructure
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Table 3. Cont.

Pillar

Short-Term (1-3 Years)

Medium-Term (3-7 Years)

Long-Term (7-15 Years)

5. Capacity & Skills

Develop Hydrogen Skills
Accelerator with TVETs in
Sindh/Karachi, training
technicians for electrolyzer
& storage operations

Include hydrogen
engineering curriculum in
universities

Offer financial incentives
for the adoption of IoT and
smart automation
technologies in material
handling, alongside

Create public—private
partnerships for facilitating
R&D grants and incubators

Enable regional
partnerships (China, UAE,
Germany) for workforce
exchange, innovation, and
joint training programs

tailored training programs
for workers

4. Conclusions

Green hydrogen (GH;) production from curtailed wind energy offers Pakistan a strate-
gic solution to integrate renewables and decarbonize industry. By utilizing otherwise
wasted energy, GH; can power green steel production, boosting the global competitiveness
of Pakistan’s steel sector amid tightening carbon regulations. Coordinated infrastructure,
regulatory reforms, and advanced technologies can reduce curtailment, stabilize the grid,
and enhance energy security. With $4.3 billion [28] in proposed GH, investments, investor
confidence signals strong economic potential. A domestic hydrogen economy could drive
high-value job creation, attract further foreign investment, and spur industrial innovation.
GH, adoption also supports deep emissions cuts in hard-to-abate sectors, advancing Pak-
istan’s climate goals while strengthening sustainable economic growth. The high upfront
costs are outweighed by long-term environmental and economic benefits, particularly for
the industrial sector, which stands to gain new revenue streams while decarbonizing.
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n-2023-2024 /publication_detail (accessed on 14 June 2025), https:/ /neeca.pk/documents/PakGreenHydroge

nStudy.pdf (accessed on 11 July 2025).
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