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2 Future environmental impacts of global hydrogen 
productiona 

Abstract 
Low-carbon hydrogen (H2) will likely be essential in achieving climate-neutrality targets by 
2050. This paper assesses the future life-cycle environmental impacts of global 
H2 production considering technical developments, regional feedstock supply, and 
electricity decarbonization. The analysis includes coal gasification, natural gas steam 
methane reforming, biomass gasification, and water electrolysis across 15 world regions 
until 2050. Three scenarios of the International Energy Agency are considered: (1) the 
Stated Policies Scenario (STEPS), (2) the Announced Pledges Scenario (APS) that entails 
aspirational goals in addition to stated policies, and (3) the Net Zero Emissions by 2050 
Scenario (NZE). Results show the global average greenhouse gas (GHG) emissions per kg 
of H2 decrease from 14 kg CO2-eq today to 9–14 kg CO2-eq in 2030 and 2–12 kg CO2-eq in 
2050 (in NZE/STEPS). Fossil fuel-based technologies have a limited potential for 
emissions reduction without carbon capture and storage. At the same time, water 
electrolysis will become less carbon-intensive along with the low-carbon energy 
transition and can become nearly carbon-neutral by 2050. Although global H2 production 
volumes are expected to grow four to eight times by 2050, GHG emissions could already 
peak between 2025 and 2035. However, cumulative GHG emissions between 2020 and 
2050 could reach 39 (APS) to 47 (NZE) Gt CO2-eq. The latter corresponds to almost 12% 
of the remaining carbon budget to meet the 1.5 °C target. This calls for a deeper and faster 
decarbonization of H2 production. This could be achieved by a more rapid increase in 
H2 produced via electrolysis and the additional expansion of renewable electricity. 
Investments in natural gas steam methane reforming with carbon capture and storage, as 
projected by the IEA, seem risky as this could become the major source of GHG emissions 
in the future, unless very high capture rates for CCS are assumed, and create a fossil fuel 
and carbon lock-in. Overall, to minimize climate and other environmental impacts of 
H2 production, a rapid and significant transition from fossil fuels to electrolysis and 
renewables accompanied by technological and material innovation is needed. 

2.1 Introduction 
To limit global temperature increase at the end of this century to 1.5 degrees Celsius (°C) 
compared to pre-industrial times, it is necessary to achieve carbon neutrality in 2050 or 
earlier.2 Hydrogen (H2) can be essential in transitioning to a net-zero energy system,59 
especially in the transport and heavy industry sectors.59, 60 As a result, H2 demand could 
increase six-fold by 2050.59 Currently, H2 is mainly produced as industrial feedstock from 

 
a Published as: Wei, S., R. Sacchi, A. Tukker, S. Suh and B. Steubing (2024). "Future environmental impacts 
of global hydrogen production." Energy & Environmental Science 17(6): 2157-2172. 
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fossil fuels, primarily via coal gasification (CG) and steam reforming of natural gas (NG 
SMR).61 Low-carbon alternatives that could cover the future demand for H2 include water 
electrolysis using low-carbon electricity,62 biomass gasification (BG), and fossil fuels 
coupled with carbon capture and storage (CCS). However, these technologies represent 
less than one percent of the global market today.59, 61 Further, low-carbon H2 technologies 
may have environmental trade-offs that are not yet fully understood.63, 64 

Understanding the environmental impacts of emerging H2 technologies is essential for 
adequately developing a roadmap and identifying an environmentally optimal trajectory 
to deploy H2 technologies. A life-cycle perspective is required to obtain a complete 
picture of the environmental impacts of H2 production. Life-cycle assessment (LCA) is 
suitable for assessing products and services’ environmental performance throughout 
their life-cycle.28 

Several LCA studies on H2 production are available, e.g., Bhandari et al.,16 Siddiqui et al.,17 
Palmer et al.,18 and Bauer et al.19 These studies show that H2 produced from water 
electrolysis powered by renewable electricity, biomass, and fossil fuel coupled with CCS 
leads to a substantial reduction in greenhouse gas (GHG) emissions compared with 
traditional production pathways but are also not free from environmental burdens. 
Considering that clean H2 technology is an emerging solution within the energy landscape, 
several studies used prospective approaches in such LCAs. By incorporating 
expectations about process efficiency improvement, changes in properties of 
electrolyzers such as lifespan and material requirements, and possible decarbonization 
of the electricity mix, the prospective environmental impacts of H2 production were 
assessed for various regions and countries. For example, Valente et al.20 calculated the 
future carbon footprint of H2 produced from NG SMR, BG, and water electrolysis by 
alkaline electrolyzers (AE) powered by grid and wind electricity in 2030 and 2050 in Spain. 
Delpierre et al.21 compared the environmental impacts of wind power-based H2 
production by AE and proton exchange membrane electrolyzers (PEM) in the Netherlands 
in 2019 and 2050. Using a scenario generated by integrated assessment models (IAMs), 
coherently incorporating future dynamics of the energy-economy-land-climate system, 
Lamers et al.22 quantified the environmental impacts of grid-coupled H2 production by 
PEM and solid oxide electrolysis cell (SOEC) technology in the USA from 2020 to 2100. 

Existing studies mainly focus on a limited number of H2 production technologies in a 
single region, hindering a complete understanding of future environmental impacts 
across time and regions of different types of H2 technologies, precisely when and where 
H2 technology improvements and electricity decarbonization will likely occur. This paper 
aims to fill this knowledge gap by conducting a LCA of key H2 production options and 
evaluating LCA results considering future H2 technology improvements and 
developments in energy and other sectors. This assessment returns impacts per kg of H2 
for several environmental indicators across three development scenarios and 15 world 
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regions. This can help guide H2 technology deployment and minimize its environmental 
impacts. 

The main contributions of this paper are as follows: 

(1) The life-cycle environmental impacts of H2 production at the regional and global levels 
are quantified for the first time with a long-term perspective until 2050. This can provide 
valuable insights and decision support for H2 technology developers and policymakers. 

(2) We integrate the H2 production scenarios into prospective LCA databases using the 
premise65 framework and make this fully available online b . This will allow future 
researchers to use our H2 production scenarios directly for prospective LCA studies. 

2.2 Methods and data 

2.2.1 Goal and Scope 

Using attributional LCA, this paper aims to assess the environmental impacts caused by  
key H2 production technologies from 2020 to 2050, using both one kg H2 output and the 
future global H2 demand as functional unit. Adopting a cradle-to-gate scope, a first 
functional unit is defined as one kg of gaseous H2 output delivered at the user at a purity 
greater than 99.8% and 25-30 bar pressure. We further calculate impacts for a second 
functional unit, defined as total global production, according to scenarios further 
elaborated below. 

As shown in Figure 2.1, nine technologies are considered: CG, NG SMR, BG with or 
without CCS, and three variants of water electrolysis (i.e., AE, PEM, and SOEC). We 
consider energy and material efficiency increases for future development and changes in 
these technologies' foreground life cycle inventory (LCI) data (see section Foreground 
data). Next, we model prospective changes in region-specific LCI background data with 
the IAM model REMIND (Regional Model of Investments and Development),66 particularly 
for the energy system, using relevant Shared Socioeconomic Pathway (SSP) scenarios. 
The future production volumes of these H2 technologies until 2050 and associated 
technology shares are based on data from the International Energy Agency (IEA) in 3 
scenarios: the Stated Policies Scenario (STEPS), the Advanced Pledges Scenario (APS), 
and the Net Zero scenario (NZE) (see section H2 market developments until 2050).59, 61, 67-

69 The detailed approach to the LCA is explained in the following sections. 

 
b https://github.com/premise-community-scenarios/hydrogen-prospective-scenarios. 
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Figure 2.1. The LCA model of H2 productionc. In this figure, premise is the model of PRospective EnvironMental Impact 
asSEment.65 IEA = International Energy Agency database and reports.59, 61, 67-69  

2.2.2 Life cycle inventories of H2 production 

Foreground data 

We discern nine technologies for H2 production. We now discuss the unit process data for 
each technology and future changes therein. Data sources, key parameters, and 

 
c Processes of ‘Coal’, ‘Wood chips’, ‘NG SMR’, ‘NG SMR CCS’, ‘BG’, ‘BG CCS’, ‘Stack of AE’, ‘Stack of PEM’, 
‘Stack of SOEC’, ‘Regional H2 market’ and ‘Global H2 market’ have been designed using images from 
Flaticon.com. The icon of CO2 transport and storage is created by dDara from Noun Project. Processes of 
‘Grid electricity’, ‘Fossil CO2’, ‘Biogenic CO2’, ‘BoP of AE’, ‘BoP of PEM’ and ‘BoP of SOEC’ are designed by 
Freepik. Processes of ‘AE’, ‘PEM’ and ‘SOEC’ are designed by Vecteezy.com. The image of ‘Natural gas’ is 
from https://icon-library.com/icon/natural-gas-icon-0.html.html>Natural Gas Icon # 235346. The image of 
‘CG’ and ‘CG CCS’ is from https://icon-library.com/icon/factory-icon-transparent-24.html.html>Factory 
Icon Transparent # 96053. 
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assumed efficiency improvements over time are shown in Table 2.1. All unit process data 
can be found in the SI section S1.1. 

Table 2.1. The overview of LCI source and efficiency improvement of H2 production ways. Net efficiency refers to the 
ratios of the lower heating value of H2 to that of feedstocks or electricity fed into the system. 

a. In NG SMR, the tail gas after H2 separation must be burnt with air and additional natural gas in the reformer furnace. 
When CCS is adopted, the tail gas has less CO2 and a higher heating value. The natural gas demand then decreases. As 
a result, NG SMR CCS has a higher net efficiency than NG SMR.38 The overall energy efficiency of NG SMR CCS, 
considering the electricity consumption of CCS, is lower than that of NG SMR.  
b. The electrical efficiency of water electrolysis is the system's efficiency with all utilities (electronics, pumps, safety 
equipment, infrastructure, etc.) and faradaic losses. For SOEC, electrical efficiency does not include the energy for 
steam generation. 

CG with and without CCS. In the CG route, the pulverized coal is partially oxidized with 
air or oxygen at high temperatures (800-1300 °C) and pressures of 30-70 bar, producing a 
syngas mixture composed of H2, carbon monoxide (CO), carbon dioxide (CO2) and small 
amounts of other gases and particles.33 The raw syngas undergoes a water–gas shift 
reaction (WGSR) to enhance the H2 yield. The overall reaction is shown in Eq. 1. 

2 2 22 2C H O CO H+  +                                                                 (1) 

After syngas scrubbing and H2 separation using pressure swing adsorption (PSA), waste 
gases rich in CO2 but also some H2, and CO can generate electricity to offset the plant's 
energy use or be a co-product of the H2 produced.35 For large sources of CO2 emissions 
like CG, NG SMR, and BG plants, CCS technology is expected to capture their CO2 from 
waste gas by various capture technologies, including physical or chemical absorption 
processes. After compression, captured CO2 is transported by pipeline, ship, rail, or truck 
and injected into deep geological formations such as saline aquifers or depleted oil and 
gas reservoirs.36 It is assumed that the captured CO2 can be sequestered underground 
safely for over 10,000 years so that it does not contribute to climate change.36, 75 The LCI 

H2 production 
technologies 

Acronym of 
H2 
technologies 

Lifespan 
of the H2 
plant 
(Years) 

Net efficiency (lower heating 
value) (%) 

LCI and key 
parameters 
source 2020 2030 2050 

Coal gasification w/o 
CCS CG 30 54.5 54.5 54.5 70, 71, 72 

Coal gasification w/ 
CCS CG CCS 30 51.0 51.0 51.0 73, 71, 37, 65, 72 

Natural gas steam 
reforming w/o CCS 

NG SMR 25 76.6 76.6 76.6 38, 72 

Natural gas steam 
reforming w/ CCS 

NG SMR 
CCS 

25 77.3a 77.3 77.3 38, 37, 65, 72 

Biomass gasification 
w/o CCS 

BG 25 54.3 57.3 64.3 39, 74 

Biomass gasification w/ 
CCS 

BG CCS 25 54.3 57.3 64.3 39, 37, 65, 74 

Water electrolysis by 
alkaline electrolyzers 

AE 20 67.0 68.0 75.0 40, 72 

Water electrolysis by 
proton exchange 
membrane 
electrolyzers 

PEM 20 58.0 66.0 71.0 40, 72 

Water electrolysis by 
solid oxide electrolysis 
cell 

SOEC 20 78.0b 81.0 84.0 40, 72 
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data for CG and CG CCS, including hard coal, electricity, water, and CO2 emissions, is 
from the National Renewable Energy Laboratory (NREL).70, 73 The LCI of infrastructure, 
waste treatment, and ammonia and hydrogen chloride emissions of CG were 
supplemented by data from Wokaun et al.71 In the CG process, 3.18 kWh of electricity is 
produced as a co-product70 and assumed to offset the environmental burdens of 
electricity from the grid using the substitution method.55, 76  

Selexol solvent is used in the carbon capture technology for CG CCS73, and its LCI comes 
from Volkart et al.37 It co-captures CO2 and particulates, but other emissions remain 
unaffected.77 With a capture rate of 90%, the captured CO2 amounts to 20.39 kg per kg H2, 
leaving 2.27 kg CO2 per kg H2 uncaptured.73 The electricity consumption for CO2 capture, 
dehydration, and compression (to 150 bar) is 0.24 kWh per kg CO2.73, 78, 79 The LCI of CO2 
transport and storage and their configurations are from Volkart et al.37 and Sacchi et al.65 
CO2 transport by pipeline was conservatively assumed to be over a distance of 400 km.37 
Saline aquifers are assumed as CO2 storage sites as they have the largest storage 
potential.80 A conservative assumption of CO2 sequestration depth of 3 km is 
considered,81 which is well beyond the 800 meters required to keep the CO2 in a 
supercritical state.82 The same CO2 transportation and storage configuration is applied to 
the NG SMR CCS and BG CCS. 

NG SMR with and without CCS. In NG SMR, methane reacts with steam using a catalyst 
at relatively high temperatures (650-1000 °C) and 5-40 bar pressures to produce CO and 
H2. Like coal gasification, the raw syngas undergoes a WGSR to recover more H2 by 
reacting CO with steam.34 In the WGSR, a high-temperature water-gas shift reactor is 
linked to an additional low-temperature one.38 The overall reaction is represented by Eq. 
2. The excess steam is used for power generation to run the auxiliaries of the plant, and 
the surplus electricity goes to the grid.38 

4 2 2 22 4CH H O CO H+  +                                                                (2) 

There are two sources of CO2 in an SMR plant. One is the oxidation of the carbon in the 
feedstock during reforming and shift, accounting for 60%-72% of the CO2 emissions.38 The 
other is tail gas combustion from PSA after H2 separation, with air and additional natural 
gas in the reformer furnace. These CO2 emissions can, in principle, be captured by a pre-
combustion and a post-combustion CCS plant, respectively. But in NG SMR CCS, in 
practice, only a pre-combustion CCS plant is likely to be used, being the most economical 
option.83 The LCI of NG SMR and NG SMR CCS are from Antonini et al.38 For NG SMR CCS, 
methyl diethanolamine (MDEA) is the solvent used to capture CO2 with a capture rate of 
90% (note that this excludes emissions from the reformer furnace).38 The electricity 
consumption of CO2 capture, dehydration, and compression is 0.18 kWh per kg CO2.38, 78, 

79  
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BG with and without CCS. Like CG, BG consists of steam gasification, gas cleaning, 
WGSR, and H2 separation via PSA.35 It takes place at temperatures of 500-1400 °C and up 
to 33 bar pressures.84 The BG uses an entrained flow gasifier as the gasification 
technology.39 The overall reaction is represented by Eq. 3. Except for mature technologies 
such as CG and NG SMR, other emerging H2 production technologies are expected to 
improve efficiency. With the net efficiency increases, the wood chips input, 
corresponding CO2 emissions, and required demand for CCS decrease. Except for the 5.5% 
of carbon losses during the pretreatment and gas cleanup,39 the rest of the CO2 emissions 
are assumed to be captured with a capture rate of 90% by the MDEA solvent. The LCI of 
the MDEA and water use for the CCS system are not given in Antonini et al.39 and are 
sourced from Hospital-Benito et al.85 The electricity requirement for CO2 capture, 
dehydration, and compression is 0.19 kWh per kg CO2.39, 78, 79 The biogenic CO2 source 
coupled with CCS provides negative emissions.86 For BG with and without CCS, wood 
chips are sourced from sustainably managed forests.39 

2 2 2 4Biomass H O H CO CO CH Tar Char+  + + + + +                                    (3) 

Water electrolysis. Water electrolysis is a promising technology that utilizes low-carbon 
electricity to split water into H2 and oxygen, as represented by Eq. 4.87 Water electrolysis 
can be subdivided into three electrolyzer technology types: AE, PEM, and SOEC. AE 
employing an aqueous potassium hydroxide solution is the most commercially mature 
technology and operates at 60-90 °C.88 PEM offers higher current densities, dynamic 
operation, and compact system design, but is also more expensive than AE and operates 
at lower temperatures of 50-100 °C.88, 89 Commercial rollout of PEM is expected in the next 
ten years at the megawatt-scale.90, 91 SOEC is an emerging technology that is still in the 
research and development stage.92, 93 It operates at high temperatures of 600-900 °C and 
could have the highest electrical efficiency among three main electrolyzers. If the 
required heat can be supplied from another exothermic process, e.g. ammonia 
production, this heat can be used instead of a dedicated heat supply to convert water into 
steam.40  

All electrolyzers consists of stacks in series, where water electrolysis takes place, and a 
balance of plant (BoP). The BoP consists of all the supporting components and auxiliary 
systems, such as gas conditioning units, water and electricity feedstock conditioning 
units, and piping and instrumentation required to operate the electrolyzer.94, 95 

 2 2 22 2H O H O +                                                                   (4) 

We use the initial LCI for water electrolysis, including the stack and BoP production of AE, 
PEM, and SOEC from Gerloff40 and Bareiß et al.41 Nafion, a sulfonated tetrafluoroethylene-
based fluoropolymer-copolymer, is considered as membrane material for the PEM stack. 
It is assumed to be composed entirely of tetrafluoroethylene in Gerloff's research.40 
According to Simons et al.,96 we further decompose 16 kg Nafion required for 1 MW PEM 
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stack into 9.2 kg tetrafluoroethylene and 6.8 kg sulfuric acid. We further complete the LCI 
of the land footprint of electrolyzers, with 135 m2/MW, 105 m2/MW, and 55 m2/MW for AE, 
PEM, and SOEC, respectively,97, 98 which is lacking in the initial LCI. In Gerloff,40 feedstock 
water use per kg H2 was set as 9 kg according to the stoichiometric coefficients. But in 
practice, more feedstock water should be used due to losses, up to 12 kg per kg H2.99 This 
value is used in our inventory. The cooling water demands per kg H2 are 0.088 m3 for AE 
and PEM, and 0.645 m3 for SOEC.40 The electricity input in these three types of water 
electrolysis technologies is adjusted according to their respective efficiencies in 2020, as 
reported by IEA.72 As the electrolyzers’ efficiencies improve, electricity demand for 
producing a unit of H2 reduces. In addition, the delivery purity and pressure of the H2 from 
AE and SOEC are not apparent in Gerloff,40 we further clarify this point in the SI section 
S1.1. 

While in the case of CG/NG SMR/BG, the environmental impacts are driven by fuel 
consumption and their direct emissions, the electrolyzer infrastructure is further 
considered due to its potentially significant impacts. To consider the plant infrastructure 
in the LCI, we first need to relate the cumulative production of H2 over the plant's lifetime 
(assumed to be 20 years40) to the infrastructure requirements. The production amount of 
H2 during a 20-year lifetime can be calculated as Eq. 5: 

1000 8760i i
i

H

C E L CF
P

LHV

    
=                                                      (5) 

where Pi denotes the H2 production amount from water electrolysis technology i (kg); Ci is 
the capacity of the electrolyzer (1 MW); Ei is the efficiency of type i electrolyzer (%); L is 
the lifetime of the water electrolysis plant (20 years); 8760 is the number of hours in one 
year; CFj is the capacity factor, indicating the total load hours in one year (0.95 due to the 
high availability of the grid electricity100); LHVH denotes the lower heating value of per kg 
H2 (120 MJ/kg, equal to 33.3 kWh/kg).  

 As the functional unit is 1 kg H2, we calculate the electrolyzer (1 MW) input and divide it 
by the H2 production amount over 20 years. The lifetime of the stack is generally shorter 
than that of BoP. Multiple stack replacements are required during the operation period of 
the electrolyzer system’s whole lifespan.41 In 2020, three stack replacements are required 
during the 20-year lifetime for AE and PEM, while SOEC needs nine times stack 
replacements.23 As shown in Table 2.2, increasing research and development funding and 
induced production scale-up will lead to an extension of lifetime for stacks.101 Note that 
the values used in this paper are slightly more conservative than those of the Hydrogen 
Analysis Production Models (H2A) developed by NREL.102 
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Table 2.2. The stack lifetime of the different electrolyzer technologies. 

Lifespan (years) 2020 2030 2050 Source 

AE 8.6 10.8 14.3 23 

PEM 6.8 8.6 14.3 23 

Values in the H2A 7 (2015) 10 (2040)  102 

SOEC 2.3 5.7 10 23 

Values in the H2A 4 (2015) 7 (2040)  102 

We also consider likely reductions of material use in the stack production itself due to 
manufacturing process improvements in the future. The changes in specific material 
requirements from 2020 to 2050 are shown in Table 2.3 (see also SI Table S1.20 for an 
example of how these values are included in the LCI data). 

Table 2.3. The material reduction in electrolyzer stack production. 

Materials (kg/MW) 2020 2050 Reference 

AE, steela 20194 8078 40, 41 

PEM, iridium  0.75 0.03 41 

PEM, platinum  0.075 0.02 41 

PEM, titanium  528 35 41 

PEM, Nafion 16 2 41 

PEM, activated carbon 9 4.5 41 

PEM, steel 100 40 41 

SOEC, steel 8976 3590 40, 41 

a. According to Delpierre et al.,21 steel consumption in the electrolyzer stack could decrease. The steel demand 
decrease in stack production of AE and SOE is assumed to be the same as that of PEM: 60% from 2020 to 2050. Although 
the AE is a mature technology, there is a 4,365-13,095 kg steel consumption range for a 1 MW stack by 2050.21, 40 Hence, 
this assumption seems reasonable. 

H2 market developments until 2050 

Current H2 production. Although the global H2 production volumes by technology and 
the H2 production volumes in the 15 IEA regions were available for 2020,61, 67 there was no 
complete disaggregation of H2 production by technology and region. For most regional H2 
markets in 2020, the production amounts for H2 from unabated coal and natural gas are 
collected from the IEA reports,61, 68 while the production amounts of H2 production from 
CCS projects and different types of water electrolysis are obtained from IEA’s Hydrogen 
Production Projects Database.69 However, data gaps for some regions had to be filled 
based on information from other sources. We refer to the detailed description of 
assumptions and data sources in section S1.2 of the SI.  

Future H2 production. For the future, we base our analysis on the STEPS, APS, and NZE 
scenarios for both the expected increase in H2 production volumes and the technologies’ 
market shares. The STEPS scenario considers existing and upcoming policies but does 
not foresee a drastic change in H2 production.103 This scenario corresponds to a global 
mean surface temperature (GMST) rise compared to pre-industrial levels 
of around 2.5 °C  by 2100.67 The APS and NZE scenarios foresee a significant rise in H2 
production. APS is a scenario that assumes that all climate commitments made by 
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governments worldwide, including Nationally Determined Contributions and longer-term 
net zero targets and targets for access to electricity and clean cooking, will be met in full 
and on time.103 This scenario will keep the GMST in 2100 at around 1.7 °C.67 The NZE 
scenario is a normative IEA scenario that shows a pathway for the global energy sector to 
achieve net zero CO2 emissions by 2050. It assumes a higher pace of innovation in new 
and emerging technologies, a greater extent to which citizens are able or willing to change 
behavior, a higher availability of sustainable bioenergy, and a more effective international 
collaboration.103 

Specifically, the global H2 production volume increases from 70 Mt in 2020 to 121 Mt, 263 
Mt, and 528 Mt in 2050 in the STEPS, APS, and NZE scenarios, respectively59, 61, 67 (as shown 
in Figure 2.4) to satisfy the demand for H2 from traditional applications (industry and 
refining) and new uses (transport, buildings, agriculture, power generation, production of 
H2-derived fuels and H2 blending in gas grid).59, 104 In the STEPS scenario, the increase 
stems mainly from conventional technologies, such as CG and NG SMR, as well as water 
electrolysis. There is a shift from conventional technologies to CCS and water electrolysis 
in the APS and NZE scenarios. Bioenergy-based H2 does not play an important role. Its 
production volume is only 1.4 Mt in 2050 in the NZE scenario.59 For this study, we estimate 
the future H2 production mix in 15 IEA regions. We extrapolate the current production mix 
per region, as discussed above, with some adjustments based on IEA and literature data 
to meet the IEA global totals. These calculations and assumptions are provided in section 
S1.2 of the SI. Although REMIND also models the production and use of H2, we do not use 
its projections for two reasons. First, its H2 production volume in 2020 is minimal and not 
in line with actual production (i.e., around 3 Mt). Second, REMIND limits the use of H2 to 
the industry, building, and transport sectors,66 which is not as comprehensive as the IEA 
scenarios. 

Background data 

Prospective LCI databases were used to represent future developments in other critical 
sectors and to avoid a temporal mismatch between foreground and background 
systems.29, 105 Corresponding to the IEA scenarios, three prospective LCI databases 
representing possible future developments in 3 scenarios that combine SSPs and climate 
policies are used (see Table 2.4) based on their consistency in GMST rise by 2100: SSP2-
NDC (~2.5°C warming by 2100), SSP2-PkBudg1150 (1.6-1.8°C warming by 2100) and 
SSP1-PkBudg500 (~1.3 °C warming by 2100). The IAM community developed SSPs to 
describe how global society, demographics, economics, and technology might change 
over the next century.106 In the narrative of the middle-of-the-road scenario (SSP2),106 
socioeconomic factors follow their historical trends with no notable shifts.107 The SSP1 
narrative depicts a world that aims for green growth (sustainable development).106 The 
high energy efficiency and shares of renewable energy make the 1.5°C target more 
credible.108 The ‘NDC’ scenario refers to implementing all emission reductions and other 
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mitigation commitments of the Nationally Determined Contributions under the Paris 
Agreement. ‘PkBudg1150’ and ‘PkBudg500’ are more stringent climate policy scenarios 
that limit cumulative emissions to 1150 Gt and 500 Gt CO2 equivalents for the period 
2020-2100, which is consistent with the GMST rise of 2°C and 1.5°C by 2100.66 

Table 2.4. The matching of scenarios between IEA and REMIND. GMST is the global mean surface temperature. 

IEA67, 103 REMIND66 

Sector Scenario GMST increase by 2100 Sector Scenario 
GMST increase by 

2100 

H2 

STEPS ~2.5 °C 
Global 

Economy 

SSP2-NDC ~2.5 °C 

APS ~1.7 °C SSP2-PkBudg1150 1.6-1.8 °C 

NZE ~1.4 °C SSP1-PkBudg500 ~1.3 °C 

The LCI background databases are derived from a combination of the ecoinvent v3.8 
(system model “Allocation, cut-off by classification”) database109 and the REMIND 
model66 (among the five IAM used for deriving marker scenarios of SSPs106) by using the 
open-source Python library premise v1.5.8.65 In these databases, the electricity sector by 
region is updated. Updating the electricity inventories implies an alignment of regional 
electricity production mixes and efficiencies for several electricity production 
technologies, including CCS technologies and photovoltaic panels.22, 65 To match the 
market data provided by the IEA to the regional disaggregation of the REMIND-based 
prospective LCI background data from premise, a regional correspondence is established 
(the matching of regions and a list of countries associated with these regions can be found 
in section S1.3 in the SI). Process inputs from the same region as the H2 production region 
are paired based on this correspondence, if available, the rest of the world or the global 
level is used otherwise. 

2.2.3 Life cycle impact assessment 

Characterization factors provided by the IPCC’s Fifth Assessment Report are used to 
quantify global warming potentials with a time horizon of 100 years.110 To those we add 
characterization factors for the uptake and release of biogenic CO2 (i.e., -1 and +1, 
respectively) and H2 emissions (i.e., +11), needed to correctly consider negative 
emissions technologies, such as bioenergy with CCS, and H2 leakages, as H2 can act as 
an indirect greenhouse gas.111 15 other environmental indicators are quantified by the 
method of EF v3.0:112 acidification (mol H+-eq), ecotoxicity: freshwater (CTUe), resource 
use: energy carriers (MJ), eutrophication: aquatic freshwater (kg P-eq), eutrophication: 
aquatic marine (kg N-eq), eutrophication: terrestrial  (mol N-eq), human toxicity: cancer 
effects (CTUh), human toxicity: non-cancer effects (CTUh), ionizing radiation: human 
health (kBq U235), land use (dimensionless), resource use: minerals and metals (kg Sb-eq), 
ozone depletion (kg CFC-11-eq), particulate matter (disease incidences), photochemical 
ozone formation (kg NMVOC-eq) and water use (kg world eq. deprived). Life cycle impact 
assessment results are calculated with the Activity Browser.113 The superstructure 
approach114 is used to handle LCA calculations with multiple foreground scenarios and 



19 
 

prospective LCI background databases (representing the different REMIND scenarios 
across time). 

2.3 Results and discussion 

2.3.1 Prospective GHG emissions of H2 production pathways 

Figure 2.2 shows the GHG emissions of various H2 technologies per kg H2 produced in 
China, the USA, and the EU from 2020 to 2030 and 2050. The figure also shows the 
contributions of different processes to the total global warming potential. The GHG 
emissions of CG and NG SMR hardly change and increase somewhat over time in China 
and the USA. One reason for this is that co-produced electricity provides fewer 
substitution benefits in the future due to a largely decarbonized electricity mix. When CG 
is coupled with CCS, the overall GHG emissions reduction in 2020 is 59%, 75%, and 73% 
in China, the USA, and the EU, mainly due to the different regional GHG emissions of coal 
supply. China has higher GHG emissions per unit of H2 produced from CG CCS, 
decreasing from 9.7 kg CO2-eq in 2020 to 7.5 kg CO2-eq in 2050 due to its carbon-intensive 
coal supply, which is mainly induced by the methane emissions in the mine operation. 
NG SMR with CCS roughly halves the GHG emissions across all analyzed years. However, 
it should be noted that GHG emissions of natural gas-based H2 production are sensitive 
to upstream fugitive methane leakage rates.115 For CG and NG SMR, increasing the CO2 
capture rate and reducing the GHG emissions of coal and natural gas supply are likely the 
most promising routes to further decarbonization. 

BG is emphasized among various potential bioenergy-based production routes as it has 
a high technology readiness level and conversion efficiency.116 Assuming sustainably 
managed biomass resources, BG is almost carbon-neutral. A variety of biomass 
feedstocks could be used, e.g., harvested wood products, agricultural residues, and 
other biogenic waste fractions.117 While BG has been modelled from wood chips here, the 
specific environmental impacts can vary for other production routes. The role of 
dedicated energy crops should be examined more critically.118 In the short term, the net 
GHG emissions reduction of BG CCS is limited partially by electricity use. This reduction 
grows with electricity decarbonization but eventually declines with efficiency 
improvements in the BG process (less biomass used to produce one unit of H2). While BG 
with CCS can yield net negative GHG emissions, its role at the global scale is limited by 
competing biomass uses,119 land availability, and forest regeneration rates.120, 121 Further, 
the GHG emissions reduction potential depends on the capture rate and energy 
consumption of carbon capture.77 Even under our conservative assumptions, the GHG 
emissions for transport and storage 1 kg CO2 are minimal (0.02 CO2-eq currently, and 
decreasing with electricity decarbonization). 

For H2 production by water electrolysis, the coal- and natural gas-dominated grid 
electricity currently makes it GHG emissions-intensive. By 2050, significant GHG 
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emissions reduction can be achieved, as high as 98%. This is driven by the 
decarbonization of the electricity system and efficiency improvements. Due to the 
dominance of these two factors, the contribution of lifetime extension and material 
demand decrease of the electrolyzers’ stack to the GHG emissions reduction is minimal 
(less than 1%). The relative contribution of these drivers can be found in the section S1.4 
in SI. Compared to the USA and the EU, China experiences the highest GHG emissions 
reduction for water electrolysis in the future, declining from 45-52 kg CO2-eq/kg H2 in 2020 
to 0.9-2.9 kg CO2-eq/kg H2 in 2050. This is because China currently has the most carbon-
intensive electricity production. Due to the use of bioenergy with CCS in the power sector, 
the GHG emissions of water electrolysis in the USA could even become slightly negative 
in 2050. PEM has the lowest efficiency among the three electrolyzer technologies and has 
the highest GHG emissions per kg of H2 produced. However, with the increasing 
decarbonization of the electricity mix in the future, the differences in GHG emissions 
between AE, PEM, and SOEC become smaller. As we have assumed the heat for SOEC to 
originate from a dedicated heat production, the heat used to produce steam causes 
SOEC to have the highest GHG emissions by 2050. If SOEC was to use waste heat, for 
example, when integrated with ammonia production,122 GHG emissions would further 
decrease. 
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Figure 2.2. Contribution analysis of GHG emissions of one kg H2 production by different technologies in the NZE scenario. 
In this figure, the prefix P stands for the process itself, CG = coal gasification, NG SMR = steam methane reforming of 
natural gas, BG = biomass gasification, CCS = carbon capture and storage AE = alkaline electrolyzer, PEM = proton 
exchange membrane electrolyzer, and SOEC = solid oxide electrolysis cell. In water electrolysis, the coal and natural 
gas supply are part of the electricity component. For CG and NG SMR, the negative GHG emissions can be generated 
by electricity co-produced in the H2 production process when it is assumed to go to the grid. For water electrolysis, the 
expansion of the bioenergy with CCS in the grid electricity can bring negative emissions. 

2.3.2 Prospective environmental impacts of global H2 production 

Decarbonizing global H2 production can lead to co-benefits and trade-offs with other 
impact categories. Figure 2.3 shows the factor change of environmental impacts per kg 
H2 from the global H2 market in 2030 and 2050 in the three scenarios. In the APS and NZE 
scenarios, impacts decrease for the following indicators: particulate matter, ozone 
depletion, and fossil resource depletion. This relates to the energy transition from fossil 
fuels to renewable electricity, implying a lesser use of fossil fuels and decreased 
emissions of ozone-depleting gases and fine particles related to their combustion. In the 



22 
 

APS, particulate matter emissions increase in the near term due to the slower power 
transition compared to NZE. In the NZE scenario, ozone depletion slightly increases in the 
near term due to using a higher share of natural gas-based power and associated 
emissions of Halons.123 Near-term eutrophication, photochemical ozone formation, 
ecotoxicity, and acidification impacts rise due to increased electricity use because of 
water electrolysis. However, these impacts eventually decline as the power mix shifts 
predominantly to renewables with minimal nitrogen oxide and sulfur oxide emissions. The 
increase in human toxicity impacts is tied to the expansion of renewables and the 
associated release of toxic substances in the environment occurring during the extraction 
of metals needed to produce photovoltaic panels (e.g., silver, lead, and nickel).124-126 The 
increase in impact from ionizing radiation is driven by uranium mining as the nuclear 
power supply expands.  

Across all scenarios, water, land, and resource use (minerals and metals) increase, driven 
primarily by the water electrolysis scale-up and corresponding infrastructure 
construction. In addition, the expansion of renewables is responsible for increased land 
and metals use, such as neodymium and dysprosium for wind turbines or tellurium and 
indium for photovoltaic panels.127 Moreover, PEM electrolyzers use platinum and iridium 
as catalysts to produce H2.128 This technology is regarded as the dominant technology in 
the future101 and there may be a considerable demand for water electrolysis in different 
regions. Today, platinum group metals (i.e., platinum, iridium, palladium, ruthenium) are 
concentrated in five countries: South Africa, Russia, the USA, Zimbabwe, and Canada. 
South Africa alone produces around 90% of global platinum and 70% of global iridium 
demand.128, 129 An increase in demand for metals may lead to supply risks, especially for 
rare earth metals.129-131  

Although water use has the most significant increase among the other indicators per kg 
of H2 produced, the overall water use of H2 production is small relative to other sectors, 
such as the fossil fuel energy production and the agricultural sector.132 In the NZE scenario, 
the total amount of water used as feedstock for the global H2 production in 2050 is around 
4 billion m3. This is lower than global water use of fossil fuel energy production in 2021, 19 
billion m3, and far lower than the global agricultural irrigation water use, 1487 billion m3, 
in 2020.133, 134 The selection of the water cooling technology additionally affects water 
consumption.64, 135, 136 In a wet cooling tower, around 1% of water flow evaporates into the 
atmosphere. In a once-through cooling system, the withdrawn water is returned, albeit at 
a higher temperature, potentially affecting aquatic ecosystems.137 While water use at the 
global scale should not be a limiting factor for electrolysis, availability could be a limiting 
factor in specific regions. In locations near the sea, using seawater directly or via 
desalination could be an alternative to using freshwater.132, 138  

It should be pointed out that most of the data used in this study (including the scenario 
data from REMIND and the IEA) was developed with a perspective on GHG emissions. This 
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means that data for impact categories not directly linked to climate change and the 
energy transition should not be over-interpreted. For example, technological 
advancements and environmental improvement measures in metal mining or water 
management that could reduce impacts in other categories, such as human toxicity or 
water use, are not accounted for. Our findings for other impact categories could thus be 
overestimations and should rather be seen in the light of highlighting areas for potential 
improvements. 

 
Figure 2.3. The factor change of future environmental impacts of one kg H2 in the global H2 market in 2030 and 2050 
relative to 2020 in the STEPS, APS, and NZE scenarios. Impact categories excluding climate change are from EF v3.0 
method. These values are the weighted average values of different regions. Positive and negative values represent that 
the environmental impacts will increase and decrease many times in the future compared with 2020. Refer to the Table 
S1.29-S1.44 in SI for global and regional absolute values. 

2.3.3 Prospective GHG emissions at regional and global levels 

Global annual production volumes of H2 increase from about 70 Mt per year in 2020 to 
121, 263, and 528 Mt in 2050 in the STEPS, APS, and NZE scenarios, respectively (Figure 
2.4). This corresponds to an increase by a factor 1.7, 3.8, and 7.5. Global GHG emissions 
of H2 production are expected to first increase in all scenarios, but then to reduce again 
in the APS and NZE scenarios, reaching similar emission levels as in 2020, despite much 
higher H2 production volumes. In the STEPS scenario there is hardly any change in the 
technology mix and emissions are dominated by unabated fossil fuel-based H2 
production. In the APS and NZE scenarios CG and NG SMR without CCS decrease and 
there is a substantial increase of H2 production via water electrolysis (167 Mt and 321 Mt 
by 2050) and NG SMR CCS (55 Mt and 190 Mt by 2050). While GHG emissions from water 
electrolysis strongly decrease with the increasing share of renewable power in the 
electricity mix, the emissions from fossil fuel-based H2 production are not decarbonized 



24 
 

to the same extent. In the NZE scenario, it is expected that after 2040, most H2 production 
GHG emissions will come from NG SMR CCS. By 2050, annual GHG emissions from NG 
SMR CCS are projected to be 0.92 Gt, making up 77% of all H2 production related GHG 
emissions. A further reduction of NG SMR CCS related emissions may be possible if 
higher CO2 capture rates and lower energy consumption can be achieved.139, 140 

 
Figure 2.4. In three scenarios, the global H2 production and annual GHG emissions by region and technology from 2020 
to 2050. a and b show the H2 production volumes and annual GHG emissions in 15 regions. c and d show H2 production 
volumes and annual GHG emissions of nine technologies. CG=coal gasification, NG SMR = steam methane reforming 
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of natural gas, BG = biomass gasification, CCS = carbon capture and storage, AE = alkaline electrolyzer, PEM = proton 
exchange membrane electrolyzer, and SOEC = solid oxide electrolysis cell. The water electrolysis is coupled with grid 
electricity. Although BG CCS has negative emissions, its final contrition is very small because of its limited adoption. 

Across all scenarios, China, the USA, India, the Middle East, and the EU are the key 
producing regions of H2, accounting for roughly 70% of the global aggregated H2 
production volume. China will likely remain the largest producer of H2, increasing H2 
production from 20 Mt in 2020 to 30-114 Mt in 2050. Currently, most H2 in China is 
produced from CG, resulting in a high GHG emissions of 19.1 kg CO2-eq per kg H2 
produced in 2020 (Figure 2.5). This is not expected to change substantially in the STEPS 
scenario. In the APS and NZE scenarios, GHG emissions per kg of H2 reduce to 5.2 and 2.4 
kg CO2-eq, respectively, due to a shift towards NG SMR CCS and water electrolysis. This 
leads to a reduction of China’s annual GHG emissions from H2 production in 2050 in the 
APS and NZE scenarios of 0.30 Gt and 0.27 Gt, respectively, compared to 0.39 Gt in 2020.  

The USA and the EU are expected to increase their H2 production from 10 Mt and 5 Mt in 
2020 to 16-96 Mt and 5-44 Mt in 2050, respectively. Currently, their H2 production is mostly 
done via NG SMR, resulting in 10.4 and 11.4 kg CO2-eq per kg of H2, respectively. These 
numbers improve to 8.8, 3.4, and 2.4 kg CO2-eq in the USA and 9.9, 3.6, and 2.7 kg CO2-
eq in the EU for the STEPS, APS and NZE scenarios. The larger improvement in the APS 
and NZE scenarios is driven by the transition to water electrolysis and NG SMR. Compared 
to 2020 levels (0.10 Gt for the USA and 0.05 Gt for the EU), annual GHG emissions in 2050 
increase to 0.16 Gt and 0.23 Gt in the USA and 0.08 Gt  and 0.12 Gt in the EU, in the APS 
and NZE scenarios, respectively. 

 
Figure 2.5. GHG emissions of one kg H2 of regional markets in 2020 and 2050. a shows GHG emissions of per kg H2 from 
15 regional H2 market, as well as market share of different H2 technologies in China, USA and EU in 2020. b-d show 
these values in 2050 in three scenarios. In the legend of H2 production mix, CG=coal gasification, NG SMR = steam 
methane reforming of natural, BG = biomass gasification, CCS = carbon capture and storage, AE = alkaline electrolyzer, 
PEM = proton exchange membrane electrolyzer and SOEC = solid oxide electrolysis cell. There is no data for the 
Antarctic. 
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2.3.4 Cumulative climate change impacts of H2 production in the future 

To understand the impact of H2 production at a large scale on the global carbon budget, 
we quantify the cumulative GHG emissions of H2 production from 2020 to 2050.141 Figure 
2.6 shows that in 2020, H2 production emitted 0.95 Gt GHG globally. Between 2020 and 
2050, cumulative GHG emissions from H2 production are projected at 40 Gt (STEPS), 39 
Gt (APS), and 47 Gt (NZE). Despite APS producing four times more H2 by 2050 than 2020, 
its emissions are slightly lower than STEPS. The NZE scenario sees a 16% emissions 
increase compared to the STEPS, but also octuples H2 production.  

Research has shown that the remaining carbon budget for limiting global warming to 
1.5°C with 67% certainty between 2020 and 2050 is about 400 (± 220) Gt CO2-eq.142 Taking 
400 Gt as a basis, the 47 Gt CO2-eq of the NZE scenario amount to 12% of the residual 
carbon budget (see section S1.4 in SI for regional contributions). This is a very large figure 
and a faster decarbonization would certainly be desirable.  

In the NZE scenario, CG (with and without CCS) contributes 9 Gt (1 Gt and 8 Gt), NG SMR 
(with and without CCS) contributes 25 Gt (15 Gt and 10 Gt), and water electrolysis 
contributes to 13 Gt CO2-eq. One way to decarbonize faster, would be to power 
electrolysis to a higher extent by renewables. In our study we have assumed that water 
electrolysis technologies is powered by average grid electricity. If all electrolysis-based 
H2 production was powered entirely by onshore wind energy, global GHG emissions from 
H2 production between 2020 and 2050 would be reduced by 2.2%, 9.5%, and 17.9% in the 
STEPS, APS, and NZE scenarios, respectively (see the SI section S1.4 for more details). 
This would save about 8 Gt GHG emissions in the NZE scenario. If NG SMR CCS was to be 
replaced with water electrolysis powered by 100% onshore wind, the overall GHG 
emissions in the NZE scenario between 2020 and 2050 could be reduced by as much as 
12 Gt (26.5)%. Together, although somewhat hypothetical, the transition to fully 
renewable-powered water electrolysis and replacement of NG SMR CCS by the latter 
could save up to 20 Gt CO2-eq emissions and reduce the cumulative emissions in the NZE 
scenario by 44.4%. 

This analysis shows the tremendous importance of this sector and the need to achieve 
further GHG emission reductions, if possible beyond that of the NZE scenario. While there 
is not only one solution, our study shows that an effective way of realizing further 
reductions would be the further replacement of fossil-based technologies (e.g. NG SMR 
CCS) by water electrolysis with renewable electricity. Our sensitivity analysis does not 
consider additional infrastructure requirements for storing electricity and H2 and does not 
consider possible inefficiencies of off-grid insular solutions that might be required to 
supply H2 from renewable electricity only. However, the GHG emissions reduction 
potential from dedicated renewables depends on our ability to develop the additionality, 
i.e. the dedicated renewable power generation capacity for H2 production,143, 144 faster 



27 
 

than projected. It is worth noting that increasing H2 production from electrolysis and 
renewable electricity implies significant investment. For example, to produce more than 
3 Mt of clean H2 per year by 2030, the U.S. Department of Energy has announced $7 billion 
to support seven regional clean H2 hubs, which is to be met by private sector investments 
of $40 billion.145 Thus, without significant investments by public and private stakeholders, 
H2 production may not develop as fast as desired. 

 
Figure 2.6. The cumulative GHG emissions of global H2 production from 2020 to 2050 in three scenarios. 

2.4 Conclusions 
In this work, we systematically assess the environmental impacts of future H2 production 
technologies until 2050 at the regional and global levels. The assessment includes 
important drivers of impacts, such as electricity decarbonization, efficiency 
improvements, advancements in electrolyzer technology, the use of CCS, and changes in 
the H2 production mix. The IEA scenarios reflect possible consequences of current policy 
settings (STEPS), realizing all climate commitments in addition to already implemented 
policy (APS) and achieving net zero CO2 emissions by 2050 (NZE). Our results can inform 
policy makers on the potential magnitude of future environmental impacts related to an 
increasing H2 production and options to reduce them further. Our study also provides 
GHG emission intensities (and the underlying LCI data) of current and future H2 
production technologies that can be used to assess the GHG emissions mitigation 
potential of H2 in different sectors. Our main conclusions are the following: 

H2 production needs to shift away from fossil fuels. Water electrolysis will have the 
steepest decrease in GHG emissions per kg H2 output between 2020 and 2050, mainly 
driven by electricity decarbonization and efficiency improvements. Despite variations 
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across regions (i.e., China, USA, and EU) due to different renewables deployment 
strategies, emissions reduce to almost zero in 2050 in the NZE scenario, regardless of the 
electrolyzer type. In contrast, traditional H2 pathways (i.e., CG and NG SMR) have much 
higher GHG emissions per kg H2 produced. Even with CCS GHG emissions are 
considerably higher. In fact, in all analyzed scenarios fossil fuel technologies still 
dominate climate change impacts by 2050. The investment into additional NG SMR CCS 
capacities seem questionable from a GHG perspective, as shown in the NZE scenario, 
and could create a risky fossil fuel lock-in.146 This conclusion is unlikely to change, unless 
very high capture rates in CCS can be achieved. Given that there is also uncertainty about 
whether CCS can be deployed at the required scale and locations,147 a shift towards more 
electrolysis and renewable electricity seems to be a safer, more climate friendly and 
future-proof option.  

H2 production related GHG emissions need to be further minimized and avoid the 
carbon lock-in risk from CCS. Although the development of a H2 economy is being 
promoted with the aim to reduce GHG emissions in different sectors,4 our analysis shows 
that in the NZE scenario the production of H2 alone could consume up to 2050 as much 
as 12% (47 Gt CO2-eq) of the remaining carbon budget to meet the 1.5°C target. This is a 
staggering quantity of GHG emissions and calls for a faster decarbonization than 
projected in the analyzed scenarios. This is largely due to NG SMR CCS. CCS only can be 
expected to have an overall capturing efficiency of 64% for NG SMR. Therefore, NG SMR 
CCS is almost fully responsible for of the 1 Gt CO2-eq per year emitted by 2050 for H2 
production. Since the CCS infrastructure is being build up from 2020 and likely will have 
a significant remaining technical life time, this will lock in additional carbon emissions at 
this level for years if not decades after 2050. As discussed, the most promising route 
seems a more rapid transition to electrolysis based H2 production from renewable 
electricity, which could reduce cumulative GHG emissions by 2050 to 27 Gt (6.8% of the 
remaining carbon budget). This would, however, require a faster expansion of renewable 
electricity generation capacities as assumed in our scenarios.  

Environmental trade-offs should be further examined and minimized. As CCS and 
water electrolysis rely increasingly on low-carbon electricity, there are likely co-benefits 
with other indicators such as particulate matter formation, ozone depletion, and fossil 
resource depletion. Concomitantly, other indicators could worsen, such as water use, 
land use,  resource extraction and human toxicity. This is mainly due to the scale-up of 
water electrolysis and the use of renewable electricity. While electrolysis will require 
considerable amounts of water at the global scale, these amounts are small compared to 
the global use of water for agriculture. However, for certain regions with high water stress, 
its feasibility should be critically examined.148 Electrolyzers and renewables will require 
substantial quantities of metals, however, it has also been shown that the energy 
transition may substantially reduce the overall mining activity.126 As rare earth metals 
required by PEM are concentrated in specific countries, the supply risk of these metals in 
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some regions should be carefully assessed before promoting this technology. Toxicity and 
other environmental impacts related to mining and metal production can also be reduced 
through improved technologies and better management,149, 150 which has not been 
considered here. Further assessments of specific H2 production technologies and related 
environmental impacts should be conducted to anticipate and minimize undesired trade-
offs locally and at the global scale.  

Further research needs. The leading H2 technologies considered by the IEA are assessed 
in this paper. In addition, the environmental impacts of other promising technologies, 
such as photocatalytic water splitting,151, 152 should be further assessed. Further research 
should be done to assess the potential GHG mitigation effects of using H2 in hard-to-
abate sectors (like cement, iron and steel and heavy transport, etc.) and related 
environmental benefits or trade-offs at the global scale.4 The future scenarios for the H2 
production and unit process data presented here may serve as a basis for such analyses. 

Abbreviations 
AE Alkaline electrolyzers 
APS Advanced Pledges Scenario 
BG Biomass gasification 
BG CCS Biomass gasification with carbon capture and storage 
BoP Balance of plant 
CCS Carbon capture and storage 
CG Coal gasification 
CG CCS Coal gasification with carbon capture and storage 
CO Carbon monoxide 
CO2 Carbon dioxide 
GHG Greenhouse gas 
H2 Hydrogen  
H2A Hydrogen Analysis Production Models 
IAM Integrated assessment model 
IEA International Energy Agency 
IPCC Intergovernmental Panel on Climate Change 
LCA Life-cycle assessment 
LCI Life cycle inventory 
MDEA Methyl diethanolamine 
NG SMR Steam reforming of natural gas 
NG SMR CCS Steam reforming of natural gas with carbon capture and storage 
NZE Net Zero scenario 
PEM Proton exchange membrane electrolyzers 
PSA Pressure swing adsorption 
REMIND Regional Model of Investments and Development 
SOEC Solid oxide electrolysis cell 
SSP Shared Socioeconomic Pathway 
STEPS Stated Policies Scenario 
WGSR Water–gas shift reaction 


