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Abstract

With the dual goals of carbon peaking and carbon neutrality, hydrogen energy has become a key
strategic direction for Shanxi’s energy transformation. Clarifying the carbon emission characteristics
and mitigation potential of typical hydrogen production routes is critical for guiding the low-carbon
development of the local hydrogen industry. This study adopts a unified life cycle assessment (LCA)
framework to analyze five representative hydrogen production routes in Shanxi. The results reveal
significant differences in carbon intensity across routes: large-scale integrated coal gasification
hydrogen production(LICGHP, 10.02 kg CO:e/kg-H2) > commercial coal gasification hydrogen
production(CCGHP, 9.35 kg CO:e/kg-H2) > photovoltaic hydrogen production(PHP, 6.17 kg
COze/kg-Hz2) > coke oven gas hydrogen production(COGHP, 3.83 kg COze/kg-H2) > wind power
hydrogen production(WPHP, 1.57 kg COze/kg-H>). Coal-based routes are dominated by operational
phase emissions, while renewable energy routes concentrate emissions in the construction phase with
near-zero operational emissions. COGHP (61.78% mitigation rate) serves as a high-quality
transitional pathway, and WPHP (84.33% mitigation rate) represents the optimal low-carbon option.
Mitigation strategies vary by route: coal-based routes prioritize CCS and process optimization, while
renewable energy routes focus on supply chain decarbonization and green construction. These
findings provide scientific support for Shanxi’s hydrogen energy technology selection and low-
carbon strategy formulation.

Keywords: hydrogen production routes; LCA; carbon emission accounting; carbon intensity;
low-carbon transformation of hydrogen energy

1. Introduction

Hydrogen energy, as a clean and efficient secondary energy carrier, is a key enabler for breaking
dependence on fossil energy, promoting energy structure transformation, and achieving the “dual
carbon” goals [1-3]. The carbon emission intensity of hydrogen production directly determines the
low-carbon attribute and industrial value of hydrogen products [4,5]. As a major coal resource
province and coal chemical industry base in China, Shanxi relies on coal-based hydrogen production
for over 90% of its regional hydrogen supply [6,7]. The inherent high-carbon characteristic has
become a core bottleneck for the low-carbon development of the regional hydrogen energy industry.
Meanwhile, Shanxi is endowed with abundant wind and photovoltaic resources, offering enormous
potential for renewable energy-based water electrolysis hydrogen production. COGHP, as a resource
utilization pathway for coal chemical by-products, serves as an important transitional technology for
the transformation from coal-based to green hydrogen in the region [8,9].
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LCA is a core method for quantifying the full-life-cycle environmental impacts of products [10-
14]. It breaks the limitations of traditional end-of-pipe emission accounting and comprehensively
considers carbon emissions from construction, production, raw material supply, and other links,
making it widely used in the carbon emission assessment of hydrogen production routes [15,16].
Existing studies mostly focus on carbon emission accounting of a single hydrogen production route
or simple comparisons between coal-based and a single renewable energy-based hydrogen
production route. Systematic comparative analyses of typical regional hydrogen production routes
in Shanxi are scarce, and the definition of data sources and accounting methods for carbon emissions
during the construction of renewable energy-based hydrogen production plants is insufficiently
clear. This makes it difficult to provide precise quantitative support for the technological route
selection and carbon mitigation strategy formulation of the regional hydrogen energy industry.

Based on this, five typical hydrogen production routes in Shanxi —LICGHP, CCGHP, COGHP,
WPHP, and PHP —were selected as research objects. A unified life cycle carbon emission accounting
framework was established, with explicit data sources for each link and detailed accounting methods
for carbon emissions during the construction of renewable energy-based hydrogen production
plants. Taking the production of 1 kg of hydrogen as the functional unit, the carbon emission intensity
during the construction and operation phases of each route was systematically calculated. The
characteristics and core driving factors of emission structures were analyzed, and targeted mitigation
strategies were proposed by comparing the mitigation potentials of different routes. This study aims
to provide scientific basis and practical reference for the optimization of technological routes and the
construction of policy systems for the low-carbon transformation of the hydrogen energy industry in
Shanxi.

2. Materials and Methods
2.1. Research Object and Accounting Boundary

Five technically mature and representative hydrogen production routes in Shanxi were selected,
covering mainstream coal-based hydrogen production pathways and cutting-edge renewable
energy-based hydrogen production pathways. Basic project parameters were derived from project
EIA reports, industry design specifications, and actual engineering data, with key parameters shown

in Table 1.
Table 1. Research Objects and Core Parameters.
Hydrogen Design Annual Total Project Core Process
Production  Project Type Life Hydrogen Investment (100 Characteristics
Route (Years) Output ()  million RMB)
Coal gasification +
LICGHP New 20 90000 239 Water-gas shift
construction reaction + Acid gas
removal
Coal gasification +
CCGHP Ammonia.plant 15 2150 032 Wa.ter-gas s.hift
renovation reaction + Acid gas
removal
Ammonia plant Coke oven gas
COGHP . 15 74000 25 purification + PSA
renovation P
purification
Off-grid 50MW wind power +
WPHP integrated 25 83000 - 10MW PEM
project electrolyzer
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Off-grid 50MW photovoltaic +
PHP integrated 25 83000 - 10MW PEM
project electrolyzer

The life cycle accounting boundary for each hydrogen production route covers both the plant
construction phase and the production operation phase to ensure consistency and comparability of
assessments across routes. The construction phase includes embodied carbon emissions from the
manufacturing, transportation, and on-site construction of workshops and core equipment, which
are amortized to per unit hydrogen product based on the project’s design life. The production
operation phase boundary is defined according to the technical characteristics of each hydrogen
production process: for coal-based hydrogen production routes, it includes fossil fuel combustion,
industrial processes, embodied carbon emissions from purchased electricity and heat, and carbon
emissions from upstream raw material acquisition and transportation; for renewable energy-based
hydrogen production routes, it includes maintenance material consumption of power generation and
electrolysis systems, water treatment consumable consumption, etc. The electricity required for water
electrolysis is supplied by on-site renewable energy, resulting in no purchased electricity carbon
emissions. Details are shown in Figure 1.
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Figure 1. System boundary and emission sources of hydrogen production life cycle (cradle-to-gate).

2.2. Accounting Methods and Data Sources

This study adopts the Life Cycle Assessment (LCA) method, following the core process of “goal
and scope definition - inventory analysis - impact assessment”. Carbon emission accounting is
conducted by combining the investment allocation method, material balance method, standard
accounting method, andi energy share method [17-21]. All accounting data prioritize Shanxi’s local
measured values and regional characteristic values; in the absence of local data, national standard
values and industry-accepted typical values are used. The accounting methods, calculation formulas,
and data sources for each link are explicitly defined as follows:

1. Plant Construction Phase

(i) For coal-based hydrogen production routes, the investment allocation method is used, with
the following calculation formulas:
Total emissions during construction phase (tCO.e) = Total investment (10,000 RMB) x Carbon
emission factor per unit investment (tCO,e/10,000 RMB)
EA=Total emissions during construction phase (tCO2e) HOXEAC
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where EA is emissions allocated to per kg of hydrogen, kgCOze/kg-Hz. TE is Total emissions during
construction phase, tCOze. HO is total hydrogen production over the full lifecycle, kg. EAC is energy
allocation coefficient.

For actual coal-based hydrogen production projects in Shanxi, total investment data are derived
from project EIA reports; the carbon emission factor per unit investment is selected from the emission
factors for the heavy chemical industry in “Research on Carbon Emissions from Fixed Asset
Investment in China’s Heavy Chemical Industry” (1.2 t CO,e/10,000 RMB) [22]; the total life-cycle
hydrogen output is calculated based on the project’s design life and annual hydrogen output, with
annual hydrogen output derived from actual production monitoring data of local hydrogen
production projects in Shanxi; the energy allocation coefficient is calculated from measured energy
share values of co-products in Shanxi’s coal chemical projects.

(ii) For renewable energy-based hydrogen production routes, the sub-item accounting method
is used, with emissions amortized to an annual basis according to the project’s design life and finally
converted to per unit hydrogen construction carbon emissions. The specific accounting method is as
follows:

E_construction = E_material production + E_material transportation + E_on-site construction
where E_material production is calculated as the product of annual consumption of each material
and the corresponding emission factor. Materials include steel, concrete, composite materials, copper,
etc., with emission factors derived from the CLCD database and measured values from the wind
turbine manufacturing industry. E_material production is calculated as the product of the weight of
transported components, transportation distance, and road transportation emission factor. The
transportation distance is the typical distance from eastern manufacturing bases to Datong, Shanxi
(800-1500km) [23], and the emission factor is 0.0001 t CO,e/(t-km). E_on-site construction is Includes
carbon emissions from diesel and electricity consumption during foundation construction and
hoisting installation. Diesel consumption is calculated as the product of equipment operating hours
and fuel consumption per operating hour; electricity consumption is based on measured construction
electricity consumption. Emission factors are 3.04 t CO,e/t for diesel and 0.5366 kg CO,e/kWh for
Shanxi’s power grid in 2025.

2. Production and Operation Phase

(i) Fossil fuel combustion carbon emissions: Calculated using the standard method specified in
“Requirements for Carbon Emission Accounting and Reporting - Part 10: Chemical Production
Enterprises” (GB/T32151.10—2023), with the following formula:

44

ECOZ—combustion = Z]Zl (ADL-_}- X CCi,j X 0Fi,j X E)
where E_co:-combustionis CO2 emissions from fossil fuel combustion, in tons of CO,. iis type of fossil fuel.
j is serial number of combustion equipment. AD;;j is consumption of fossil fuel i in combustion
equipment j (tons for solid/liquid fuels, 10,000 Nm? for gaseous fuels under standard conditions; non-
standard volume shall be converted to standard conditions). CCijis carbon content of fossil fuel i in
combustion equipment j (tons of carbon/ton of fuel for solid/liquid fuels, tons of carbon/10,000 Nm?
for gaseous fuels). OFij is carbon oxidation rate of fossil fuel i in combustion equipment j
(dimensionless, ranging from 0 to 1). 44/12 is molecular weight conversion factor between CO, and
carbon (C).

Fossil fuel consumption is derived from EIA reports and actual energy consumption statistics of
hydrogen production projects in Shanxi. carbon content (CCij) and carbon oxidation rate (OFij) are
sourced from GB/T32151.10—2023. The coal equivalent conversion factor is from “General Principles
for Calculation of Comprehensive Energy Consumption” (GB/T2589-2020).

(ii) Industrial process carbon emissions: Calculated using the material balance method. The core
logic is: after carbon input from raw materials is allocated among different pathways (conversion to
products, conversion to CO,, entry into slag/residues, and other losses), only the portion converted
to CO; is counted as industrial process carbon emissions. The calculation formula is:
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Industrial process carbon emissions = Total carbon input x Proportion of carbon converted to CO; x
44/12

Raw material consumption is derived from actual production data of hydrogen production
projects in Shanxi; the carbon content of raw materials adopts the characteristic value of local coal in
Shanxi (fixed carbon content of high-sulfur bituminous coal is 65%), sourced from “Shanxi Coal
Industry Analysis and Utilization Report”; the proportion of carbon allocation is derived from
measured material balance data of coal chemical projects in Shanxi and technical literature.

(iii) Embodied carbon emissions from purchased electricity: Calculated using the standard
method specified in GB/T32151.10—2023, with the following formula:

ECOn2-electricity=ADxEF
where E_COz-lectricity is embodied CO:z emissions from purchased electricity, in tons of CO,. AD is
electricity consumption. EF is electricity emission factor.

Net electricity consumption (AD) is derived from actual electricity consumption/generation
monitoring data of hydrogen production projects in Shanxi; the electricity emission factor (EF) adopts
the 2025 regional power grid marginal emission factor of Shanxi Province (0.5366 kg COze/kWh),
sourced from “Shanxi Provincial Guidelines for Carbon Emission Accounting in the Power Industry
(2025 Edition)”.

(iv) Carbon emissions from raw material acquisition and transportation: Calculated using the
following formulas:

Carbon emissions from raw material acquisition (tCOze) = Annual material consumption (t) x
Carbon emission factor per unit material (kgCO,e/t)
Carbon emissions from raw material transportation (tCOze) = Annual material consumption (t) x
Transportation distance x Transportation mode emission factor

Annual material consumption is derived from actual consumption data of hydrogen production
projects in Shanxi; carbon emission factors for raw material acquisition prioritize Shanxi’s
characteristic values (e.g., 197.03 kg COe/t for raw coal), with data from the Chinese Life Cycle
Database (CLCD) used in the absence of local values; transportation distances are typical local
material transportation distances in Shanxi (e.g., 200km for intra-provincial coal railway
transportation), sourced from “Research on Carbon Emissions from Transportation in Shanxi
Province”; transportation mode emission factors are derived from the IPCC Guidelines and
measured data of domestic highway/railway freight transportation.

3. Emission Factor Selection:

Emission factors are selected following the principles of localization, standardization, and
literature support to ensure the accuracy and applicability of accounting results: Carbon emission
factor per unit investment: Referring to research results in the heavy chemical industry, 1.2 t
C0O,e/10,000 RMB is selected (the median value of typical industry values ranging from 1.0 to 1.5 t
CO,¢e/10,000 RMB); Electricity emission factor: 2025 regional power grid marginal emission factor of
Shanxi Province (0.5366 kg CO,e/kWh) is adopted;

Fuel and raw material-related factors: The carbon content per unit calorific value of bituminous
coal is 26.1tC/TJ, and the carbon oxidation rate is 93%, both sourced from GB/T32151.10—2023; the
carbon emission factor for raw coal and fuel coal acquisition is 197.03 kg CO,e/t, a characteristic value
of Shanxi; Emission factors for equipment manufacturing, material transportation, maintenance
consumables, etc.: Mainly sourced from the Chinese Life Cycle Database (CLCD), Ecoinvent v3
database, “Guidelines for Compilation of Provincial Greenhouse Gas Inventories (Trial)”, and
relevant industry research results.

4. Carbon Emission Allocation

For coal-based hydrogen production routes with co-products, the energy share method is used
to allocate total system carbon emissions to hydrogen products based on the proportion of chemical
energy/heat value of hydrogen products to the total energy of all products. The low calorific value of
each product is sourced from “China Petrochemical Industry Energy Consumption Calculation
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Manual”; the annual output of each product is derived from actual production data of hydrogen
production projects in Shanxi.

Interventionary studies involving animals or humans, and other studies that require ethical
approval, must list the authority that provided approval and the corresponding ethical approval
code.

In this section, where applicable, authors are required to disclose details of how generative
artificial intelligence (GenAl) has been used in this paper (e.g., to generate text, data, or graphics, or
to assist in study design, data collection, analysis, or interpretation). The use of GenAl for superficial
text editing (e.g., grammar, spelling, punctuation, and formatting) does not need to be declared.

3. Results
3.1. Life Cycle Carbon Emission Intensity of Different Hydrogen Production Routes

The life cycle carbon emission intensity and phase contribution of the five hydrogen production
routes are shown in Table 2 and Figure 2. Overall, coal-based hydrogen production routes exhibit
significantly higher carbon intensity, while renewable energy-based hydrogen production routes
have substantially lower carbon intensity. The ranking from highest to lowest carbon intensity is:
LICGHP > CCGHP> PHP > COGHP > WPHP.

Table 2. Life cycle carbon emission intensity of each hydrogen production route (kg CO,e/kg-Ho).

Hydrogen  Life Plant . . Embodied Raw Material
. . Industrial Fossil Fuel .. .
Production Cycle Construction . Electricity Production and

Processes Combustion .. .
Route Total Phase Emissions Transportation
LICGHP 10.02 0.19 5.66 3.69 -1.06 1.54
CCGHP 9.35 0.12 6.65 0.96 0.74 0.88
COGHP 3.83 0.23 1.97 0.00 1.56 0.06
WPHP 1.57 1.56 0.00 0.00 0.00 0.01
PHP 6.17 6.16 0.00 0.00 0.00 0.01

@ Plant Construction Phase

—_
N

9.83
9.23

—_
o

o]

3.6

carbon emission CO2/kg H,

0.19 0.12 0.23 1.56

0 — | k 4

LICGHP CCGHP COGHP WPHP

Figure 2. Comparison of carbon emissions from hydrogen production routes.

Among coal-based hydrogen production routes, LICGHP has the highest life cycle carbon
intensity (10.02 kg CO,e/kg-H,), followed by CCGHP (9.35 kg CO,e/kg-H,). Both are mainstream
forms of coal-based hydrogen production in Shanxi, characterized by significant high-carbon
emissions. In contrast, COGHP has a notably lower carbon intensity (3.83 kg CO,e/kg-H,), achieving
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a 61.78% reduction compared to LICGHP. It serves as an important transitional pathway for the low-
carbon transformation of coal-based hydrogen production in Shanxi, reflecting the regional
mitigation advantages of coal chemical by-product resource utilization.

Among renewable energy-based hydrogen production routes, WPHP has the lowest carbon
intensity (1.57 kg CO,e/kg-H,), meeting the strict international definition of “green hydrogen” and
representing the current optimal low-carbon route in Shanxi. PHP has a carbon intensity of 6.17 kg
COze/kg-H,, which is higher than that of COGHP but much lower than direct coal gasification
hydrogen production. It maintains the characteristic of nearly zero emissions during operation and
is an important low-carbon hydrogen production pathway for large-scale development in Shanxi’s
future.

In terms of phase contribution, the construction phase accounts for less than 6% of total carbon
emissions for coal-based hydrogen production routes in Shanxi, with the production operation phase
being the dominant emission source (over 94%). In contrast, renewable energy-based hydrogen
production routes have over 99% of emissions concentrated in the construction phase, with negligible
emissions during operation (only 0.01 kg CO,e/kg-H,). This distinct phase characteristic is highly
consistent with the off-grid design and local green power supply of renewable energy-based
hydrogen production projects in Shanxi.

Carbon Emission Structure Characteristics of Different Hydrogen Production Routes

3.2. Coal-based Hydrogen Production Routes

The carbon emissions during the production operation phase of coal-based hydrogen
production routes in Shanxi consist of sub-items including fossil fuel combustion, industrial
processes, embodied electricity emissions, raw material production, and raw material transportation.
The contribution ratio of each sub-item is shown in Table 3, presenting a regional structure
characterized by dominant industrial process emissions and multi-source emission superposition,
which is highly consistent with the technical characteristics and energy consumption structure of
coal-based hydrogen production in Shanxi.

Table 3. Contribution ratio of sub-items to carbon emissions during the production operation phase of coal-

based hydrogen production routes in Shanxi (%).

Hydrogen Embodied

. Fossil Fuel Industrial . . Raw Material Raw Material
Production . Electricity . .
Combustion  Processes . . Production Transportation
Route Emissions
LICGHP 37.54 57.58 -10.78 15.46 0.20
CCGHP 10.40 72.05 8.02 9.43 0.10
COGHP 0 54.72 43.33 1.67 0

Industrial process emissions are the largest source of emissions for all coal-based hydrogen
production routes in Shanxi, accounting for over 50% of total emissions. CCGHP has the highest
proportion (72.05%), followed by LICGHP (57.58%) and COGHP (54.72%). This is the core root cause
of the high-carbon characteristic of coal-based hydrogen production in Shanxi, stemming from the
inherent chemical pathway of the water-gas shift reaction in coal gasification hydrogen production
and serving as the key mitigation target for coal-based hydrogen production in Shanxi.

Fossil fuel combustion is the second-largest emission source for direct coal gasification hydrogen
production in Shanxi, accounting for 37.54% of emissions for large-scale integrated projects and
10.40% for commercial projects. The fuel used is local high-sulfur bituminous coal in Shanxi, which
is highly related to the regional coal resource endowment. In contrast, COGHP has no direct fossil
fuel combustion emissions, reflecting the energy advantage of by-product hydrogen production.
Embodied electricity emissions show significant regional differences: LICGHP achieves net electricity
output through cascade utilization of thermal energy and tail gas power generation, replacing high-
carbon electricity from Shanxi’s power grid and generating a -10.78% carbon offset effect. In contrast,

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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CCGHP and COGHP are renovation projects with no self-sufficiency in electricity, requiring
purchases from Shanxi’s power grid and resulting in positive embodied electricity emissions. Among
them, COGHP is an electricity-intensive process, with embodied electricity emissions accounting for
43.33%, which is consistent with the actual energy utilization status of renovation projects in Shanxi’s
coking enterprises.

Raw material production and transportation account for less than 20% of total carbon emissions,
having a limited impact on overall carbon intensity. The emission factors for raw material production
adopt the characteristic values of local coal in Shanxi, and transportation distances are typical intra-
provincial distances, ensuring that the accounting results are consistent with regional industrial
realities.

3.2. Renewable Energy-Based Hydrogen Production Routes

Carbon emissions from renewable energy-based hydrogen production routes in Shanxi are
highly concentrated in the construction phase, consisting of emissions from the power generation
system and the electrolysis hydrogen production system. The emission structure is highly consistent
with the equipment selection and construction layout of renewable energy-based hydrogen
production projects in Shanxi. The contribution ratio of each sub-item is shown in Figure 3.

= Wind power plant construction ® Wind power plant operation = photovoltaic power plant construction ® photovoltaic power plant operation
Electrolyzer systena ggp/struction u Electrolyzer system operation Electrolyzer system construction ® Electrolyzer system operation
.64%
12.16% 0.16%

0.00%

47.77%

51.59%

0.64% 87.68%

Figure 3. Carbon emission composition of life cycle for renewable energy hydrogen production routes in Shanxi

Province.

For WPHP, the construction of the wind power plant and the electrolysis hydrogen production
system account for 51.59% and 47.77% of total construction phase emissions, respectively, with
comparable contributions. Emissions from wind power plant construction are mainly embodied
carbon emissions from the manufacturing of wind turbines and towers (steel and composite
materials), while emissions from the electrolysis system construction are mainly embodied carbon
emissions from the manufacturing of high-end equipment such as PEM electrolyzers. Both are
consistent with the actual construction of WPHP projects in Datong, Shanxi.

For PHP, the construction of the plant accounts for 87.68% of total construction phase emissions,
while the electrolysis hydrogen production system accounts for only 12.16%. The photovoltaic power
plant construction is the dominant emission source, primarily due to embodied carbon emissions
from the energy-intensive long-chain processes of photovoltaic module manufacturing, such as
industrial silicon smelting and polysilicon purification. This characteristic is highly related to the
current technical status of the photovoltaic manufacturing industry and is the core reason why the
carbon intensity of PHP is higher than that of WPHP in Shanxi.

During the operation phase, carbon emissions from renewable energy-based hydrogen
production in Shanxi only come from the consumption of a small amount of maintenance materials
and water treatment consumables. Both wind power and PHP have an operation phase carbon
intensity of 0.01 kg COe/kg-H,, accounting for less than 1% of total life cycle emissions, achieving
nearly zero emissions during operation. This characteristic stems from the off-grid integrated design
of renewable energy-based hydrogen production projects in Shanxi, where electricity for water
electrolysis is fully supplied by local wind and photovoltaic energy without fossil energy
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consumption, aligning with Shanxi’s “source-grid-load-storage-hydrogen” integrated development
layout.

4. Discussion
4.1. Carbon Emission Driving Factors of Different Hydrogen Production Routes

4.1.1. Coal-Based Hydrogen Production Routes (Shanxi Regional Characteristics)

The high-carbon characteristic of coal-based hydrogen production routes in Shanxi is not only
due to the inherent chemical pathway lock-in of coal gasification hydrogen production technology
but also highly related to Shanxi’s coal resource endowment and the development status of the coal
chemical industry. Specific manifestations are as follows:

Inevitability of industrial process emissions: The core process of coal gasification hydrogen
production is the water-gas shift reaction (CO + H,O — CO, + H,). To adjust the hydrogen-carbon
ratio of syngas to meet hydrogen production requirements, most of the CO must be converted to CO,.
This stoichiometric reaction inevitably produces CO,. Additionally, the raw materials for coal-based
hydrogen production in Shanxi are mostly local high-sulfur low-quality coal, which has a lower
carbon conversion efficiency than high-quality coal, further increasing industrial process emissions.
This is the fundamental reason for the high carbon intensity of coal-based hydrogen production in
Shanxi.

Fossil energy dependence in regional energy consumption: As a major coal resource province,
Shanxi relies on coal combustion to provide thermal energy for gasification, synthesis, purification,
and other links in coal-based hydrogen production, resulting in continuous fossil fuel combustion
emissions. Most local coal chemical enterprises adopt a coal-electricity integration layout, making it
difficult to rapidly transform the energy consumption structure, which is an important regional
reason for the high carbon intensity of coal-based hydrogen production.

Differences in energy utilization efficiency due to process design: LICGHP projects in Shanxi
adopt cascade utilization of thermal energy and tail gas power generation technology to achieve net
electricity output, replacing high-carbon electricity from Shanxi’s power grid and generating a carbon
offset effect. In contrast, CCGHP and COGHP are mostly renovation projects of small and medium-
sized coal chemical enterprises with low process integration and no cascade energy utilization design.
They need to purchase electricity from Shanxi’s power grid, further increasing carbon emissions,
reflecting the unbalanced development characteristics of the coal chemical industry in Shanxi.

Low-carbon logic of COGHP: Shanxi is a major coking industry province with large coke oven
gas output. COGHP does not require an additional coal gasification link, resulting in significantly
reduced raw material carbon input and no direct fossil fuel combustion emissions. It only has
industrial process emissions from PSA off-gas incineration and electricity consumption emissions.
Therefore, its carbon intensity is much lower than that of direct coal gasification hydrogen
production, serving as the optimal transitional pathway for the transformation of coal-based
hydrogen production in Shanxi, with dual regional values of resource utilization and carbon
mitigation.

4.1.2. Renewable Energy-Based Hydrogen Production Routes (Shanxi Regional Characteristics)

The low-carbon characteristic of renewable energy-based hydrogen production in Shanxi stems
from the local zero-carbon energy supply during the operation phase, while emissions come from
embodied carbon in the upstream industrial chain of high-end equipment manufacturing. The
difference in carbon intensity between wind power and PHP arises from differences in energy
consumption and carbon emissions from power generation system manufacturing, which is also
consistent with the regional characteristics of renewable energy development in Shanxi:

Regional logic of nearly zero emissions during operation: Shanxi is endowed with abundant
wind and photovoltaic resources, with regions such as Datong and Shuozhou being national-level
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renewable energy bases. Wind power and PHP projects all adopt an off-grid integrated design, where
electricity for water electrolysis is fully supplied by local renewable energy, resulting in no fossil
energy consumption, no industrial process carbon emissions, and only a small amount of
maintenance material consumption. This achieves nearly zero emissions during operation, which is
the core competitive advantage of renewable energy-based hydrogen production compared to coal-
based hydrogen production in Shanxi.

Dominant reason for construction phase emissions: The core equipment (wind turbines,
photovoltaic modules, PEM electrolyzers) of renewable energy-based hydrogen production projects
in Shanxi is mostly transported from 44} manufacturing bases to local areas. Construction phase
emissions include embodied carbon emissions from the smelting and processing of raw materials for
equipment manufacturing, as well as carbon emissions from long-distance transportation and on-site
construction of equipment. Among these, embodied carbon emissions from equipment
manufacturing are the core and the only major source of carbon emissions for renewable energy-
based hydrogen production in Shanxi.

Root cause of carbon intensity difference between wind power and PHP: The carbon intensity
of PHP is significantly higher than that of WPHP, primarily due to the energy-intensive long-chain
processes of photovoltaic module manufacturing. Processes such as industrial silicon smelting and
polysilicon purification consume large amounts of electricity, and the current green power
substitution rate in photovoltaic module manufacturing is low, resulting in high embodied carbon
emissions. In contrast, wind power equipment manufacturing has a relatively simple process, with
raw materials mainly including steel and composite materials, leading to lower embodied carbon
emissions. This difference is consistent with the current technical status of renewable energy
equipment manufacturing nationwide and is also the comparative advantage of developing WPHP
in Shanxi.

4.1.3. Carbon Mitigation Potential and Regional Mitigation Pathways of Typical Hydrogen
Production Routes in Shanxi

Taking LICGHP with the highest carbon intensity as the benchmark, the per unit hydrogen
carbon mitigation potential and mitigation rate of each hydrogen production route in Shanxi are
shown in Table 4. WPHP has the greatest mitigation potential, COGHP exhibits significant mitigation
benefits as a transitional technology, and PHP has substantial long-term mitigation potential. The
mitigation potential of each route is highly consistent with Shanxi’s resource endowment and
industrial foundation.

Table 4. Carbon mitigation potential comparison of typical hydrogen production routes in Shanxi.

Production Route §LL2CKE”  Rate (%) Maturity
H.) Prospects
hort-
CCGHP 0.67 6.69 High Short-term stock
upgrading
COGHP 6.19 61.78 Medium-High -rort-term to medium-
term transition
WPHP 3.85 38.42 Medium ~ Tiediumsterm fo long:
term leadership
PHP 8.45 84.33 Medium-High Y edium-term to long-

term leadership

Combining the carbon emission structure, driving factors, regional resource endowment, and
industrial foundation of each hydrogen production route in Shanxi, targeted regional hydrogen
production mitigation pathways are proposed to achieve precise positioning of mitigation targets,
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aligning with Shanxi’s dual industrial layout of “coal chemical industry upgrading + renewable
energy development”:

4.1.4. Direct Coal Gasification Hydrogen Production Routes (Large-scale Integrated, Commercial)

The core mitigation target is the capture and storage of high-concentration CO, from industrial
processes (CCS). Leveraging Shanxi’s regional advantages in underground coal gasification and CO,
geological storage, the coupling of coal-based hydrogen production projects with CCS technology is
promoted. Industrial process emissions account for over 50% of total emissions with high CO,
concentration and low capture cost. Equipping with CCS technology can significantly reduce or even
eliminate emissions from this link.

Supplementary mitigation measures: Firstly, adopt advanced gasification technologies (high-
temperature air gasification, oxygen-enriched gasification) to renovate existing coal-based hydrogen
production facilities in Shanxi, improving energy utilization efficiency and reducing fossil fuel
combustion emissions. Secondly, optimize the cascade utilization of thermal energy and tail gas
power generation systems in large-scale integrated projects to increase net electricity output and
further enhance the carbon offset effect. Thirdly, promote the process integration and upgrading of
CCGHP projects to improve energy self-sufficiency and reduce electricity purchases from Shanxi’s
power grid.

4.1.5. COGHP Route

The core mitigation direction is process optimization and green power substitution. Relying on
the agglomeration advantage of Shanxi’s coking industry, the large-scale and integrated
development of COGHP projects is promoted. On one hand, improve PSA purification efficiency and
optimize the resource utilization process of off-gas to reduce industrial process emissions from off-
gas incineration, and promote the coupled utilization of off-gas with the coal chemical and steel
industries. On the other hand, use wind and photovoltaic green power from Datong and Shuozhou
in Shanxi to replace electricity from Shanxi’s power grid, reducing embodied electricity emissions. If
100% green power supply is achieved, the carbon intensity of this route can be further reduced to
2.27 kg COze/kg-H,, with the mitigation rate increased to 77.34%.

4.1.6. Renewable Energy-Based Hydrogen Production Routes (Wind Power, Photovoltaic)

The core mitigation target is the decarbonization of the upstream equipment manufacturing
supply chain and local construction during the construction phase. Combining Shanxi’s equipment
manufacturing industrial foundation, the local and green manufacturing of renewable energy-based
hydrogen production equipment is promoted. Firstly, promote green power substitution in upstream
equipment manufacturing, using wind and photovoltaic green power from Shanxi for steel and
polysilicon smelting and the manufacturing of wind turbines and photovoltaic modules to reduce
embodied carbon emissions of equipment. Secondly, improve equipment efficiency and service life,
develop high-efficiency photovoltaic modules and long-life PEM electrolyzers, extend the project’s
design life, and reduce the amortization ratio of construction phase emissions. Thirdly, promote the
integrated development of renewable energy-based hydrogen production and energy storage to
improve the absorption efficiency of renewable energy in Shanxi and further reduce operation phase
emissions. Fourthly, rely on Shanxi’s coal mining equipment manufacturing foundation to cultivate
local wind power and PHP equipment manufacturing industries, reducing carbon emissions from
long-distance transportation of equipment.

4.1.7. Overall Low-Carbon Development Pathway for the Hydrogen Energy Industry in Shanxi

Combining the carbon intensity, mitigation potential, technology maturity, and regional
resource endowment of each hydrogen production route in Shanxi, a phased overall pathway for the
low-carbon development of the hydrogen energy industry in Shanxi—”short-term transition,
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medium-term transformation, long-term leadership” —is proposed, aligning with the industrial
transformation needs of Shanxi under the “dual carbon” goals:

Short-term (next 5 years): Focus on the large-scale development of COGHP and CCS renovation
of coal-based hydrogen production. Relying on Shanxi’s coking and coal chemical industrial
foundation, promote the efficient utilization of by-product hydrogen resources, conduct CCS
technology demonstrations on LICGHP projects, reduce carbon emissions from coal-based hydrogen
production, and ensure the basic supply of regional hydrogen energy.

Medium-term (5-10 years): Focus on the large-scale demonstration of WPHP and the
technological upgrading of PHP. Relying on renewable energy bases such as Datong and Shuozhou
in Shanxi, construct large-scale WPHP integrated projects, promote green power substitution in
photovoltaic module manufacturing to reduce the carbon intensity of PHP, and simultaneously
promote the full green power supply of COGHP to achieve further low-carbonization of the coal-
based transitional hydrogen production route.

Long-term (more than 10 years): Focus on the industrial leadership of wind power and PHP.
Achieve the large-scale and low-cost development of renewable energy-based hydrogen production,
promote the comprehensive substitution of hydrogen energy in transportation, chemical industry,
power, steel, and other fields in Shanxi, and establish a low-carbon standard system for the entire
green hydrogen industry chain. Promote the full decarbonization of upstream equipment
manufacturing and raw material supply to achieve the deep zero-carbon development of the
hydrogen energy industry in Shanxi.

5. Conclusions

Taking five typical hydrogen production routes in Shanxi as research objects, this study
explicitly defined data sources and accounting methods for the construction phase of renewable
energy-based hydrogen production plants, and systematically analyzed carbon emission
characteristics and mitigation potential based on the LCA method. The core conclusions are as
follows:

Significant differences in carbon intensity exist among hydrogen production routes in Shanxi,
ranked as: LICGHP (10.02 kg CO,e/kg-H,) > CCGHP (9.35 kg CO,e/kg-H,) > PHP (6.17 kg CO,e/kg-
H,) > COGHP (3.83 kg CO,e/kg-H,) > WPHP (1.57 kg CO,e/kg-H,). WPHP is currently the optimal
low-carbon route.

Carbon emission structures show two distinct types: coal-based hydrogen production is
“operation phase-dominated” with industrial process emissions accounting for over 50%, rooted in
the inherent pathway of the water-gas shift reaction; renewable energy-based hydrogen production
is “construction phase-dominated” with over 99% of emissions concentrated in the construction
phase and nearly zero emissions during operation.

COGHP achieves a 61.78% reduction compared to LICGHP, serving as a high-quality
transitional pathway for the transformation of coal-based hydrogen production in Shanxi. The higher
carbon intensity of PHP compared to WPHP is primarily due to the high embodied carbon in
photovoltaic module manufacturing.

Different routes have distinct mitigation targets: direct coal gasification hydrogen production
focuses on CCS technology application; COGHP emphasizes process optimization and green power
substitution; renewable energy-based hydrogen production requires decarbonization of the
equipment supply chain and local construction.

The hydrogen energy industry in Shanxi should follow the phased pathway of “short-term
transition, medium-term transformation, long-term leadership”. In the short term, focus on COGHP
and CCS renovation of coal-based hydrogen production; in the medium term, promote large-scale
demonstrations of renewable energy-based hydrogen production; in the long term, achieve the
industrial leadership of wind power and PHP to support the low-carbon transformation of the
regional hydrogen energy industry.
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The following abbreviations are used in this manuscript:

LCA Life cycle assessment

LICGHP  Large-scale integrated coal gasification hydrogen production
CCGHP Commercial coal gasification hydrogen production

PHP Photovoltaic hydrogen production

COGHP Coke oven gas hydrogen production

WPHP Wind power hydrogen production
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