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SCIENCE FOR SOCIETY Decarbonizing buildings, heating in particular, is one of the major challenges so-
ciety needs to address in order to meet the climate targets. Policy makers are tasked with developing a
framework to facilitate decarbonization of buildings and require evidence to inform what this should look
like. There are several potential technologies available to replace fossil-fuel heating systems, one of which
is hydrogen. This meta-review assesses the independent scientific evidence on the viability of heating with
hydrogen and concludes that at best hydrogen will play a niche role for heating buildings. The findings sug-
gest that future policies should focus primarily on tried and tested technologies such as heat pumps and
district heating while maintaining a focus on improving energy efficiency of buildings.
SUMMARY
In the context of achieving net zero climate targets, heating poses a significant decarbonization challenge,
with buildings contributing substantially to global energy consumption and carbon emissions. While
enhancing energy efficiency in building fabric can reduce emissions, complete elimination is not feasible
while relying on fossil-fuel-based heating systems. Hydrogen has been suggested for decarbonizing build-
ings in recent years as a potential solution for replacing fossil-fuel heating. This paper carries out a meta-re-
view of 54 independent studies to assess the scientific evidence for using hydrogen for heating buildings. The
analysis concludes that the scientific evidence does not support a major role for hydrogen in cost-optimal
decarbonization pathways being associated with higher energy system and consumer costs. Electrification
and district heating are deemed preferable due to higher efficiency and lower costs in themajority of analyzed
studies.
INTRODUCTION

Heating remains one of the most critical decarbonization chal-

lenges in the context of net zero climate targets. Buildings

contribute 30% of total global final energy consumption and

26% of global carbon emissions related to energy.1

The initial and apparent strategy to reduce carbon emissions

from buildings involves reducing the heating demand of build-

ings, primarily accomplished through energy efficiency mea-

sures, such as enhancing insulation in building fabric. While

this can decrease emissions associated with heating, complete

elimination is not attainable as long as the heating system relies

on fossil fuels.2

This is why net zero scenarios also involve the decarbonization

of the heat supply to buildings, such as transitioning from a fossil

gas boiler to a heat pump powered by zero carbon electricity,

low carbon district heating, or using low or zero carbon gases.

This approach allows for the complete elimination of heating-

related emissions, irrespective of whether a building has signifi-

cantly reduced its heat demand through fabric insulation mea-
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sures, although more efficient buildings have multiple energy

system benefits especially in pathways with a large share of

electrification.3,4

In this context, green hydrogen produced from electrolysis us-

ing renewable electricity as well as blue hydrogen from steam

methane reforming with carbon capture and storage has been

proposed as a drop-in solution for decarbonizing buildings

currently using fossil gas,5,6 often by gas network operators7

and heating system manufacturers.8

In order to assess the scientific evidence base regarding the

use of hydrogen for heating buildings at scale, a meta-review

of existing studies was carried out in 2022 showing that all 32 in-

dependent studies identified concluded that the future role for

hydrogen would be limited given the lower efficiency, higher

costs and larger environmental impacts.9

Since then, an additional 22 studies have been published.

This updated meta-review includes those new studies and

also provides more detailed analysis of studies carried out.

Similar to the first meta-review ‘‘independent’’ was defined

as analysis ‘‘not carried out by or on behalf of a specific
Sustainability 1, 100010, January 26, 2024 ª 2023 The Author(s). 1
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Figure 1. Energy flow diagram for blue

hydrogen heating
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industry (e.g., gas, oil, electricity, heat pumps, boiler manufac-

turers)’’. The updated meta-review now encompasses a total

of 54 studies conducted at international, regional, national,

state, and city levels by various organizations, including uni-

versities, research institutes, intergovernmental bodies such

as the IPCC and the IEA, and consulting firms. Studies funded

by industries have been omitted, as these studies are typically

conducted to advocate positions aligned with the vested inter-

ests of industry groups. This does not imply the absence of

rigorous analyses funded by industry. However, for the scope

of this meta-review focusing on independent evidence, such

industry-funded analyses have been omitted to avoid bias.

Overall, this updated meta-review confirms the findings of the

2022 meta review: the scientific evidence does not suggest a

major role for hydrogen for heating in cost-optimal pathways

and indicates higher system and consumer costs. Alternative

pathways such as electrification and district heating are found

to be preferrable by the vast majority of studies analyzed due

to their higher efficiency and resulting lower costs.

A variety of modeling approaches are being used to assess

different heating pathways.

(1) Consumer cost modeling: consumer cost modeling is

concerned with the final cost to the end-user (measured

for example through dollars/kilowatthour of heat delivered

for different technologies). Modeling focused on energy

technologies typically consider the costs of the energy
2 Cell Reports Sustainability 1, 100010, January 26, 2024
carrier being used (e.g., fossil fuels,

hydrogen, electricity), the capital cost

of the heating system, maintenance

costs, and the technical lifetime of the

equipment.10 More sophisticated con-

sumer cost modeling also models en-

ergy system costs further upstream

(for example grid expansion in the elec-

tricity sector) and builds this into con-

sumer prices.
(2) Whole energy system modeling: this approach tran-

scends traditional sectoral boundaries. Unlike conven-

tional models that isolate sectors, these models provide

a unified view, acknowledging the dynamic feedback

loops and dependencies shaping the modern energy sys-

tem. By accounting for the interplay of electricity, heat,

and transportation, these models facilitate a nuanced un-

derstanding of cross-sectoral effects and the potential for

integrated solutions. It allows for the comparison of

different technology pathways in terms of costs but also

other non-monetary parameters.11,12.

(3) Cost-optimization models: the integration of cost-optimi-

zation principles within whole energy system models al-

lows for identifying the least-cost pathway for achieving

a specific goal such as a predetermined reduction of car-

bon emissions from heating.13 The output typically com-

prises a mix of technologies and infrastructure compliant

with the least-cost pathway.

In order to assess the technical, economic, and environmental

impacts of heating with hydrogen compared to alternatives

studies typically consider the energy supply chain, encompass-

ing the entire journey from the primary energy input to the supply

system and finally to the end-users of heat. In the case of blue

hydrogen systems (based on steam methane reforming using

fossil gas and carbon capture and storage), the delineation of

the systemboundary spans from fossil gas fields to the hydrogen
Figure 2. Energy flow diagram for green

hydrogen heating



Figure 3. Energy flow diagram for a heat

pump
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boiler. For renewable energy systems, the system boundary ex-

tends from power generation assets to hydrogen boilers or heat

pumps. It is useful to sketch out the energy supply chain related

to different heating system technologies, and below this is done

in an illustrative fashion. The numbers used are not representa-

tive of the studies analyzed in this paper, do not represent spe-

cific units, and only serve for illustrative purposes.

Making the same assumptions as Gudmundsson and

Thorsen,14 Figure 1 depicts the energy flow diagram for heating

with blue hydrogen.

d Fossil gas is extracted with 4% leakage and processed at

94% efficiency with carbon capture, utilization, and stor-

age (CCUS) to standard fossil gas qualities at the gas

reservoir.

d Processed fossil gas is then transported to the periphery of

an urban center through a transmission system with 1.5%

transmission losses.

d Hydrogen is produced through steam methane reforming

(SMR) with an efficiency of 65%, coupled with 90% effi-

cient CCUS. The hydrogen production is tailored to meet

instantaneous demand, eliminating the need for hydrogen

storage facilities.

d Thehydrogengenerated from theSMRplant is at a pressure

sufficient for the operation of the hydrogen distribution grid,

eliminating the necessity for additional compression.

d Condensing hydrogen boilers operate with an efficiency of

90%.
Cell Reports
The overall fossil gas input to useful heat

efficiency is 52%.

More optimistic or pessimistic as-

sumptions regarding efficiency can of

course be made, and the diagram is

purely illustrative to explain the steps

and conversion losses involved in heat-

ing with blue hydrogen from extraction

of fossil gas to the hydrogen boiler.
Again, following the same assumptions as Gudmundsson and

Thorsen,14 the efficiencies in the green hydrogen (hydrogen from

electrolysis powered by renewable electricity) scenario are as

follows.

d Transmission of power from renewable power generation

units to the electrolysis plant is assumed to be 98.3% effi-

cient.

d The manufacturing of green hydrogen utilizes an alkaline

electrolysis plant with an assumed efficiency of 79%.

d The hydrogen produced by the electrolysis plant is at a suf-

ficient pressure for hydrogen grid operation, eliminating

the need for additional compression.

d Condensing hydrogen boilers operate with an assumed ef-

ficiency of 90%.

Considering these assumptions, the overall efficiency of the

green hydrogen system is approximated at 70%. This implies

that, for generating 100 units of useful end-user energy, 144 units

of renewable power generation would be required, as illustrated

in Figure 2.

The energy flow for an individual heat pump is depicted in Fig-

ure 3. The following is assumed.

d There are combined transmission and distribution losses

of 8%.

d There is a seasonal coefficient of performance for the heat

pump of 3.0.
Figure 4. Energy flow diagram for district

heating driven by a heat pump
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Figure 5. Cost difference between heating with hydrogen and electrification

Range of hydrogen system cost (n = 8) and consumer costs (n = 13) compared to electrification. Sources: data from 7 system cost studies15–17

(does not include consumer costs),18 (used WTL scenario),19–22 excluding23 as only data provided on differential costs rather than total system costs and 13

consumer cost studies.16,19,24–33 (compared to green hydrogen),34 (mid-point figure)
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The overall power input to useful heat efficiency is 278%.

For district heating systems combined with large heat

pumps, using the same assumptions as Gudmundsson and

Thorsen14, then

d Renewable power is conveyed from generation units

to a large heat pump with an assumed efficiency of

98.3%.

d The generation of heat takes place at a centrally located

heat pump plant, utilizing ambient heat as a heat

source, operating with a seasonal coefficient of perfor-

mance of 3.5.

d The distribution grid for district heating is presumed to be

90% efficient with 10% losses.

d End-users utilize standard district heating heat interface

unit systems with an efficiency of 99%.

Theoverallpower input tousefulheatefficiency is303%(Figure4).

The diagrams depict the energy supply chain for the

different heating technologies in a rather simplistic fashion.

Whole energy systems models will account for dynamics

regarding power input and the required upstream infrastruc-

ture including generation capacity, transmission and

distribution, and storage amongst other elements of the en-

ergy system at a highly level of spatial and time-dynamic

granularity.11,12
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RESULTS

The outcomes of the meta-review are organized into three sec-

tions: initially, a comparison is drawn between the cost estimates

of hydrogen pathways and electrification. Subsequently, the rep-

resentation of hydrogen in cost-optimization models is detailed.

Lastly, the identified studies are listed along with concise sum-

maries for each.
Cost differences of hydrogen pathways compared to
alternative technologies
Figure 5 shows the difference in system costs of hydrogen path-

ways compared to electrification (either direct or via district heat-

ing) and the consumer cost difference between hydrogen and

electrification. Any value above 0% indicates a higher cost of

the hydrogen pathway and any value below 0% indicates a lower

cost of the hydrogen pathway. In other words, a +50% figure

suggests 50% higher costs for the hydrogen pathway.

For the energy system costs, the median is +24% and for the

consumer costs the median is +86%. There is a wide range of

cost estimates both for system costs (0%–400%) and consumer

costs (27%–650%). Energy system costs are higher for the

hydrogen pathway in all but one study.15 In none of the studies

assessed is hydrogen cheaper from a consumer cost perspec-

tive than electrification.



Figure 6. Share of hydrogen of final energy demand for heating in cost-optimal pathways

Contribution of hydrogen to final energy demand for heating (n = 24). Sources: data from 24 studies.35–55 (mid-point figure),56–59
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Cost-optimization studies and the contribution of
hydrogen to heating
Figure 6 depicts the contribution of hydrogen for final energy de-

mand for heating in the different studies. The median of all

studies is 1% with a range of 0%–10%. This suggests that there

may be some very limited role for hydrogen for heating but only

as a complementary technology with the bulk of heating pro-

vided by other means.
Summary of all studies identified and analyzed
For information, all studies identified and analyzed for this review

are also presented in the tables below with a brief summary (Ta-

bles 1–4). These tables includes studies not referenced in the fig-

ures above because they did not provide quantitative figures for

the comparative costs or share of hydrogen for heating. Most of

these studies are evidence reviews60–67 except for one analysis

of environmental impacts of heating with hydrogen.68
DISCUSSION

Thismeta-review indicates that the scientific evidence pertaining

to hydrogen heating is unambiguous. None of the independent

studies analyzed in this review suggests a significant role for

hydrogen in space or hot water heating, points to a pathway

dominated by hydrogen as the least-cost pathway, or suggests

lower consumer costs for hydrogen compared with the alterna-

tives such as electrification and district heating. The fundamental
reason for this finding goes back to the introduction of this paper

and the underlying thermodynamics: heating with hydrogen is

significantly less efficient compared to heat pumps and district

heating combined with heat pumps requiring around 4-to-6

times more energy input depending on the input parameters.

This is not to say that there is no role for hydrogen in heating

at all. Some of the studies carried out suggest a limited role for

hybrid heating solutions, for example in areas with industrial

clusters with high hydrogen use and production. A recent re-

view of the performance of heat pumps in cold climates also

considers hybrid heating systems may be required for very

cold temperatures given that heat-pump performance drops

with decreasing outside temperatures69 and heat demand is

highly seasonal. Many of the whole energy system studies

also explicitly considered the potential for using hydrogen as

a storage medium and in hybrid systems and hydrogen is

also included in the electricity system for long-durational stor-

age by many of the whole energy system models. However,

the share of hydrogen of final energy used for heating accord-

ing to the studies reviewed would be very low in a cost-optimal

pathway (median = 1%).
Of course, hydrogen technologies will become more efficient

over time and costs will most likely decline. But such cost-re-

ductions are built into the modeling studies assessed in

this paper already and, given the underlying physics and

conversion efficiencies the relative economics of hydrogen

compared with alternative technologies, are unlikely to change

fundamentally.
Cell Reports Sustainability 1, 100010, January 26, 2024 5



Table 1. Energy systems modeling studies on heating with hydrogen

Type of study Reference

Geographical

focus

Year to which

findings apply Findings

Energy systems

modeling

Aunedi et al.36 UK 2050 CO2-neutral production of hydrogen via renewable electricity and electrolysis is not cost-

competitive to the direct use of electricity in ASHP. Use of hydrogen only to complement

heat pumps, which are modeled to deliver the bulk of heating.

Aunedi et al.37 UK 2030–2040,

2040–2050

and 2050–2060

In the cost-optimal scenario, the bulk of heat demand being supplied by electric heat pumps

with hydrogen playing a role for delivering peak heat demand.

Aurora16 UK 2050 Total system costs of themaximum heat pump scenario are lowest of all modeled pathways

including hydrogen.

Beckford et al.38 UK 2050 Less than 1% of heating by 2050 is expected to come from hydrogen.

Billerbeck et al.20 EU 2050 Decarbonization pathways for space and water heating based on large shares of heat

pumps have at least 11% lower system costs in 2050 than pathways with large shares of

hydrogen or synthetic fuels.

BNEF40 Global 2050 Hydrogen provides 4% in the cost-optimal pathway.

Broad et al.39 UK 2050 Modeling least-cost pathway to achieve 100% decarbonization does not include hydrogen

for heating.

Capros et al.35 EU 2050 EU electrification of buildings energy demand increases above 65% in 2050 in all scenarios

with a limited role for hydrogen supply up to about 10%of final energy demand in 2050 in the

hydrogen scenarios.

Cassarino

and Barrett19
UK 2050 Hydrogen-dominated heating would cost consumers 73% more compared to pathways

relying on district heating and heat pumps.

Committee

on Climate

Change41

UK 2050 Hydrogen provides 6% in the cost-optimal pathway.

Deloitte59 Global 2050 Hydrogen provides 1% in the cost-optimal pathway.

European

Commission42
EU 2050 Hydrogen provides 10% in the cost-optimal pathway.

Giehl et al.22 Germany 2050 Total annual energy system cost in the hydrogen scenario is more than four times higher

than in the electrification scenario.

Hoseinpoori et al.15 UK 2050 The total system transition cost is relatively close in all scenarios ranging from complete

electrification to complete conversion of the gas grid to hydrogen.

IEA43 Global 2050 Least-cost pathway includes 0% hydrogen for decarbonizing buildings.

IEA44 Global 2050 Least-cost pathway includes <2% hydrogen for decarbonizing buildings.

Fraunhofer IEE

and Consentec23
Germany 2050 Energy efficiency and electrification associated with significantly lower costs than hydrogen

pathways.

IPCC45 Global 2050 Concludes that cost of heat from hydrogen would be much higher than from heat pumps

and models close to 0% of heating buildings provided by hydrogen.

IRENA46 Global 2050 Hydrogen provides 0.1% in the cost-optimal pathway.

Jalil-Vega et al. 47 Sao Paulo,

Brazil

2050 In 2050 modeled cost-optimal heat decarbonisation pathways, most heating is supplied via

electrification.

(Continued on next page)
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Table 1. Continued

Type of study Reference

Geographical

focus

Year to which

findings apply Findings

Keramidas et al. 48 EU 2050 Hydrogen provides 1% in the cost-optimal pathway.

Korberg et al.21 EU27+UK 2050 Use of hydrogen for heating, especially in urban contexts where district heating can be a

viable alternative, significantly increases the costs of the energy system.

Kranzl et al.49 EU 2030,

2040,

2050

Best-case scenario (lowest system cost) contains no hydrogen used for heating.

LCP Delta17 UK 2050 Hydrogen for heating entails twice as high grid infrastructure costs as electrification.

Electrification identified as the cheapest option for all 12 of the defined location archetypes.

Luderer et al.50 Global 2050 Electrification accelerates to an 88% share in the 1.5C-Elec scenario with almost no

hydrogen used for heating.

Scheepers et al.55 the Netherlands 2050 Between 1% and 9% of heating is provided by hydrogen.

McKinsey &

Company51
Global 2050 In least-cost pathway, majority of heating systems in 2050 are assumed to be heat pumps.

Olympios et al.32 UK 2035 Total system cost per household associated with hydrogen boilers equate to £1,600/year

compared to £860/year for heat pumps.

Oshiro and

Fujimori52
Global 2050 Hydrogen for heating is negligible (close to zero) across all scenarios modeled for cost

optimization.

Quarton and

Samsatli53
UK 2050 Under tight emission limits and cost optimization, almost all domestic heating is provided by

electric heat pumps, except for 1% of heating that is provided by hydrogen by converting a

portion of the natural gas grid.

Panos et al.54 Switzerland 2050 Least-cost pathway includes 1% hydrogen for decarbonizing buildings.

Röben et al.24 Hamburg,

Germany

2050 Analysis finds that even under very optimistic price reduction pathways for green hydrogen

heating with hydrogen is more expensive for final customers than heat pumps.

Sheikh and

Callaway34
California 2019 In California, hydrogen would cost 3-to-10 times more than electrification of heating mainly

through heat pumps.

Simon et al.56 Germany 2050 Modeling a 95% carbon emission reduction pathway results in 5% hydrogen share of final

energy demand for space and hot water heating in residential buildings.

Victoria et al.57 EU27+UK 2050 The main strategies are for decarbonization of heating are electrification. District heating

uses waste heat from hydrogen production.

Weidner and

Guillén-Gosálbez18
EU27+UK 2040 Green hydrogen is 2-to-3 times more expensive than electrification while transgressing

several planetary boundaries.

Wietschel et al.58 Germany 2045 No demand for hydrogen for heating forecasted in the model.
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Table 2. Consumer cost modeling studies on heating with hydrogen

Type of study Reference Geographical focus Year to which findings apply Findings

Consumer cost modeling Baldino et al.26 EU 2050 Hydrogen for heating at least twice as

expensive as heat pumps.

Baldino et al.25 UK 2050 Heating with hydrogen from steammethane

reforming with carbon capture and storage

is twice as expensive, and heating with

hydrogen from electrolysis three timesmore

expensive compared to an air source heat

pump.

Baldino et al.28 Germany 2050 Air-source heat pumps are the most cost-

effective residential heating technology in

2050 and are at least 40% lower cost than

the hydrogen-only technologies.

Baldino et al.27 the Netherlands 2050 All hydrogen scenarios are at least twice

higher in cost than heat pumps.

Element Energy29 Spain, Italy, Czechia, and Poland 2040 Across the four countries investigated,

using hydrogen boilers for heating in single-

family homes is estimated to be 60%–120%

more costly than using heat pumps and

50%–80% more costly in multi-family

homes.

Matthes et al.30 Germany 2025, 2035 Hydrogen heating is significantly more

expensive than electrification even before

reform of electricity levies. Very few use-

cases where hydrogen makes economic

sense in buildings.

Meyer et al.31 Germany 2030 Hydrogen heating technologies are 1.4-to-

2.1 times more expensive than heat pumps.

Ryland and He33 UK N/A Green hydrogen is almost 2 times more

expensive than heat pumps.
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Table 3. Environmental impact assessments on heating with hydrogen

Type of study Reference Geographical focus Year to which findings apply Findings

Environmental impact assessments Slorach and Stamford68 UK 2035, 2050 Boilers using hydrogen (from electrolysis

and steam methane reforming) have the

highest impacts in all of the 19 impact

categories (due to high electricity and

resource use) including primary energy

demand, metal depletion, freshwater

consumption, fine particulate matter,

photochemical ozone formation

ecosystems/human health, ozone

depletion, freshwater ecotoxicity, marine

eutrophication, terrestrial acidification,

human toxicity cancer and non-cancer,

ionizing radiation, and fossil depletion. Heat

pumps are the lowest environmental impact

option to decarbonize heating.

C
e
ll
R
e
p
o
rts

S
u
s
ta
in
a
b
ility

1
,
1
0
0
0
1
0
,
J
a
n
u
a
ry

2
6
,
2
0
2
4

9

A
rtic

le
ll

O
P
E
N

A
C
C
E
S
S



Table 4. Evidence reviews on heating with hydrogen

Type of study Reference Geographical focus Year to which findings apply Findings

Evidence reviews Agora Energiewende and Agora Industry61 EU N/A Heating with hydrogen is identified as a

niche solution, and analysis suggests there

is no credible route where hydrogen enters

the residential heating sector.

EASAC60 EU N/A Renewable hydrogen identified as

uncompetitive for heating buildings

compared to heat pumps and district

heating.

Energy Transitions Commission67 Global N/A Low confidence and lowest readiness level

of hydrogen for heating.

IRENA62 Global N/A Residential heating assigned the lowest

priority of hydrogen applications.

Riemer et al.65 Global 2030, 2040, 2050 The median share is predicted to be less

than 2% of final energy demand in buildings

in 2050 in all regions.

Thomas et al.66 Germany N/A Hydrogen heating is 5 times less efficient

than heat pumps regarding the required

amount of electricity.

Ueckerdt et al.63 Global 2020–2050 Hydrogen not recommended for heating

due to inefficiencies and higher costs.

Wietschel et al.64 Global, EU, Germany N/A Majority of studies reviewed suggest more

significant role for electrification.
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Table 5. Boolean operators used in REA

hydrogen AND ‘‘space heating’’

‘‘home heating’’

heating AND buildings

heating AND homes

‘‘heat pumps’’

electrification AND heating
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Another consideration is scalability and the practicability to

produce vast quantities of clean hydrogen within the time-

scales required to decarbonize heating. At the moment, green

and blue hydrogen provide less than 1% of total hydrogen

production with the majority of hydrogen coming from un-

abated fossil fuels.70,71 Even if green hydrogen grew as fast

as wind and solar have grown, it would only contribute

0.7%–3.3% to global energy demand in 2040.72 When

assuming similar growth rates for green hydrogen as for tech-

nologies with unconventionally high growth rates that have

been achieved under very specific circumstances (emergency

deployment e.g., during a war), the result of scaling electrol-

ysis is that green hydrogen would provide 6.6%–7.8% of

global final energy demand by 2040.

Even just achieving the scale up of green hydrogen we need to

satisfy demand in industry, hydrogen derivates for shipping and

long-durational storage in the power sector to meet net zero is

extremely challenging and will require strong policy support.

This suggests that assuming hydrogen could play a major role

for heating buildings is at best a risky strategy and at worst a

dead end locking in new fossil fuel infrastructure. A poor

outcome for carbon emission reductions of an approach relying

on hydrogen being widely available for heating in the future

would be to delay policy implementation focusing on the rollout

of tried and tested technologies today.

In conclusion, Despite the considerable focus on hydrogen

for heating, a thorough examination of independent evidence

fails to substantiate the widespread adoption of hydrogen

for space and hot water heating. A comprehensive review, en-

compassing 54 independent studies, reveals that none of

them presents compelling evidence in favor of extensively

utilizing hydrogen for heating purposes. However, some studies

acknowledge complementary roles for hydrogen, particularly in

district heating and hybrid heating systems. Only one study

found that the energy system costs of hydrogen were compa-

rable to electrification, but the rest found that the costs were

considerably higher.

In light of these findings, policymakers are strongly encour-

aged to scrutinize existing research diligently before allocating

substantial public funds for hydrogen heating initiatives or draft-

ing decarbonization strategies centered around hydrogen for

heating as a bulk solution.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed at the

author of this paper via jan.rosenow@ouce.ox.ac.uk.
Materials availability

No new materials were generated in this study.

Data and code availability

The data are derived from existing studies (see the experimental procedures).
Meta-review methodology

This meta-review follows the same methodology as the original study carried

out in 2022.9

A rapid evidence assessment (REA) was conducted and subsequently up-

dated following a comprehensivemeta-review in 2022 to identify existing studies

related to hydrogen-based heating. The REA methodology is a well-established

approach for systematically locatingandevaluatingextant researchwithin a spe-

cific domain, aiming to establish the current state of knowledge on a subject and

provide valuable insights for informing policy decisions.73 This paper aligns with

the REA guidelines developed by the UK Energy Research Centre (UKERC), a

framework frequently applied in energy research.74

To gather pertinent literature, online databases such as Web of Science and

Academic Search Complete were used. Furthermore, Google Scholar was

employed to uncover grey literature, with a restriction imposed on the analysis

of only the first 200 results for each set of search terms. The research strategy

involved the utilization of Boolean combinations of relevant terms, as detailed

in Table 5.

The following constraints apply.

d Only evidence published since January 1, 2019 was taken into account.

d Only publications in English andGermanwere reviewed due to language

proficiency limitations.

d Publications conducted by or on behalf of a specific industry were

excluded. Information on funding used for the undertaking of the studies

was obtained from the acknowledgments in the different studies. Where

funding was provided by industry or industry association, the study was

excluded from the meta-review.

The identifiedstudies indicateasignificantconcentrationofnational-level anal-

ysis in a few countries, primarily Germany and theUK. This concentration is likely

due to the REA’s focus on English and German languages and because these

countries have been prolific in producing research on hydrogen-based heating.

To ascertain relevance, the returned results were initially filtered based on

the title and abstract. When this initial filter was insufficient, the main text

was examined. The criteria for establishing relevance included.

d research related to the use of hydrogen for space and/or hot water heat-

ing in buildings;

d modeling of system and/or consumer costs associated with using

hydrogen for space and/or hot water heating in buildings in comparison

to alternative technologies; and

d evidence reviews pertaining to the use of hydrogen for space and/or hot

water heating in buildings.

After the filtering process, key descriptive informationwas collected for each

retained result, including.

d geographic focus,

d type of analysis (energy systems modeling, consumer cost modeling,

and evidence reviews),

d year to which the findings are applicable (if specified),

d findings regarding the relative costs of heating with hydrogen compared

to alternative technologies,

d findings regarding the efficiency of heating with hydrogen compared to

alternative technologies, and

d findings concerning the environmental impacts of heating with hydrogen

compared to alternative technologies.
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