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Abstract

Under the constraints of the “dual carbon” goals, accurately depicting the full life cycle
carbon footprint of green hydrogen and its derivatives and quantifying the potential for
emission reduction is a prerequisite for hydrogen energy policy and investment decisions.
This paper constructs a unified life cycle model, covering the entire process from “wind
and solar power generation—electrolysis of water to producing hydrogen-synthesis of
methanol/ammonia-terminal transportation”, and includes the manufacturing stage of
key front-end equipment and the negative carbon effect of CO; capture within a single
system boundary, and also presents an empirical analysis. The results show that the full life
cycle carbon emissions of wind power hydrogen production and photovoltaic hydrogen
production are 1.43 kgCO, /kgH, and 3.17 kgCO, /kgH),, respectively, both lower than the
4.9 kg threshold for renewable hydrogen in China. Green hydrogen synthesis of methanol
achieves a net negative emission of —0.83 kgCO,/kgCH3OH, and the emission of green
hydrogen synthesis of ammonia is 0.57 kgCO, /kgNHj3. At the same time, it is predicted
that green hydrogen, green ammonia, and green methanol can contribute approximately
1766, 66.62, and 30 million tons of CO, emission reduction, respectively, by 2060, providing
a quantitative basis for the large-scale layout and policy formulation of the hydrogen
energy industry.

Keywords: green hydrogen; life cycle assessment; carbon footprint; green ammonia;
green methanol

1. Introduction

With the acceleration of the industrialization process, the extensive reliance of hu-
man activities on fossil fuels has given rise to a multitude of severe environmental and
resource challenges [1,2]. The over-exploitation and excessive consumption of fossil fu-
els not only result in the progressive exhaustion of finite resources but also precipitate
a series of ecological crises, including global warming, which seriously imperils human
survival and development [3-5]. In this context, combating climate change and fostering
sustainable development have emerged as a global consensus. Nations around the world
are actively formulating and implementing sustainable development blueprints to seek
effective approaches that enable the coordinated advancement of economic development
and environmental conservation [6,7].

Hydrogen energy, as a highly promising secondary energy carrier, plays a crucial role
in the energy transition due to its unique physical and chemical properties. It effectively
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connects renewable energy sources with end-use sectors, providing key support for the
efficient conversion and utilization of energy [8]. In recent years, with the continuous
development of renewable energy technologies, “green hydrogen” produced through
electrolysis of water using renewable electricity such as wind and solar power has gradually
emerged. As shown in Figure 1, green hydrogen achieves nearly zero carbon emissions
throughout its entire life cycle. This significant advantage makes it a key path for deep
decarbonization in high-carbon emission industries such as power, chemical, transportation,
and construction, providing strong support for achieving global emission reduction targets
and opening up new directions for the optimization and sustainable development of future
energy structures.
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Figure 1. Applications of green hydrogen and its derivatives.

As shown in Figure 1, green hydrogen can be widely applied in high-carbon-emission
sectors such as power, industry, construction, and transportation through direct use or
via the production of ammonia, methanol, etc., thereby significantly reducing carbon
emissions. However, the “green” attribute of green hydrogen and its derivatives (such as
ammonia and methanol) is not inherently guaranteed. Throughout the entire life cycle of
equipment such as wind turbines, photovoltaic modules, electrolyzers, and synthesis units,
there are still substantial hidden carbon emissions. Moreover, factors such as the carbon
intensity of renewable electricity, process configuration, and transportation distance all
have a significant impact on the final carbon footprint of green hydrogen and its derivatives.
Therefore, when all these factors are taken into account, it is worth exploring in-depth
whether green hydrogen still retains its “green” attribute. Based on this, this paper proposes
the need for a quantitative analysis of the full life cycle carbon emissions of green hydrogen
and its derivatives to answer the following key questions:

(1) How much carbon reduction benefit can the green hydrogen route achieve com-
pared to the traditional fossil energy route?

(2) What differences exist in the carbon reduction contribution of green hydrogen pro-
duced from different renewable power sources (such as wind power and photovoltaic power)?

(3) Can the carbon emissions in the production, transportation, and other chain links
of green hydrogen and its derivatives still maintain their green advantages? What is their
specific carbon reduction potential?
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To address these key questions, this paper first constructs a unified accounting
model covering wind power/photovoltaic power hydrogen production and its derivatives.
Based on the latest data from the northwest region of China, which is rich in wind and
solar resources, the full life cycle carbon emissions of green hydrogen and its derivatives
are calculated, and their carbon reduction benefits are quantified.

2. Literature Review
2.1. Definition of “Green” for Green Hydrogen and Its Derivatives

At present, there is no unified standard for defining the “green” attribute of green
hydrogen and its derivatives both domestically and internationally. Different countries
and regions have formulated differentiated definition methods based on their own energy
structures, technological development levels, and policy goals.

2.1.1. Definition of Green Hydrogen

IRENA, in its “Green Hydrogen Policy-Making Guide 2020”, states that green hy-
drogen refers to hydrogen produced using renewable energy. The guide believes that
water electrolysis technology based on renewable electricity is currently the most mature
green hydrogen production technology. Meanwhile, other renewable energy hydrogen
production schemes, such as biomass gasification and pyrolysis, thermochemical water
splitting, photocatalysis, and biomass supercritical water gasification, also have certain
development potentials [9,10]. The European Union has defined the criteria for “renewable
hydrogen” through two authorization acts under the Renewable Energy Directive. The first
act clearly defines three scenarios that can be counted as “renewable hydrogen”: hydrogen
produced by directly connecting renewable energy production facilities with hydrogen
production equipment; hydrogen produced using grid power in regions where the pro-
portion of renewable energy exceeds 90%; and hydrogen produced using grid power in
regions with low carbon dioxide emission limits after signing a renewable energy power
purchase agreement [11,12]. The second act sets a fuel threshold for renewable hydrogen,
stipulating that hydrogen with a carbon dioxide equivalent of less than 3.4 kgCO, /kgH,
can be regarded as renewable. Japan has also set a carbon emission intensity threshold of
less than 3.4 kgCO, /kgH; for “low-carbon hydrogen”. The U.S. Department of Energy
released the “Clean Hydrogen Production Standard Guide”, which states that the methods
for producing “clean hydrogen” include using fossil fuels with carbon capture, utilization,
and storage (CCUS) technology, hydrogen carrier fuels (including ethanol and methanol),
renewable energy, nuclear energy, etc. The threshold for “clean hydrogen” is that the carbon
dioxide-equivalent-produced 1 kg Hj at the production site should not exceed 2 kg, and the
carbon dioxide equivalent throughout the life cycle should not exceed 4 kg/kgH,.

In China, the Hydrogen Energy Alliance released the “Standards and Evaluation
for Low-Carbon Hydrogen, Clean Hydrogen, and Renewable Hydrogen”, classifying
hydrogen based on the carbon emissions per unit of hydrogen. Among them, the threshold
for low-carbon hydrogen is 14.51 kgCO, /kgHj, and the threshold for clean hydrogen and
renewable hydrogen is 4.9 kgCO, /kgH,. Additionally, renewable hydrogen also requires
that the hydrogen production energy must be from renewable energy sources [13].

2.1.2. Definition of Green Methanol

Compared with green hydrogen, the definition of green methanol is more complex.
Currently, there is no clear and unified concept internationally. The green attribute of
methanol mainly depends on the sources of its synthesis of raw materials, namely hydrogen
and carbon dioxide [7]. According to the suggestion of IRENA, methanol can only be
recognized as green methanol when both the sources of hydrogen and carbon dioxide are
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renewable. Specifically, only methanol produced from biomass and direct air capture (DAC)
of carbon dioxide meets the definition of green methanol [14]. The EU, in its supplementary
regulation to the Renewable Energy Directive (RED II), proposed that in the short term,
it would no longer insist that biomass-based methanol and electro-methanol are the only
two ways to produce green methanol. Instead, methanol produced from non-renewable
CO; captured in industrial and thermal power scenarios and included in the EU Emissions
Trading System would also be recognized as green methanol, but it requires that its full life
cycle carbon emissions do not exceed 28.2 gCO,/M]J [15,16].

2.1.3. Definition of Green Ammonia

Regarding the definition of green ammonia, International Renewable Energy Agency
(IRENA) and the Ammonia Energy Association (AEA) jointly released the “Innovation
Outlook: Renewable Ammonia”, which defines “renewable ammonia” as ammonia pro-
duced from hydrogen generated by renewable electricity and nitrogen purified from the
air. All raw materials and energy used in the production of renewable ammonia must be
renewable, but there is no specific regulation on the carbon dioxide equivalent per unit
of green ammonia produced. The International Renewable Hydrogen Coalition updated
the green ammonia standard, stipulating that the greenhouse gas emission intensity of
green ammonia produced from green hydrogen should not exceed 0.3 kgCO,/kgNHs.
Japan’s “Hydrogen Energy Basic Strategy” sets full life cycle carbon emission intensity
targets for the production of hydrogen and ammonia, defining “low-carbon ammonia” as
ammonia with a production chain (including the hydrogen production process) carbon
emission intensity of less than 0.84 kgCO,/kgNHj3. Currently, there is no unified definition
by official institutions or authoritative organizations in China.

2.2. Carbon Emission Accounting Methods and Scope for Green Hydrogen and Its Derivatives

There are various carbon emission accounting methods, each with its own applicable
scenarios and advantages and disadvantages. Common methods include direct measure-
ment, emission factor method, and mass balance method. The direct measurement method
involves installing online monitoring equipment to directly measure the gas concentration
and flow rate of the emission source and then calculate the carbon emissions. This method
has high data accuracy but is costly and is suitable for large, fixed emission sources, such
as the chimneys of thermal power plants [17]. The emission factor method calculates
emissions based on the formula “activity data x emission factor”, where activity data refers
to the amount of activity that generates emissions, such as fuel consumption or product
output, and the emission factor is the carbon emissions per unit of activity. This method is
simple to operate and has a low cost, making it the most widely used accounting method,
and is widely used in enterprise carbon emission reports and national greenhouse gas
inventory compilation [18]. The mass balance method, based on the principle of material
conservation, calculates the carbon emissions by determining the difference between the
input of raw materials and the output of products and by-products in the production
process. It is suitable for industrial processes with clear production processes and material
flows, such as chemical production [17].

However, for the carbon emission accounting of green hydrogen and its derivatives
(such as ammonia, methanol, etc.), considering the complexity of their full life cycle and multi-
stage carbon emissions, the life cycle assessment (LCA) method is the most suitable. LCA is
a scientific method used to assess the environmental impact of a product or service from
cradle to grave, and its calculation scope typically includes key stages such as raw material
acquisition, production, transportation, use, and disposal of the product. The advantage
of the LCA method is that it can comprehensively reflect the carbon emission impact of a
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product or service and is often used in green product certification and supply chain carbon
management scenarios [19]. In practical applications, the scope of the LCA method can be
adjusted according to research purposes and resource constraints. For instance, some studies
may focus on the environmental impact of the production stage, while others may pay
more attention to the use stage or the waste disposal stage. For green hydrogen and its
derivatives, the production process involves multiple steps, including the acquisition of
renewable energy, electrolysis of water to produce hydrogen, and the synthesis of ammonia
or methanol. The carbon emission characteristics of these steps vary significantly, and the
“green” attribute of green hydrogen and its derivatives needs to be evaluated from a full life
cycle perspective.

2.3. Current Status of Carbon Emission Calculation for Green Hydrogen and Its Derivatives

Driven by the “carbon neutrality” goal, a large number of domestic and foreign studies
have adopted LCA to calculate the carbon footprint of hydrogen and its derivatives such
as ammonia and methanol. However, due to the differences in research objects, technical
routes, and system boundaries, the existing conclusions are often difficult to compare
directly. Through a systematic review of representative studies, the research context can be
summarized into the following three aspects.

Firstly, the research object is expanding from “single hydrogen” to “hydrogen-
derivative coupling”. Qin Wenli et al. [20] constructed a full life cycle model of the
electricity—heat-gas—hydrogen network, but the accounting boundary only reached the
“factory gate” of hydrogen; Zheng Lixing et al. [21] compared coal gasification, natural
gas reforming, and renewable electrolysis water hydrogen production and found that the
renewable route had the lowest carbon emissions, but still stopped at the “hydrogen produc-
tion” stage. Kleijne et al. [22] for the first time included hydrogen compression, liquefaction,
and road transportation in the system boundary based on electrolysis water hydrogen
production; Bai Zhang et al. [23] compared hydrogen production from wind and solar
power generation with that from coal, providing a quantitative basis for green hydrogen
to replace traditional coal-based hydrogen, but still did not involve downstream products
such as methanol and ammonia. Overall, studies that place “hydrogen + derivatives” in a
unified framework for chain accounting are still lacking.

Secondly, the technical route is evolving from “static parameters” to “dynamic op-
eration”. Most studies set the efficiency of key equipment such as electrolyzers and fuel
cells as fixed constants to reduce model complexity [20]; Qian Junjie et al. [24] introduced
dynamic efficiency curves to address this deficiency, proving that load fluctuations can
cause a 3% to 7% deviation in annual carbon emissions. However, existing dynamic models
are still limited to the hydrogen stage, and there is a lack of discussion on the dynamic
emissions of derivatives such as methanol and ammonia.

Finally, the system boundary shows “missing at both ends”: one is the absence of
the embodied carbon of front-end equipment. Huang Xiaoyu et al. [25] considered the
upstream emissions of wind turbines and photovoltaic components but did not include the
manufacturing stage of key devices such as electrolyzers, resulting in an underestimation
of 10% to 20% of carbon emissions; the other is the absence of back-end storage and
transportation and carbon sources. Chu et al. [26] did not include the hydrogen storage
and transportation and international trade links when predicting the hydrogen energy
reduction potential of Chinese cities in 2060; the energy consumption and negative carbon
effects of units such as CO, capture and air separation required for green methanol and
green ammonia are often simplified.

In summary, there are still significant gaps in the current research in the three aspects
of “hydrogen-derivative integration, full life cycle, dynamic-negative carbon”: O There is
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a lack of unified accounting for the complete chain of wind and solar power generation-
electrolysis water hydrogen production-synthesis of methanol/ammonia. 2) The embodied
carbon emissions of key equipment (wind turbines, photovoltaic components, electrolyzers,
etc.) are generally ignored. (3) There is no quantitative comparison of the negative carbon
contribution brought by CO, capture and the emission differences in the storage and
transportation stage of derivatives.

Based on this, this paper intends to construct a unified accounting model covering
the full life cycle of “wind and solar power generation-electrolysis hydrogen production-
methanol/ammonia synthesis-product transportation”, and for the first time include the
manufacturing of equipment and the negative carbon effect of CO; capture in the system
boundary, to make up for the deficiencies of existing research and provide a more com-
prehensive basis for the determination of the green attribute and the assessment of the
emission reduction potential of green hydrogen and its derivatives.

3. Models and Data

3.1. Scenario Design for Carbon Emission Accounting of Green Hydrogen and Its Derivatives
3.1.1. Scenario Design for Carbon Emission Accounting of Green Hydrogen

e Hydrogen Production from Wind Power:

With high annual utilization hours (2500-3500 h on land and over 4000 h at sea) and
continuous output capacity at night, wind power can provide relatively stable power
input for electrolyzers [27]. This characteristic is highly consistent with the requirement
of continuous operation of an alkaline electrolyzer (ALK), which can significantly reduce
the start-stop loss of equipment and prolong the system life. Especially in the Three North
areas or offshore areas where wind resources are abundant, large-scale wind farms can be
directly connected to centralized electrolytic plants (such as 50-100 MW) to dilute the cost
through large-scale hydrogen production. Hydrogen production during the low electricity
price period of wind power at night can also realize the inter-time conversion of “electricity-
hydrogen”, effectively improving the wind power consumption rate and economy [28].

e  Hydrogen Production from Photovoltaic Power:

The daytime characteristics of photovoltaic power generation (overlapping with day-
time peak electricity consumption) and its modular architecture make it naturally suited for
distributed hydrogen production scenarios [29]. In regions with excellent solar resources
(annual irradiation > 1600 kWh/m?), the levelized cost of electricity for photovoltaic
power generation has already broken through the 0.2 yuan/kWh threshold. Hydrogen
production using surplus midday electricity can significantly reduce hydrogen produc-
tion costs. Its modular design supports flexible deployment in scenarios such as rooftops
and barren slopes, enabling a closed-loop system of “on-site power generation-hydrogen
production-hydrogen use” in industrial and commercial parks.

3.1.2. Scenario Design for Carbon Emission Accounting of Green Hydrogen Derivatives

e CO; Capture and Green Hydrogen Synthesis of Methanol:

Methanol synthesis requires hydrogen and carbon sources. This path achieves full-
chain decarbonization through “green hydrogen + captured CO,”. Green hydrogen pro-
duced from wind and solar energy replaces traditional natural gas reforming for hydrogen
production, completely eliminating carbon emissions in the hydrogen production pro-
cess. The captured industrial CO, emissions, from industries that have already paid the
corresponding carbon quotas, are used as a carbon source, converting greenhouse gases
into raw materials and forming a closed carbon cycle loop. This combination not only
makes it possible for methanol production to achieve “negative carbon” potential but also
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meets the low-carbon transformation needs of the chemical industry. It not only absorbs
renewable energy electricity but also provides a carbon utilization outlet for industrial pro-
cesses whose emissions are difficult to reduce, achieving both environmental and economic

synergy benefits.
e  Air Separation for Nitrogen Production and Green Hydrogen Synthesis of Ammonia:

The essence of the ammonia synthesis process is the combination of nitrogen and
hydrogen. This design achieves zero carbon emissions through two major innovations.
On the one hand, the air separation unit uses wind and solar power to extract high-purity
nitrogen from the air (accounting for 78%), a mature technology with only electricity-related
carbon emissions [30]. On the other hand, wind and solar power are used to electrolyze
water to produce green hydrogen, replacing traditional fossil fuel-based hydrogen produc-
tion (accounting for over 75% of the carbon emissions in ammonia synthesis), completely
eliminating the carbon footprint of the process [31].

3.2. Determination of the System Boundaries for Carbon Emission Accounting of Green Hydrogen
and Its Derivatives

3.2.1. Determination of the System Boundaries for Carbon Emission Accounting of
Green Hydrogen

e  System Boundaries for Carbon Emission Accounting of Wind Power Hydrogen Production:

The boundary of wind power hydrogen production is “from cradle to gate”.
Wind power hydrogen production is divided into onshore wind power hydrogen pro-
duction and offshore wind power hydrogen production because the current offshore wind
power hydrogen production technology is still relatively immature in China, so this study
takes onshore wind power hydrogen production as an example to analyze the wind power
hydrogen production of the whole life cycle emissions and selects the alkaline water elec-
trolysis hydrogen production system, which is more widely used at present, as the core
equipment for hydrogen production from electrolytic water. The whole life cycle of hydro-
gen production from onshore wind power is divided into four phases: the manufacturing
phase of onshore wind turbine components, the construction phase of onshore wind farms,
the construction phase of the alkaline water electrolysis hydrogen production system,
and the operation and maintenance phase of the alkaline water electrolysis hydrogen
production system, with each phase generating carbon emissions. Among them, the manu-
facturing phase of onshore wind turbine components and the construction phase of onshore
wind farms require a large amount of raw material inputs, and carbon emissions will be
generated during the raw material production process. In the construction phase of the al-
kaline water electrolysis hydrogen production system, raw materials and energy need to be
invested in the electrolyzer, which mainly consists of electrodes and diaphragms, which are
divided into an anode chamber and a cathode chamber separated by the diaphragm,
and a 30-40% KOH solution is usually used as the electrolyte [32]; the production of these
energies and materials will generate carbon emissions. In the operation and maintenance
phase of the alkaline water electrolysis hydrogen production system, in consideration of
materials focusing on the regular maintenance and the energy consumed in the hydrogen
production process, excluding unexpected maintenance and overhauling, the links that use
these energies produce CO,. The specific system boundaries are shown in Figure 2.

e  System Boundaries for Carbon Emission Accounting of Photovoltaic Hydrogen Production:

The boundary of PV (photovoltaic) power hydrogen production is “from cradle to
gate”. Consider emissions from all relevant raw materials in each production stage in
an off-grid scenario, as well as access to energy and utilities (including electricity, steam,
and water), and emissions from the product manufacturing process. Also consider the
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manufacturing and construction processes for fixed assets (PV arrays, electrolyzers, hydro-
gen tanks, converters, compressors, etc.). Equipment construction includes a 50 MWp PV
installation with open grounded modules. PV power generation consists of metallurgical-
grade polysilicon-solar-grade silicon—-Polycrystalline silicon wafer—Solar cell-PV modules
with several links [33]. The specific system boundary is shown in Figure 3.
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3.2.2. Determination of the System Boundary for Carbon Emission Accounting of Green
Hydrogen Derivatives
e Boundary of the carbon emission accounting system for synthetic methanol:
The selection of capturing CO, and green hydrogen for the synthesis of methanol has

a boundary defined as “from gate to consumer”, meaning from production to the consumer.
Specifically, this boundary begins with the capture of high-concentration CO,. This process
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involves capturing CO, from industrial emission sources or the atmosphere, which serves as
one of the key raw materials for methanol synthesis. The captured CO; is then transported
to subsequent stages for chemical reactions. Meanwhile, hydrogen is produced through elec-
trolysis of water based on wind and solar power, ensuring the production of green hydrogen.
The carbon emissions mainly come from the processes within the operational boundaries of
wind power hydrogen production and PV hydrogen production systems. Subsequently, the
captured CO, and the green hydrogen produced by electrolysis of water react in a synthesis
reactor under specific conditions (such as catalysts, appropriate temperature, and pressure)
to generate methanol [34]. During the transportation stage, methanol is transported by dedi-
cated tank trucks, and its safety and transportation efficiency are guaranteed by optimizing
the selection of transportation tools and route planning. This process is also an important
consideration point for overall carbon reduction. Since the equipment for green methanol and
traditional methanol is the same, with only a difference in the raw materials used, the life cycle
carbon emissions of the equipment are not considered in the calculation. The boundary of the
methanol synthesis system is shown in Figure 4.
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e Boundary of the Carbon Emission Accounting System for Ammonia Synthesis:

The selection of air separation for nitrogen production and green hydrogen for am-
monia synthesis has a boundary of “from gate to consumer”. The carbon accounting of
green ammonia begins with the preparation of raw gases. Hydrogen is produced through
electrolysis of water based on wind and solar power, while nitrogen is extracted from the
atmosphere using air separation technology to obtain high-purity nitrogen. The carbon
emissions in this stage mainly come from the electricity consumption of air separation
equipment. Subsequently, the produced green hydrogen and air separation nitrogen
are mixed in a chemical ratio of 3:1, and ammonia synthesis is carried out through the
Haber process at a reaction temperature of 500-600 °C under the action of a catalyst [35,36].
Finally, in the product storage and transportation stage, the synthesized ammonia is com-
pressed and liquefied or cooled according to downstream demand and transported using
dedicated liquid ammonia tankers or gaseous ammonia tankers to ensure the safe and
efficient delivery of the product to end users. The carbon emissions in this stage mainly
come from the diesel consumption of transportation vehicles and the electricity usage
of related storage and transportation facilities. Since the equipment for green hydrogen
ammonia synthesis and traditional ammonia synthesis is the same, with only a difference
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Onshore wind
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Photovoltaic power
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in raw material usage, the life cycle carbon emissions of the equipment are not considered
in the calculation. The boundary of the ammonia synthesis system is shown in Figure 5.
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Although this paper defines wind /solar-to-hydrogen as “cradle-to-gate” and its deriva-
tives as “gate-to-consumer,” the two parts are rigidly linked through the same hydrogen
dataset: the upstream carbon footprint calculated in the “cradle-to-gate” stage is fully car-
ried over to the downstream ammonia/methanol routes without truncating any burdens.
This modular design both aligns with current certification practice that treats hydrogen as
a tradable commodity and allows readers to compare products on a uniform functional
unit (per kg or per MJ) or to merge the modules into a full “cradle-to-grave” boundary in
future work, all without re-aggregating the wind /PV and electrolysis stages.

3.3. Carbon Emission Accounting Parameters for Green Hydrogen and Its Derivatives
3.3.1. Carbon Emission Accounting Parameters for Green Hydrogen

e  Parameters for Hydrogen Production from Wind Power:

The wind farm data used in this study are wind turbine data from the Chifeng wind
farm located in Inner Mongolia, China. The wind farm has an annual grid-connected power
generation of 440 GWh and an annual grid-connected time of 2222 h [37]. Table 1 shows the
list of wind power hydrogen production life cycle data required for the preparation of 1 kg
of hydrogen. Among them, the data used in the Manufacturing Phase of Onshore Wind
Turbine Components comes from Dongfeng Turbine Co., Ltd, Sichuan, China. The data
of the Construction Phase of Onshore Wind Farms comes from Chifeng Wind Farm in
Inner Mongolia, China [37]. The data of the construction phase of the alkaline water
electrolysis hydrogen production system and the operation and maintenance phase of the
alkaline water electrolysis hydrogen production system are derived from QDQ2-1 alkaline
electrolyzer data [32].

Table 1. Data list of each link in wind power hydrogen production.

Stage

List

Onshore Wind Turbine
Component
Manufacturing Phase

Cement: Copper: Glass fiber: Neodymium iron boron:
342 x 103 kg 46 x 105 kg 1.06 x 10~ kg 6 x 107%kg
Iron:
9.99 x 1074 kg

Onshore Wind
Farm Construction Phase

Aluminum: Cast iron: Cement: Iron:
2.09 x 1074 kg 1.6 x 10~* kg 3.67 x 1072 kg 1.37 x 1072 kg
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Table 1. Cont.
Stage List
bug(c:lri}éi?:;tynll'zne' Aluminum: Copper: Graphite:
’ 6.02 x 1074 k 268 x 1073k 5.76 x 1074 k
Alkaline Water Electrolysis 1.07 x 10~* kg x 8 x & x &
Hydrogen Production System Nickel: Potassium hydroxide: Iron: Zirconium oxide:
Construction Phase 2.01 x 1072 kg 1.46 x 1072 kg 1.84 x 107! kg 1.2 x 1073 kg
Electric power:
4.951 x 10! kWh
Alkaline Water Electrolysis
Hydrogen Production Electric power: Water:
System Operation and 0.575 x 10! kWh 1x 1072 m?

Maintenance Phase

e  Parameters for Hydrogen Production from Photovoltaic Power:

The hydrogen load in this study is stable hourly with a daily output of 100 tons, and
the weather data used is from the solar-rich region of Qinghai, China (36° N, 100.5° E);
the functional unit chosen is 1 kg of hydrogen, with the preparation environment being
completely off-grid. The list of the various steps required to prepare 1 kg of hydrogen is
shown in Table 2, which was obtained from real-life cases, references, and sources such
as the China Products Carbon Footprint Factors Database, the Tiangong.earth, and the
Simapro database [33]. More specifically, data for the photovoltaic module fabrication stage
are sourced from Reference [38], data for the photovoltaic power plant construction stage
are sourced from Reference [39], and data for the electrolyzer manufacturing stage and
hydrogen production stage are sourced from Reference [39].

Table 2. Data list of each link in PV hydrogen production.

Stage Data List
Metallurgical Charcoal silica sand Petroleum:
grade silicon 1.7 x 103 kg 2.7 x 1072 kg 5x 1073 kg
Solar grade silicon Lime: Graphite:
& 58 x 1073 kg 54 x 1075 kg

. Sodium hydroxide: Acetic acid: Acrylic acid: Brass:

Polyerystalline 38 x 105 kg 56 x 10 kg 2.8 x 1075 kg 7.45 x 1075 kg
PV Module silicon wafer Steel: Nickel:
Manufacturing Phase 28 x 107 kg 1x10%kg

Nitric acid: Ammonia: Aluminum: Steel:

Solar cell 24 x 107 kg 33x107*kg 54 x 1074 kg 1.56 x 1077 kg
Polystyrene:
4.0722 x 107% kg

PV module Methanol: Aluminum: Copper: Iron:
2.1556 x 1075 kg 1.374 x 1072 kg 1.35 x 103 kg 7.768 x 1072 kg
Concrete: Polypropylene: Zinc coating: Polyethylene:

) 2 %1075 m? 9x 107" kg 312 x 1072 m3 9 x 107 kg
PV System Installation Phase
Polystyrene:
454 x 103 kg
Electrolyzer Manufacturing Phase 41.)6041}75}118]1?11; Sztgezlspiold (;I_C 1t 1122 S;eaega ljtf J?lui?gg'

Electrolyzed Water to Hydrogen Phase

Cooling water:
8.81 x 1072 kg

Potassium hydroxide:

3.7 x 103 kg

3.3.2. Carbon Emission Accounting Parameters for Green Hydrogen Derivatives

e  Parameters for Methanol Synthesis:

In the carbon dioxide capture stage, based on the material balance data of a million-ton
high-concentration (91.62% v/v) CO, capture project, the carbon emission factor per unit of
captured carbon dioxide is calculated. The green hydrogen supply adopts the electrolysis
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water hydrogen production technology driven by PV and wind power. Considering that
the domestic methanol transportation is dominated by road tankers, this study selects a
32-ton rated-load methanol tanker as a typical case to calculate the carbon emission factor
per unit mass of transportation. The material and energy consumption list of each stage is
detailed in Table 3. Taking 91.62% CO; at 1.23 kg as an example to calculate the process,
it is indicated in reference [40] that 703,000 tons of CO, capture requires 864,000 tons of
91.62% CO,. Therefore, approximately 1.23 kg of 91.62% carbon dioxide is needed for each
kilogram of CO,.

Table 3. List of materials for methanol synthesis production and transportation.

Stage Data List
91.62% CO5: Propylene: Eth}slcliﬂfifrll}.md Water:
High-concentration 1.23 kg 3.27 x 102 kg 242 % 10,6' ke 1.19kg
€O, Capture [40] Lubricating oil: Steam: Electricity:
7.25 x 10~ kg 438 x 10~ kg 7.99 x 1072 kWh
Green Hydrogen PV /wind power for green hydrogen:
Production 2.305 x 107! kg
Griggfc};icgr?gczil(ﬁ;ii}zziii;n Captured CO;: Electricity: Steam:
Green Methanol P 109 1011 ' 1.46 kg 1.69 x 10T kg 591 x 10~ kg
Production [40] . . 8
Recirculating water:
7.45 x 10% kg
Diesel feedstock production, diesel
%ﬁiir;;\giiiggl production, diesel use:

1.288 x 107 kg-km ™!

e  Parameters for Ammonia Synthesis:

Compared with the hydrogen production and ammonia synthesis route powered by the
grid, the ammonia synthesis process that uses renewable energy electricity for water elec-
trolysis to produce hydrogen significantly reduces the comprehensive energy consumption
and carbon emissions in the raw material production, raw material transportation, and fuel
production stages. The carbon emissions in the raw material production stage mainly come
from the electricity consumption of air separation for nitrogen production and the hidden
emissions in the green hydrogen preparation process; the carbon emissions in the ammonia
synthesis reaction stage mainly result from the process of electricity consumption.

Ammonia product transportation is carried out in two modes: gaseous ammonia
transportation and liquid ammonia transportation. In gaseous ammonia transportation,
the ammonia gas is compressed to a set pressure by a compressor and then transported
to the terminal by a tanker truck. The compression process mainly consumes electric-
ity, while the transportation process mainly consumes diesel. The diesel consumption
rate of a gaseous ammonia transport vehicle with a rated load of 9000 kg is 0.25 L/km.
In liquid ammonia transportation, the ammonia is liquefied and then transported by a
tanker. The fuel consumption of a liquid ammonia tanker with a rated load of 10,000 kg
is 25 L per 100 km [41]. The data list of ammonia synthesis production and air separation
nitrogen production were derived from the actual operation data of the enterprise. The list
of material and energy input is shown in Table 4.
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Table 4. List of materials for green ammonia production and transportation.
Stage Data List
Air Separation Nitrogen Electricity:
Production 2.5 x 1072 kWh
PV /wind power for
Green Hydrogen Production green hydrogen:
246 x 1071 kg
Green Ammonia Green Hydrogen: Nitrogen: Electricity: Circulating Water:
Synthesis Production 2.305 x 10~ kg 1.1487 kg 1.3986 kWh 7.45 x 10! kg
. Diesel feedstock production, Compression Electricity
Green Gaseous Ammonia . - iesel use: S
Tanker Transportation [39] diesel production, diesel use: Consumption:
P : 2361 x 107 kg-km ™! 1.8 x 10~ kWh
Green Liquid Ammonia Dlesel feedsto?k pro.ductlon,v Liquefaction El'ect1j1c1ty
Tanker Transportation [39] diesel production, diesel use: Consumption:
2.125 x 1073 kg-km ! 6 x 1071 kWh

3.4. Construction of Carbon Emission Accounting Model for Green Hydrogen and
Its Derivative Products

To circumvent the symbol redundancy and cross-ambiguity inherent in conventional
multi-formulation approaches, this paper abstracts the carbon-emission accounting of
wind/PV-to-hydrogen systems and their downstream methanol and ammonia derivatives
into a unified framework. Only the single core expression, a “stage-wise summation,” is
retained: E_total(p,q) =Y.{j € J[{p,q} }E_j, and a binary index (p, q) is introduced to pin
down, in one stroke, “where the electricity comes from and where the hydrogen goes.”
This simplification shrinks the number of equations from more than twenty to exactly
one. Whenever new energy pathways or derivative products are added in the future,
only the set J_{p, q} needs to be expanded with the corresponding stages; the mathemati-
cal form itself remains unchanged. Consequently, model readability and portability are
markedly improved, while multi-scenario comparisons, sensitivity analyses, and future
policy extensions can be accommodated at zero additional algorithmic cost.

3.4.1. Symbols and Indexes

Energy path. WF is wind power generation, and PV is photovoltaic power generation:
p €{WF,PV}

Product pathways. Hj represents hydrogen, MeOH represents methanol, and NHj3
represents ammonia:
qe {HQ, MeOH, NH3}

Life cycle stages can be represented as follows:
jelAp.a}

Among them, J_{p, q} represents the set of stages for each scenario, as shown in Table 5.
The types of materials or energy within stage j can be expressed as follows:

keKj
Table 5. Stages of each scenario set.
Phase Meaning Identifier WE-H, PV-H, -MeOH -NH;3;
Power generation equipment manufacturing M M_WEF M_PV — —
Power plant construction C C_WF C_PV — —
Electrolyzer installation construction E E_alk E_el — —
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Table 5. Cont.
Phase Meaning Identifier WE-H, PV-H, -MeOH -NHj;

Electrolyzer operation and maintenance O O_alk O_el — —
Hydrogen production (reuse) H,_prod — — Vv Vv
High-concentration CO, capture COy_cap — — v —
Air separation nitrogen production ASU — — — Vv

Operation of the synthesis device syn — — MeOH_syn NH3_syn

Product transportation tr — — MeOH_tr NHs_tr

3.4.2. Calculation Methods

Stage carbon emissions:
E_j=Y{k e K j}Q{j k} xEF_{j k}

Total carbon emissions over the life cycle:

E_total(p,q) =Y{j € I{p,q} }Ej

For q €{MeOH,NHj3}, the direct reuse of the hydrogen production stage results

corresponding to the energy path is as follows:

E_{H; prod}(p) = E_total(p, Hp)

Carbon emissions calculation for the methanol scenario:

E_total(p, MeOH) = E_{H,_prod}(p) +E_{CO,_cap} +E_{MeOH_syn} +E_{MeOH_tr}

Carbon emissions calculation for the ammonia scenario:

E_total(p,NH3) = E_{H,_prod}(p) +E_{ASU} +E_{NHj3_syn} +E_{NHj_tr}

3.5. Construction of Carbon Emission Reduction Model for Green Hydrogen and Its Derivative Products

The carbon emission reduction benefit of green hydrogen is defined as the carbon

emissions generated by the equivalent amounts of other types of hydrogen that are replaced

by the consumption of green hydrogen. The calculation formula is as follows:

E't = Qe X EF;(i=1,2)

where E'f; represents the carbon emission reduction benefit of green hydrogen, Qg repre-

sents the consumption of green hydrogen, EF; represents the full life cycle carbon emissions

of PV hydrogen production, and EF, represents the full life cycle carbon emissions of wind

power hydrogen production.

The carbon emission reduction benefit of green ammonia is defined as the carbon

emissions generated by the equivalent amounts of other types of ammonia that are replaced

by the consumption of green ammonia. The calculation formula is as follows:

E’Hp = Quus X EFnms

where E?pp represents the carbon emission reduction benefit of green ammonia, Qs

represents the consumption of green ammonia, and EFNp3 represents the full life cycle

carbon emissions of ammonia synthesis.
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The carbon emission reduction benefit of green methanol is defined as the carbon
emissions generated by the equivalent amounts of other types of methanol that are replaced
by the consumption of green methanol. The calculation formula is as follows:

3
E’n2 = Qcmeon X EFcroon

where E?jy, represents the carbon emission reduction benefit of green methanol, Qcrpop
represents the consumption of green methanol, and EFcpoon represents the full life cycle
carbon emissions of methanol synthesis.

4. Results and Discussion
4.1. Analysis of the Full Life Cycle Carbon Emissions of Green Hydrogen and Its Derivatives
4.1.1. Analysis of the Full Life Cycle Carbon Emissions of Green Hydrogen

e  Hydrogen Production from Wind Power:

This study utilized Simapro Craft to conduct simulation and modeling of the four car-
bon emission models constructed above, and obtained the unit carbon emissions of wind
power hydrogen production. As shown in Figure 6, for the production of 1 kg of hydro-
gen, the carbon emissions in the onshore wind turbine component manufacturing stage are
0.007 kgCO, /kgH,, with cement and steel having a relatively high proportion. The carbon
emissions in the onshore wind farm construction stage are 0.067 kgCO, /kgH>, and the carbon
emissions in the construction stage of the alkaline water electrolysis hydrogen production
system are 1.148 kgCO, /kgHy. The carbon emissions in the operation and maintenance stage
of the alkaline water electrolysis hydrogen production system are 0.208 kgCO, /kgH,.

Onshore wind turbine component Onshore wind
manufacturing phase farm construction phase
Steel Aluminum_
34.4% . 2.5% w7 Foundry iron
. Clinker ° T 04%
Glass fiber /43.5%
13.6% / /
. { i
| /\.\‘l/ \J \
NdFeB —_Copper 48.8% Clinker
4.7% 3.9% 48.2%
Alkaline Water Electrolysis Alkaline Water Electrolysis Hydrogen Production
Hydrogen Production System Construction Phase System Operation and Maintenance Phase
Acrylonitrile-butadiene-styrene B _Aluminum
0.3% P 0.8%
Electrical power _ T Copper
15.6% 1.4%
e *_ Graphite
Zirconium oxide L 0.3%
o, N
0.1% Nickel
! o,
Steel ] ) 43.2% ’
38.1% Potassm(;nzil/ydromde Electrical power
2%
= 100%
o~
= 7 15
5
g E 1.148
2 & 1.0+
EF
7
E g 05}
5 é 0.067 0.208
E g 0.0 0.907 at | L
= Onshore wind Onshore wind Alkaline Water Electrolysis Alkaline Water Electrolysis
@] turbine component farm construction  Hydrogen Production System Hydrogen Production System
manufacturing phase phase Construction Phase Operation and Maintenance Phase

Figure 6. Life cycle carbon emissions of wind power hydrogen production project.

Overall, the construction phase of the alkaline water electrolysis hydrogen production
system construction phase has the highest carbon emissions, followed by the alkaline
water electrolysis hydrogen production system operation and maintenance phase, and the
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onshore wind turbine component manufacturing phase has the least carbon emissions. In
general, the total life cycle carbon emissions of wind power hydrogen production are 1.43
kgCO,/kgH;. The hydrogen production from wind power obtained in the reference is
0.923 kgCO, /kgH,, which is lower than the calculated value in this paper, mainly because
the calculated results will be different due to different accounting methods, accounting
boundaries, and equipment parameters. For example, the electrolytic cell used in the
reference [38] is an alkaline electrolyzer with model FDQ), and the electrolyzer used in this
paper is an alkaline electrolyzer with model QDQ2-1. QDQ2-1 electrolyzer technology is
mature in technology, but it has high nickel content, and the carbon emission of nickel as a
raw material in the whole life cycle is relatively high, so the calculation results are different.

e Hydrogen Production from PV Power:

This study utilized Simapro Craft to conduct simulation and modeling of the four
carbon emission models constructed above, and the results indicated that the full life
cycle carbon emissions of PV hydrogen production were 3.17 kgCO, /kgH,. As shown in
Figure 7, for the production of 1 kg Hj, the carbon emissions during the installation stage
of the PV system were 1.0252 kgCO, /kgH,, with zinc coating and polystyrene having
relatively high proportions. The carbon emissions during the PV module manufacturing
stage were 0.8213 kgCO, /kgH,. The detailed carbon emissions of the five sub-processes in
the PV module manufacturing stage are shown in Figure 8. The carbon emissions during
the electrolyzer manufacturing stage were 1.31482 kgCO, /kgH;. The carbon emissions
during the electrolytic water hydrogen production stage were 0.017 kgCO, /kgH;. Overall,
the electrolyzer manufacturing stage produced the most carbon emissions, followed by the
PV system installation stage and the PV module manufacturing stage, while the electrolytic
water hydrogen production stage had the least carbon emissions. The photovoltaic hydro-
gen production rate of 5 kg CO,/kgHj cited in reference [21] is higher than the calculated
value in this paper. The primary discrepancy lies in the photovoltaic module fabrication
stage, specifically during the metallurgical-grade silicon process, where differing raw ma-
terials result in varying carbon emissions. Similarly, differing processes employed in the
solar-grade silicon preparation also lead to variations in carbon emissions.

Photovoltaic Module
Manufacturing Phase

Electrolyzer
Manufacturing Phase

Metallurgical grade silicon
5.3%
. Solar Grade Silicon Plate rolling Polyethylene
Photovoltaic module 40.6% 20.1%

0,
24.3% \ 24]8 %

Solar cell
o u Reinforeing steel on
1% Polycrystalline silicon wafer 39.2%

34.7%

Photovoltaic System
Installation Phase
Zinc coating polyethylene
6.1% 0%
= Polystyrene
1.7%

S Potassium hydroxid
‘ 5 100%.

Electrolytic Water to
Hydrogen Phase

Polypropylene
0.1%

Carbon emissions
per kg H, produced/(kg:(H,)™")
=

10252 0.8213 1.31482 0.017

(=]

Photovoltaic Module ~ Photovoltaic System Electrolyzer Electrolytic Water to
Manufacturing Phase Installation Phase ~ Manufacturing Phase Hydrogen Phase

Figure 7. Life cycle carbon emissions of PV hydrogen production project.
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Carbon Emission Contribution (kgCO,/kg CH;OH)

Metallurgical grade silicon  Solar grade silicon  Polycrystalline silicon wafers

Charcoal Travertine Acelic acid
Silica sand Caustic soda Acrylic acid
Petroleum Plumbago Nickel
Caustic soda
Steel
Brass ‘
|
Solar cell Photovoltaic module
Aluminum fon
Spandex
Ammmonium nitrate Methanol CH30H
Polystyrene Aluminum
Steel Brass

Figure 8. Life cycle carbon emissions in each stage of PV module manufacturing.

4.1.2. Analysis of the Full Life Cycle Carbon Emissions of Green Hydrogen Derivatives
e  Methanol Synthesis:

This study utilized Simapro Craft to conduct simulation and modeling of the four
carbon emission models constructed above and obtained the unit carbon emissions of
synthetic methanol.

The full life cycle carbon emissions for producing 1 kg of methanol are —0.8318 kgCO,/
kgCH3OH, putting the overall balance at a net-negative level. Transport adds only
0.0048 kg CO,, whereas the synthesis stage itself is negative at —0.8357 kgCO, because the
high-concentration industrial CO, captured in the raw-material step (Figure 9) carries a
credit of —1.54 kg CO,—far above the combined hydrogen, steam, and other inputs—so
the production step is already a net sink. After including the small transport burden,
the cradle-to-gate score stays clearly negative at —0.83 kgCO, /kgCH3;OH.

2.00 Unit : kg/kg CH;OH
1.50
1.00
0.50 0'46_ 0.24 0.18
A 0.00 — 0.00 0.00 0.00 0.00 0.00 0.00
0.00 ! &
Hydrogen i CO2 Electricity Steam Water p » o a
-0.50 : i & o ® 9
2! 178 & ° 5 & L &
i i < R > <
-1.00 ; - s &
l ] o4 &
-1.50 v Y & -1.23
-1.54 &
-2.00
Carbon emissions during the green methanol Carbon emissions during the high-
production stage concentration carbon dioxide capture stage

Figure 9. Carbon emissions in the production process of methanol from green hydrogen.

It should be emphasized that this negative value is conditional: the credit stems from
CO; captured at an industrial source that has already surrendered its allowance under the
national emissions-trading scheme. By routing this “paid-for” CO; into methanol synthesis,
the process delivers a climate benefit that would otherwise require separate carbon-utilization
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or geological-storage measures. Thus, the —0.83 kg CO, is not an intrinsic property of the
methanol molecule but a system-wide net benefit that arises only when (i) the CO, is truly
additional and would otherwise be vented, (ii) the emitter’s compliance liability has been
accounted for, and (iii) all energy use for capture, compression, and transport is included
within the system boundary.

e  Ammonia Synthesis:

This study utilized Simapro Craft to conduct simulation and modeling of the four car-
bon emission models constructed above and obtained the unit carbon emissions of synthetic
ammonia. As shown in Figure 10, the full life cycle carbon emissions of gaseous ammonia
are approximately 0.5733 kgCO, /kgNH3. Among them, the production stage of synthetic
ammonia contributes almost all of the cycle carbon emissions, while the emissions in the
transportation stage account for less than 1%. The high carbon emissions in the production
stage are mainly attributed to the significant hydrogen consumption, which alone emits
0.57 kgCO, /kgNH3. In the transportation stage, there are slight differences in carbon emis-
sions between gaseous and liquid transportation methods. The full life cycle carbon emis-
sions of liquid transportation are 0.5827 kgCO, /kgNHj3, which is 0.009455 kgCO, /kgNH3
higher than that of gaseous transportation. This difference is due to the liquefaction process
required before liquid ammonia transportation, which consumes more electricity than the
compression process of gaseous ammonia.

O Hydrogen O Diesel raw material production, diesel O Diesel raw material production, diesel
O Nitrogen production and use production and use
O Electricity O Compress electricity consumption O Liquefaction consumes electricity

1 21%

0.02% 0-88% 12%

The proportion of carbon emissions from
each link per kilogram of ammonia

Synthetic ammonia Gas-ammonia Liquid ammonia
production stage transportation stage transportation stage

Figure 10. Proportion of carbon emissions in each stage of ammonia synthesis from green hydrogen.

4.2. Analysis of the Green Attributes of Green Hydrogen and Its Derivatives

Regarding the determination of green attributes, there are significant differences among
different countries and institutions in the carbon emission thresholds for green hydrogen and
its derivatives, which directly affects the “green” boundaries of related products. According to
international common practices, the carbon emission threshold for green hydrogen is usually
measured by the full life cycle carbon dioxide equivalent (kgCO, /kgH>), and the calculation
results of this study can be compared horizontally with existing standards.

As shown in Table 6, in terms of hydrogen energy, both the European Union and
Japan have set the carbon emission threshold for green hydrogen at 3.4 kgCO,/kgH,.
The corresponding carbon emission differences for the PV and wind power paths are
0.23 and 1.97 kgCO, /kgH, respectively. This indicates that under the renewable energy
power structure, both are significantly below the threshold and have clear green attributes.
In contrast, the threshold in the United States is set at 4 kgCO,/kgH,, and the carbon
emission difference for the wind power path reaches 2.57 kgCO, /kgH,, providing a wider
safety margin than the EU. In China, the threshold is 4.9 kgCO, /kgH,, with differences of
1.72 kgCO, /kgH; and 3.47 kgCO, /kgH, for the PV and wind power paths, respectively.
From the calculation results, it can be seen that China has currently left a relatively large
compliance space for green hydrogen projects.
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Table 6. Comparison of carbon emissions of green hydrogen/ammonia/methanol with international
standards.

Green hydrogen carbon emissions (unit: kgCO, /kgH>)

Does PV green Does WF green WEF green

Country /Institution C%ifg;ﬁ:;ﬂem hydrogen meet the PV g;eifefz i}r]:izogen hydrogen meet the ~ hydrogen
standard (Yes/No) standard (Yes/No)  difference
European Union 3.4 Yes 0.23 Yes 1.97
Japan 3.4 Yes 0.23 Yes 1.97
United States 4 Yes 0.83 Yes 2.57
China 49 Yes 1.73 Yes 3.47
Green methanol carbon emissions (unit: kgCO, /kgCH3;OH)
. Does green
Country/Institution CO&?;I:;Z?;EM methanol meet the Grecfir; fgl:s;llznd
standard (Yes/No)
European Union 0.64 Yes 1.47

Green ammonia carbon emissions (unit: kgCO, /kgNH3)

Country/Institution

Japan
International Green
Hydrogen
Organization

CO; equivalent Does gaseous Gaseous ammonia Does liquid Liquid
tzhreshol d ammonia meet the difference ammonia meet the ammonia
standard (Yes/No) standard (Yes/No)  difference
0.84 Yes 0.27 Yes 0.26
0.3 (green hydrogen to

green ammonia)

However, from the perspective of engineering economics, renewable power hydrogen
projects both domestically and internationally are difficult to achieve completely off-grid
operation. Off-grid systems require the installation of 30% to 50% energy storage capac-
ity based on the installed capacity to smooth out fluctuations in wind and solar power
and ensure continuous hydrogen supply, which leads to a significant increase in initial
investment and operation and maintenance costs, making the internal rate of return of the
project difficult to meet the investment threshold. Although the grid-connected solution can
reduce the energy storage configuration, the plant’s security load still requires 8% to 12% of
grid power support, reducing the proportion of green electricity and requiring settlement
at industrial electricity prices, significantly diluting the cost advantage per kilowatt-hour.
Comprehensive calculations show that the current fully green power hydrogen production
model is basically infeasible under the financial model, and the demonstration facilities
that have been put into operation generally adopt grid-connected or hybrid power supply
modes, objectively increasing the life cycle carbon emissions of hydrogen.

To assess the impact of grid-supplied electricity on the green-hydrogen attribute, a sen-
sitivity analysis was conducted on grid-carbon intensity. Owing to significant differences
in electrolyzer power consumption—which critically determine the upper tolerance of grid
carbon intensity for maintaining renewable-hydrogen status—the following breakeven
emission factors were derived. When grid electricity substitutes for photovoltaic power in
a constant-load alkaline electrolyzer configuration, the threshold grid intensities are 0.28,
0.36 and 0.49 kg CO, /kWh to satisfy the EU/Japan, US, and Chinese renewable hydrogen
standards, respectively. If wind-generated electricity is replaced by grid power while using
a high-efficiency flexible alkaline stack (=46 kWh/kgH,), the corresponding limits increase
to 0.36, 0.46, and 0.62 kg CO, /kWh. Given China’s current average grid-emission factor of
approximately 0.537 kg CO, /kWh, grid-based hydrogen produced with flexible electrolyz-
ers can still meet the domestic “renewable hydrogen” criterion, whereas export-oriented
projects will require either a lower-carbon grid or a higher penetration of dedicated renew-
able generation to comply with more stringent international benchmarks.



Sustainability 2025, 17, 9077 20 of 25

To break through the above bottlenecks, China has first released a group standard
in the first stage to guide the implementation of “grid-connected renewable hydrogen”
projects, aiming to solve technical bottlenecks such as the coordinated operation of
large-scale alkaline electrolyzers, narrow power regulation range, and slow dynamic re-
sponse. Currently, China is promoting the formulation of the latest national standard
(the “Clean and Low-Carbon Hydrogen Evaluation Standard”), with the new industry
standard benchmarking against the EU standard and planning to set the carbon footprint
of clean hydrogen at 3.86 kgCO, /kgH,, with the aim of quickly aligning with international
standards and promoting the sustainable development of the green hydrogen industry.

Further extending to the green attribute determination of green methanol, the EU
currently uses approximately 0.64 kgCO,/kgCH3OH as the carbon emission threshold
(converted from 28.2 gCO, /M]J), while the calculated difference for green methanol in this
study is 1.47 kgCO, /kgCH30H, which is already below this standard. This indicates that
under the technical path of “renewable carbon + renewable hydrogen”, green methanol
has a relatively large carbon emission space in the usage phase.

In terms of green ammonia, Japan has set its carbon emission threshold at 0.84 kgCO,/
kgNHj3. Calculations show that the carbon emission differences for gaseous ammonia and
liquid ammonia are 0.27 and 0.26 kgCO, /kgNHjs, respectively, indicating that it currently
meets Japan’s carbon emission requirements. It is worth noting that the International
Green Hydrogen Organization (GH;) has proposed a carbon emission threshold for green
ammonia only for the “green hydrogen to green ammonia” process segment, with the
emission threshold being only 0.3 kgCO, /kgNH3.

4.3. Analysis of Carbon Emission Reduction Benefits of Green Hydrogen and Its Derivatives

Based on the data disclosed and predicted in reports such as the “China Energy
Outlook 2060 (2024 Edition)” released by the Research Institute of Sinopec, the current
consumption volume of green hydrogen and its derivatives in China and the consumption
volume trends at key future nodes are shown in Figure 11.

future demand
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& 2000 | ~ 1842
ko I I , ! b 1127
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Figure 11. Forecast of green hydrogen and its derivatives consumption demand at key time nodes.
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It can be seen that the consumption volumes of green hydrogen, green ammonia,
and green methanol in 2024 are at the initial stage, and they will start to grow rapidly from
2030 and continue to increase until 2060. This indicates the maturity of the preparation
technology of green hydrogen and its derivatives, the expansion of the preparation scale,
the increase in preparation projects, and the rapid growth in demand for green hydrogen,
green ammonia, and green methanol at the consumption end.

Based on the future demand for green hydrogen and its derivatives and the full life cycle
carbon emission factors of the three types of products, the carbon emission reduction benefits
of green hydrogen, ammonia, and methanol substitution are further calculated. According
to Sinopec’s China Energy Outlook 2060 (2024 Edition), Yundao Capital’s 2024 China Green
Ammonia Industry Research Report, and international and domestic trends in China’s hydrogen,
ammonia, and methanol industrial structures disclosed by YouNeng Network, it is evident
that green hydrogen in China primarily replaces gray hydrogen (i.e., coal-based and natural
gas-based hydrogen production). Ammonia primarily replaces gray ammonia (coal-based
ammonia), and green methanol primarily replaces natural gas-based methanol. Therefore,
the baseline emission factors for the environmental benefits of green hydrogen, green ammonia,
and green methanol correspond to coal-based hydrogen production [42], natural gas-based
hydrogen production [42], coal-based ammonia production [41], and natural gas-based methanol
production, respectively [43], and it is assumed that half of the green hydrogen is produced
from PV hydrogen production and the other half from wind power hydrogen production.
The specific carbon emission reduction benefits are shown in Figure 12.
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Figure 12. (a) Carbon emission reduction benefits of green hydrogen in future years; (b) carbon
emission reduction benefits of green ammonia and green methanol in future years.

Overall, the carbon emission reduction benefits of green hydrogen, green ammonia,
and green methanol show a significant upward trend over time. The carbon emission
reduction benefit of green hydrogen reaches 1.766 billion tons of CO, in 2060, that of green
ammonia reaches 66.62 million tons of CO;, and that of green methanol reaches 30 million
tons of CO;. Specifically, due to the faster growth trend of green hydrogen consumption
compared to green ammonia and green methanol, its carbon emission reduction benefit
growth rate is faster. Considering that the full life cycle carbon emissions of wind power
hydrogen production are lower than those of PV hydrogen production, the proportion of
wind power hydrogen production may be higher than that of PV hydrogen production in
the future, so the carbon emission reduction benefit of green hydrogen may be even higher.
For green ammonia and green methanol, the main growth in carbon emission reduction
benefits comes after 2045. Due to the complexity and differences in the green ammonia
preparation process, even if they are all coal-based ammonia, their full life cycle carbon
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emissions show significant differences. Therefore, the increase in the carbon emission
reduction benefit of green ammonia in Figure 12 is relatively fast.

5. Conclusions

e  Main Research Findings:

A unified LCA model covering the entire process from “wind and solar power
generation-electrolysis of water to produce hydrogen-synthesis of methanol/ammonia-
product transportation” was established. For the first time, the manufacturing stages of key
equipment such as wind turbines, PV modules, and electrolyzers, as well as the negative
carbon effect of CO, capture, were included in the system boundary.

The calculation results show that the full life cycle carbon emissions of wind
power hydrogen and PV hydrogen are 1.43 kg and 3.17 kgCO,/kgH,, respectively,
both lower than the 4.9 kg threshold for renewable hydrogen in China. The emissions from
green hydrogen in the synthesis of methanol and ammonia are —0.83 kgCO, /kgCH3;OH
and 0.57 kgCO, /kgNH3, respectively.

Based on the demand scenarios in “China Energy Outlook 2060”, green hydrogen,
green ammonia, and green methanol can contribute 1.766 billion tons, 66.62 million tons,
and 30 million tons of CO, reduction, respectively, in 2060, becoming key paths for deep
decarbonization in the chemical, transportation, and metallurgical industries.

e  Policy and Development Recommendations:

In the near term (2025-2030), “negative carbon methanol” should be taken as a break-
through. Relying on the northwest wind and solar bases, build a “wind and solar—green
hydrogen—negative carbon methanol” demonstration project, and control the full life cycle
emissions of green hydrogen within 2.35 kgCO, /kgH,. As soon as possible, include such
projects in the CCER methodology and form a replicable and scalable accounting template.

In the medium term (2030-2040), seize the rapid growth of “low-threshold green
ammonia”. Through dynamic efficiency subsidies, green freight corridors, and “carbon
price difference” trading mechanisms, reduce the emissions of green ammonia to below
0.4 kgCO,/kgNH3, and establish a liquid ammonia intermodal transportation network
from coastal ports to inland chemical parks.

In the long term (2040-2060), build a “wind, solar, hydrogen, ammonia, and methanol”
zero-carbon industrial cluster. In the “Three Norths” region, build gigawatt-level offshore wind
power + hydrogen energy bases, continuously iterate key equipment and materials, and drive
the emissions of green hydrogen down to below 2 kg. At the same time, take advantage of
tariff advantages to build an “Asian green hydrogen, ammonia, and methanol trade circle” to
support the achievement of the domestic 2 billion tons of CO, reduction target in 2060.

e Limitations and Future Research Directions:

In this study, the carbon emissions from the manufacturing stage of equipment such
as synthesis reactors, compressor units, and large storage tanks were not included in the
definition of the boundaries of the ammonia synthesis and methanol synthesis systems.
The main reason is that these devices have a large single-unit scale and a long operating
life of several decades. It is expected that the embodied carbon emissions, when allocated
to each kilogram of ammonia or methanol product, will be extremely low. Moreover, there
is a lack of detailed lists and regionalization factors for equipment of corresponding specifi-
cations in public databases, resulting in insufficient data availability. Although ignoring
these emissions has a limited impact on the overall results at this stage, if a more detailed
LCA calculation is to be conducted in the future, on-site investigations will still be necessary
to obtain information on equipment quality, material composition, and supply chain to
complete this potential emission source. Future research should plan to rely on integrated
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renewable energy demonstration projects to collect on-site construction and operation data
to further reduce model uncertainty.
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