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A B S T R A C T

The building sector is a major contributor to global energy use and carbon emissions, positioning it as a key tar-
get for decarbonization. Hydrogen, as a clean and flexible energy carrier, offers significant potential in support-
ing this transition. This review synthesizes recent advances in hydrogen applications for buildings, highlighting
experimental findings, technological feasibility, socio-technical considerations, and policy developments. Key
deployment models include hydrogen fuel cell integration, hydrogen-based microgrids, and combined heat and
power systems. Emerging innovations such as renewable-powered hydrogen production, decentralized storage,
and cross-sector integration with transport systems are also examined. In particular, the role of hydrogen-
powered vehicles as energy buffers is emphasized for enhancing building energy autonomy. Despite its promise,
hydrogen deployment faces technical, economic, and institutional challenges. The study calls for coordinated
strategies that integrate hydrogen with other renewables, improve policy frameworks, and foster public accep-
tance. Future research should prioritize system integration pathways, techno-economic optimization, real-world
demonstrations, and interdisciplinary collaboration. This review offers a strategic reference for scaling up hydro-
gen use in the built environment and underscores its critical role in achieving net-zero emissions and sustainable
urban energy systems.

Nomenclature

AHP Analytic hierarchy process
LPSP Loss of power supply probability
ACS Annualized cost of systems
MCDA Multi-criteria decision analysis
ACER Annual carbon emission reduction
MHHS Metal hydride hydrogen storage
AROI Annual return on investment
MILP Mixed-integer linear programming
ASHPs Air source heat pumps
mCHP Micro-combined heat and power
BEV Battery electric vehicle
NOx Nitrogen oxides
BESS Battery energy storage system
NCA Necessary condition analysis

BIPV/T Building-integrated photovoltaic-thermal
NPC Net present cost
CCC Committee on Climate Change
NSGA-II Non-dominated Sorting Genetic Algorithm II
CCS Carbon capture and storage
NZEB Net-zero energy building
CRR Carbon reduction rate
nZEB Near-zero energy building
CHP Combined heat and power
Ofgem Office of Gas and Electricity Markets
CCHP Combined cooling, heating, and power
PV Photovoltaics
DER Distributed energy resource
PEBs Positive energy buildings
DHW Domestic hot water
PCA Principal component analysis
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DOE Department of Energy (U.S.)
PEC Photoelectrochemical
DRP Demand response programs
PEM Proton exchange membrane
EHT-HS Electricity–hydrogen–thermal hybrid storage system
PSA Pressure swing adsorption
FC Fuel cell
P2H Power-to‑hydrogen
FES Future Energy Scenarios
PEWP Potential energy waste probability
FCES Fuel cell electric scooters
PRISMA Preferred Reporting Items for Systematic Reviews

and Meta-Analyses
FCEVs Hydrogen fuel cell electric vehicles
PLS-SEM Partial least squares structural equation modelling
FCEV2G Fuel cell electric vehicle-to-Grid
PEMFC Proton exchange membrane fuel cells
GWP Global warming potential
P2H2P Power-to‑hydrogen-to-power
GSHPs Ground source heat pumps
RER Resource efficiency ratio
HT Hydrogen tank
ROI Return on investment
HS Hydrogen storage
RHS Renewable hydrogen-based systems
HVs Hydrogen vehicles
REVB Retired electric vehicle batteries
H₂B Hydrogen boilers
SMR Steam methane reforming
HHS Hybrid heating systems
SOFC Solid oxide fuel cells
HHPs Hybrid heat pumps
TEA Techno-Economic Analysis
HRE Heat recovery efficiency
TREES Total residential end-use energy simulation
HFCVs Hydrogen fuel cell vehicles
V2B Vehicle-to-building
HESS Hydrogen Energy Storage Systems
V2G Vehicle-to-grid
HVAC Heating Ventilation Air Conditioning
V2L Vehicle-to-Load
HRES Hybrid renewable energy system
WHR Waste heat recovery
ICEVs Internal combustion engine vehicles
WoS Web of Science
LCCA Life Cycle Cost Analysis
LCA Life cycle assessment
LTCs Load Tap Changers
LFP Lithium iron phosphate
LRA Linear regression analysis
LOHCs Liquid organic hydrogen carriers
LCOE Levelized cost of energy
LPSR Loss probability of supply reliability

1. Introduction

With the increasingly severe climate change caused by greenhouse
gas emissions and the global focus on sustainable development, the av-
erage global temperature has risen by 1.2 °C above pre-industrial levels
[1]. This has driven nations worldwide to adopt agreements such as the
Paris Agreement and the Glasgow Climate Pact to address climate chal-
lenges [2,3]. The significance of energy transition has grown steadily,

attributed to its role in meeting rising energy demands, reducing re-
liance on fossil fuels, and increasing the share of renewable energy in
the energy mix [4]. The building sector has a persistent and significant
impact on energy demand and the environment. According to European
Parliament [5], buildings in Europe account for 40 % of total energy
consumption. About 75 % of these buildings are more than 25 years old
and operate with low energy efficiency [6]. This is particularly true
when considering the European Union's goal to increase renewable en-
ergy's share in building to 70 % by 2050 [7]. Additionally, in Spain,
apartments and single-family homes allocate the significant energy con-
sumption to space heating and domestic hot water, with 47 % of this
energy still derived from fossil fuels which reliance on non-renewable
energy sources highlights the current gap in meeting Europe's goal of
achieving net-zero greenhouse gas emissions by 2050 [8].

Hydrogen is regarded as a key enabler of sustainable energy solu-
tions due to its carbon-free combustion process, which does not directly
contribute to greenhouse gas emissions [9]. Additionally, hydrogen's
potential as a clean energy carrier and fossil fuel substitute has been
widely acknowledged by researchers. By offering energy storage and
aiding decarbonization, hydrogen reduces dependence on fossil fuels
across various sectors, thereby effectively lowering greenhouse gas
emissions [4,10–12] and supporting a smooth transition in energy sys-
tems. Hydrogen is categorized using a color-coding system to represent
its varying levels of cleanliness, with the primary types being green,
blue, and grey. Blue hydrogen and grey hydrogen are produced from
similar fossil fuel resources; however, the former incorporates carbon
capture and storage (CCS) during the production process to reduce
emissions compared to the latter. Brown hydrogen is produced through
coal-based fuel gasification, while turquoise hydrogen is obtained by
pyrolyzing or cracking natural gas (methane), yielding hydrogen and
carbon as by-products [13]. To date, green hydrogen has emerged as a
new alternative to traditional hydrogen produced from natural gas and
coal. Derived mainly through electrolysis powered by renewable energy
sources such as solar and wind, green hydrogen is a clean and sustain-
able resource with zero carbon emissions. Consequently, hydrogen,
along with its derivatives and fuels, is gaining increasing popularity
across diverse applications [12], including the transportation sector,
metal and chemical production, and building energy systems [14,15].

In the current context, various renewable energy and hydrogen
based technological systems in the building sector have emerged as a
viable alternative to conventional energy solutions. The study by Badri-
varayanan et al. [16] demonstrated that hydrogen based micro com-
bined heat and power (mCHP) units can reduce residential energy con-
sumption by 22 % and carbon emissions by 18 %. By integrating hydro-
gen with other renewable sources such as photovoltaics and wind
power, these systems can effectively meet household demands for elec-
tricity and heating. The study further noted that in countries such as
Japan and Finland, the large-scale deployment of hydrogen fuel cell mi-
cro combined heat and power systems, supported by government subsi-
dies, has led to significant progress in the transition of the residential
energy structure [16]. To date, the synergistic application of renewable
energy and energy storage systems has been extensively explored
[17,18]. Hydrogen, as a representative renewable energy carrier, has
garnered significant attention for its versatile applications across vari-
ous sectors. Examples include using hydrogen fuel cells to power shore-
side electricity systems for docked ships at ports, constructing hydrogen
refueling stations at ports for large vehicles [19], and integrating hy-
drogen fuel cells with battery-electric vehicles to enhance sustainability
in transportation, space, and aviation sectors [20]. Wu and Skye [21]
reviewed a case study on the integration of hydrogen fuel cell vehicles
and net-zero buildings in Helsinki, Finland. Their analysis indicated
that surplus renewable energy, such as solar photovoltaic (PV) or wind
power, can be utilized to produce hydrogen via electrolysis for both
electricity and heat supply [22]. The study found that a single 14 kW
wind turbine or a 178 m2 PV array could nearly achieve net-zero emis-
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sions for the building. Additionally, the research highlighted that, com-
pared to battery electric vehicle (BEV) integration systems, hydrogen
fuel cell vehicle (HFCV) systems exhibit lower efficiency [22]. Conse-
quently, achieving net-zero emissions with HFCV integration requires a
larger 4 kW wind turbine or an additional 35.6 m2 of PV capacity [22].
Furthermore, recent studies have highlighted novel devices for the
building sector, such as micro-trigeneration systems based on solid ox-
ide fuel cell technology fueled by green hydrogen. These systems can si-
multaneously meet cooling and heating demands while providing elec-
tricity to buildings via fuel cells [23]. Pugsley et al. [24] compared the
performance of combined heat and power (CHP), combined cooling,
heating, and power (CCHP), and building-integrated photovoltaic-
thermal (BIPV/T) systems across different scenarios. Their study identi-
fied that CHP, CCHP, and BIPV/T systems exhibit optimal adaptability
in cold, temperate, and tropical climates, respectively. The authors
highlighted the advantages of polygeneration systems in high-density
urban areas, particularly in energy-intensive buildings such as hospi-
tals, data centers, and commercial complexes. Polygeneration systems
effectively reduce peak power demand and enhance energy utilization
efficiency through waste heat recovery [24].

With the accelerating pace of urbanization and the increasing ur-
gency of low-carbon transitions, the building sector faces significant
challenges in integrating clean energy to mitigate environmental im-
pacts. Among various alternatives, hydrogen has emerged as a promis-
ing pathway for deep decarbonization in buildings due to its high en-
ergy density and zero-carbon emission characteristics. A range of stud-
ies on hydrogen applications in the building sector worldwide have
highlighted efforts in developed European economies to harness hydro-
gen's potential in this domain. Meanwhile, many researchers have ex-
plored the applications and benefits of hydrogen in buildings within
emerging economies such as China, India, and Iran (see Table 1)
[25–28]. However, the widespread adoption of hydrogen in buildings
remains constrained by significant technical, economic, and policy bar-
riers. Many researchers have identified challenges related to the eco-
nomic viability of hydrogen storage systems, the overall efficiency of
hydrogen-based heating solutions, the broader environmental impacts
of these systems, and regional policy perspectives [29–32]. Current aca-
demic reviews on hydrogen applications in the building sector remain
insufficient and fragmented. Existing studies are limited in number and
depth, often treating the topic as a peripheral or supplementary subject
rather than a focused research area. Ghisellini et al. [33] reviewed
power systems driven by renewable energy and green hydrogen; how-
ever, their discussion is confined to scattered examples and a few case
illustrations, lacking dedicated sections on building-related applica-
tions and offering minimal technical detail. Wang et al. [34] explored
the potential of combined heat and power (CHP) systems in buildings,
covering scenarios such as residential and public facilities. Neverthe-
less, the study falls short in providing a sufficiently detailed classifica-
tion of building types and a robust set of case analyses, making it inade-
quate for establishing a comprehensive knowledge framework to track
current research trends in hydrogen applications within the building
sector. Kaabinejadian et al. [35] reviewed the thermal uses of hydrogen
in buildings, drawing on cross-regional case comparisons and address-
ing technical configurations, system architectures, economic assess-
ments, and control integration. It is important to note, however, that
their work focuses exclusively on residential heating applications, omit-
ting other building types as well as cross-sector integrations such as
building-to-transport energy systems, thereby lacking a horizontal per-
spective.

A comprehensive understanding of hydrogen technology deploy-
ment models, infrastructure development requirements, and policy sup-
port frameworks in the building sector is critical for architects, engi-
neers, policymakers, and all stakeholders involved in urban sustainabil-
ity. While the low-carbon transition of the building industry has gained
considerable attention, systematic reviews of how hydrogen applica-

tions in buildings can be reshaped remain limited. Further research is
needed to identify the persistent uncertainties in technological, policy,
and implementation pathways across different countries as they ad-
vance hydrogen adoption in buildings, as well as to explore strategies
for accelerating the sector's transition toward a hydrogen-driven, low-
carbon future. This study focuses on technological solutions for hydro-
gen applications in buildings, systematically reviewing existing imple-
mentation pathways, potential impacts and feasibility, and applicabil-
ity across different regional and policy contexts. Through a comprehen-
sive assessment of relevant literature, this study not only reshapes the
knowledge framework but also proposes directions for future research
and technological innovation, aiming to accelerate the evolution of the
building sector toward a sustainable hydrogen energy system.

To strengthen the study's internal logic, we structure the review
around an evidence-to-inference chain that links: (i) technology config-
urations and operational roles of hydrogen in buildings (storage, CHP/
CCHP, microgrids, hybrid heating); (ii) performance metrics reported
in original studies (efficiency, capacity, consumption, lifespan); (iii)
system-level integration pathways with renewables, thermal networks
and mobility (e.g., V2B/V2G); (iv) techno-economic feasibility under
explicit boundary conditions (climate, building typology, demand pro-
files, hydrogen price, grid carbon intensity); (v) environmental out-
comes and policy–societal enablers. This chain underpins how we as-
semble and interrogate the PRISMA-derived evidence base, and it ex-
plains why later sections move from descriptive mapping to integrative
assessment of implementability.

This review makes three contributions aligned to the above frame-
work. First, it constructs an evidence map of hydrogen deployment ar-
chetypes in buildings (Table 1), locating each study in terms of meth-
ods, typologies and geographies to expose concentration and gaps. Sec-
ond, it integrates technical, economic and environmental dimensions
into a coherent assessment lens, connecting reported metrics to system-
level implications for buildings and urban energy systems. Third, it syn-
thesizes implementability conditions—when hydrogen is a primary op-
tion versus a complementary buffer to electrification—and translates
these into policy priorities and research agenda for technology develop-
ment (Sections 4 to 6). This paper is structured into six main sections.
Section 1 introduces the research topic and outlines the contextual
background. Section 2 details the methodology employed for the litera-
ture review, including the selection and screening procedures. Section 3
critically examines the current state of research, approaches, reported
benefits, and results. Section 4 identifies key barriers and challenges as-
sociated with the topic. Section 5 discusses the feasibility of implemen-
tation based on the reviewed evidence. Finally, Section 6 synthesizes
the findings and provides recommendations for future research direc-
tions. Fig. 1 shows the framework of the review.

2. Material and methods

To ensure that the research objectives addressed in the systematic
review are comprehensively examined, this study applies the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
methodology to structure the research process, specifically for the col-
lection of evidence and information on research trends. PRISMA is a
standardized framework for reporting systematic analyses, first intro-
duced in 2009 and later updated in 2020 (PRISMA 2020) to enhance
the transparency, reproducibility, and clarity of systematic review pro-
cedures [36]. Initially, PRISMA was widely applied in the medical and
health sciences but has since been increasingly adopted across multiple
disciplines to enhance the transparency and rigor of systematic reviews.
These disciplines include the built environment [37], the energy sector
[38], linguistics [39], and agronomy [40], among others. The adapt-
ability of this systematic review protocol reflects the broader discipli-
nary demand for optimizing research paradigms and standards. More-
over, it underscores PRISMA's inclusiveness as a reliable method for
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Table 1
The summary of the research approaches applied in reviewed studies.
Reference Location Study Type Research Method Building Type Main Findings

[28] Iran Simulation study Dynamic modelling (TRNSYS) Educational buildings Blending green hydrogen with syngas improves SOFC
efficiency and lowers CO₂ emissions, providing a
sustainable energy solution for medium-sized
buildings.

Steady-State Modelling (EES:
Engineering Equations Solver)

[25] China Simulation study System Dynamics-Building Life
Cycle Carbon Emission，SD-BLCA

Existing buildings;
Reconstructed buildings;
Green buildings; Zero energy
buildings, ZEBs

Beijing's construction sector aims for carbon neutrality
by 2050. This relies on renewable energy use and
green building retrofits during operation.

[61] Hong Kong Simulation–
optimization study

System Modelling and Simulation
(TRNSYS 18)

High-rise residential building Hydrogen storage offers wider applicability, while
batteries suit large-scale renewables. Hydrogen systems
recover waste heat with over 95 % efficiency,
improving energy use.

Multi-objective optimization (Non-
dominated Sorting Genetic
Algorithm II (NSGA-II))

[62] Netherlands Experimental–
simulation study

Field Test Residential building Hydrogen FCEVs can support all-electric homes via
V2G, reducing grid reliance, especially at night and in
winter. As hydrogen prices fall, FCEV2G becomes
viable.

Simulation Study (MATLAB)
[26] China Simulation–

optimization study
System modelling (GUROBI
optimization solver; MATLAB)

Residential building An optimized rooftop PV system with
electricity‑hydrogen-thermal storage ensures stable
supply and cuts grid reliance. Hydrogen handles
seasonal gaps.

[67] Italy Simulation study 0-D dynamic simulation modelling
(MATLAB/Simulink)

Educational buildings Batteries and hydrogen storage manage seasonal PV
fluctuations, prioritizing electricity use and storing
excess as hydrogen. Larger batteries or PV ensure
energy balance.

[27] India Simulation–
optimization study

Hybrid Optimization Model
(HOMER)

Residential building Off-grid PV with hydrogen offers high reliability, zero
emissions, and better urban sustainability.

[6] Spain, France,
Portugal

Simulation–
optimization study

Simulation modelling and
optimization (HOMER Pro)

Residential building In solar-rich areas like Portugal, renewable hydrogen
systems (S3) become technically viable.

[59] Australia Simulation–
optimization study

Mixed Integer Linear Programming
(MILP) Optimization Models

Residential building For buildings lacking local renewables and with high
heating needs, hydrogen is preferable, viable below
AUD 4/kg.

[65] United Kingdom Decision-analytic
study

PESTLE Analysis Residential building Fuel cells are efficient and green but costly with slow
startup. It holds the most promise for homes, pending
cost and startup improvements.

Multi-Criteria Decision Analysis
(MCDA)

[44] Nigeria Simulation–
optimization study

Multi-objective Optimization (Non-
dominated Sorting Genetic
Algorithm (NSGA-II))

Residential building When LPSP >1 %, battery ESS is ideal; for LPSP ≤1 %,
battery‑hydrogen hybrids reduce outages.

Innovative battery degradation
modelling

[68] Italy Experimental
study

Experimental studies of the system
(field deployment, monitoring,
data sampling)

Residential building SOFC delivers 45 % electrical and up to 93 % total
efficiency at rated power, with stable high-load
performance.

[66] Canada Optimization
study

Mixed Integer Linear Programming
(MILP) Optimization Algorithm
(Python/Pulp)

Residential, educational
buildings and medical
facilities

MILP optimizes systems with renewable and hydrogen
fuel cells, cutting costs and emissions by managing
energy flow and feeding surplus to the grid.

[32] United Kingdom Empirical study Online questionnaire survey Residential building In the UK, public acceptance of hydrogen homes
depends mainly on safety, performance, and
production methods.

Partial Least Squares Structural
Equation Modelling (PLS-SEM)

[63] Iran Simulation–
optimization study

Dynamic Simulation (TRNSYS) Residential building The system cuts CO₂ emissions and offers a 5–6.5-year
payback, proving its economic and environmental
value.

Multi-objective Optimization
(TOPSIS)

[60] Japan Simulation study Bottom-Up Simulation Modelling
(TREES: Total Residential End-use
Energy Simulation)

Residential building Seasonal PV gaps need hydro or hydrogen storage.
Insulation and heat pumps are vital. Detached homes
boost PV but hinder urban density.

(continued on next page)
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Table 1 (continued)
Reference Location Study Type Research Method Building Type Main Findings

[31] United Kingdom Sustainability
Modelling Study

Life Cycle Assessment (ISO
14040/14044; ReCiPe 2016 v1.1)

Residential buildings; services
buildings

Hydrogen boilers cut carbon, with SMR + CCS become
more sustainable. Adoption needs CCS and
infrastructure upgrades.

[73] United Kingdom Mixed-methods
assessment study

Spatial resolution analysis Residential buildings This study compares hydrogen, electrification, and
hybrid heating paths for urban decarbonization,
highlighting the need for local adaptation.

Scenario Analysis
Expert Consultation

[64] N/A Techno-economic
modelling study

Techno-Economic Analysis (TEA) NA Hydrogen is most effective for retrofitting existing
homes when its price drops below 5.40 USD/kg;
repurpose gas networks offering a promising delivery
route.

Life Cycle Cost Analysis (LCCA)
Scenario Analysis

[74] Europe Optimization
study

Open Energy Systems Modelling
(PyPSA-Eur-Sec)

N/A High carbon pricing is key to cutting fossil fuel use.

Myopic Optimization
[72] Switzerland Optimization

study
Energy System Optimization Model
(Swiss-Calliope)

N/A Switzerland's winter shortages stem from solar and
hydro limits. Gas, Alpine PV, wind, and renewable
methane improve stability.

[45] Italy Optimization
study

Mixed Integer Linear Programming
(MILP) Optimization Models

Residential buildings Off-grid case studies show a hydrogen-battery-PEMFC
setup is more cost-effective than standalone systems.

[46] Canada Simulation study Simulation Design Residential buildings Using surplus power to make and store hydrogen, then
generating electricity with fuel cells when needed.
With 43 % efficiency, shows hydrogen's value.

[76] Iran Simulation–
optimization study

Simulation modelling and
optimization (HOMER)

Rural residential building A hybrid system with hydrogen storage cuts energy
loss to less than one-sixth.

Techno-economic analysis
[70] Netherlands

(laboratory
location)

Experimental
study

Experimental Setup N/A (Simulation tests in a
laboratory environment)

Hydrogen scooters serve as transport and mobile power
sources via V2G and V2L.

[47] N/A (Simulation
studies)

Simulation study Integrated Systems Modelling Residential buildings Integrating PV/T, PEC, and PEMFC meets residential
power, hot water, hydrogen, and wastewater needs.

[71] Saudi Arabia Simulation–
optimization study

System Modelling Residential buildings Developed an off-grid hybrid system meets annual
home power needs, using surplus to produce hydrogen
for vehicles.

Analysis of Energy Management
Strategy
Techno-Economic-Environmental
Optimization

[48] N/A Simulation–
optimization study

Mixed Integer Linear Programming
(MILP)

N/A (Residential area) Demand response shifts loads and manages vehicle
energy use, meeting demand and generating revenue.

System modelling
Monte Carlo Simulation

[49] United States Simulation study Simulation modelling (TRNSYS 18) Residential buildings Surplus PV makes hydrogen; vehicles supply power via
V2G. Hydrogen use drops to 1.2 kg/vehicle, annual
integrated energy costs cut 38.9 %.

[50] Turkey Experimental–
computational
study

Load-driven System Design Mobile House (off-grid) PV and wind power a self-sustaining system, with
surplus (2510 kWh vs. 1550 kWh) used for hydrogen
backup.

Energy Flow & Balance Modelling
System Integration & Control
Programming
Real-world Implementation &
Evaluation

[51] Brazil Simulation study Simulation study (HOMER) Community buildings
(Residentials, school, clinic)

In the Brazilian Amazon, PV-electrolysis-FC systems
enable off-grid power but are costly. PV + battery
remains the most practical, cost-effective option.

[69] United Kingdom Analytical study Theoretical integration analysis
based on measured data

Residential buildings In small-scale use, SOFC+liquid desiccant AC systems
reach 68–71 % efficiency, 9–15 % higher than SOFCs,
and cut carbon emissions by ~50 %.

[52] Japan Experimental-
optimization study

Experimental set up (Hydro Q-
BiC™)

Small low-rise building (Zero
Emission Building Validation
Platform)

Optimizing hydrogen systems with MHHS boosts
efficiency and heat recovery. Fuel cell heat replacing
external heating.

[53] Japan Experimental-
optimization study

Experimental set up Small low-rise building (Zero
Emission Building Validation
Platform)

A compact PEM-TiFe hydrogen system enables zero-
carbon small buildings. Fuel cell heat powers TiFe
desorption without external input.

[54] United Kingdom Experimental
study

System Modelling and Simulation Residential buildings The system showed 52 % round-trip efficiency, with
PEM electrolyzer at 66 % and fuel cell at 79 % in CHP
use.

Experimental set up
(continued on next page)
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Table 1 (continued)
Reference Location Study Type Research Method Building Type Main Findings

[55] United States Experimental
study

Experimental set up Residential buildings Electrolyzers and fuel cells perform well under solar
and demand shifts; fuel cells with better performance
at higher temperatures.

[56] Italy Simulation study System Modelling and Simulation Public buildings With PV at 120 % of annual demand and hydrogen
generator's rated power is 60 % of the PV systems.,
buildings reach 77 % self-sufficiency.

[57] Mexico Simulation study System Modelling and Simulation Residential buildings (mobile
sustainable house)

A PV–hydrogen system powers a 24 m2 mobile home
year-round, meeting 1825 kWh off-grid with ~65 %
mixed efficiency.

[58] Spain/United
Kingdom

Simulation study System Modelling and Simulation
(ODYSSEY)

Off-grid homes; isolated
telecom facility

Under low-light conditions, the hydrogen-PV- battery
solution is preferable to the battery-only solution.

Fig. 1. Systematic framework of the review.
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cross-disciplinary knowledge integration, demonstrating its capacity to
be embedded within various empirical analysis frameworks.

2.1. Selection of sources and search criteria

Given the nature of this study as a systematic review, its primary ob-
jective is to identify critical issues within the selected field and provide
a comprehensive overview. Launched in March 2025, the first stage of
this review involved data collection through a strategically designed
search protocol, with a primary focus on comprehensive data retrieval
from two authoritative databases: Web of Science (WoS) and Scopus.
WoS and Scopus were selected as the core search engines due to their
extensive coverage of peer-reviewed academic journals across multiple
disciplines and their advanced search functionalities. These platforms
support customizable queries based on parameters such as publication
date, research topic, and document type. In addition, they offer ad-
vanced search tools, including Boolean operators (e.g., AND, OR), en-
abling more precise keyword identification. The search protocol was
designed to balance semantic breadth and precision. Core thematic pil-
lars—such as “hydrogen technologies in the building sector” and “hy-
drogen for net-zero buildings”—were used to guide the search. Boolean
logic was applied to link multiple key concepts using conjunctions like
AND. For example, search strings such as hydrogen AND technologies
AND in AND building and hydrogen AND for AND net AND zero AND
buildings were utilized to ensure the retrieved literature simultaneously
addressed several critical dimensions of the topic. Both databases also
provide detailed metadata for each publication, including document
type, citation count, title, abstract, and author information, a total of
141 preliminary documents were found. This facilitates a rapid under-
standing of the literature landscape and the intellectual structure of the
field. Compared to other information sources, WoS and Scopus are
widely recognized for their credibility and commitment to high-quality
academic content, which is essential for reassessing and updating
knowledge related to the current status of the specified industry.

2.1.1. Methodological rationality: Why PRISMA for this review
First, in domains that combine experiments, numerical simulations,

field trials and techno-economic assessments, PRISMA's structured
items enhance transparency, reproducibility and interpretability by re-
quiring explicit eligibility criteria, comprehensive search reporting,
study-level descriptors, risk-of-bias assessments and transparent syn-
thesis methods, features that mitigate reporting ambiguity in heteroge-
neous evidence bases [41]. Second, PRISMA embeds reliability indica-
tors that are critical for interdisciplinary reviews: prespecification of
questions and inclusion and exclusion rules, use of duplicate screening
with documented reconciliation, auditability through a flow diagram
and a standardized checklist that facilitates external appraisal of report-
ing completeness [42]. Automation can assist parts of the workflow but
does not replace reporting obligations; recent methodological
overviews in Journal of Clinical Epidemiology document where semi-
automation is mature (e.g., abstract screening) and where it remains
developing [43]. Third, PRISMA is a reporting guideline that prioritises
transparency, completeness and reproducibility rather than prescribing
discipline-specific methods; its checklist items are applicable beyond
health to many review objectives and designs, making it suitable for
synthesizing heterogeneous, cross-field evidence (e.g., at the interface
of buildings, energy systems and policy) [41,42].

2.2. Eligibility and ineligibility system

This review aims to conduct a systematic analysis of hydrogen tech-
nologies in the built environment, focusing on research methodologies,
key performance indicators, specific applications, associated benefits,
and prevailing challenges. To ensure academic rigor and relevance,
strict inclusion criteria were established to identify original research ar-

ticles from academic databases. The goal is to systematically examine
and reconstruct technical insights in the field while comprehensively
assessing the feasibility of hydrogen technologies, along with their eco-
nomic, environmental, and policy-related implications and impacts.

In addition, this study further investigates the challenges associated
with hydrogen applications in building heating, power generation, and
energy storage systems. By identifying the key drivers behind the devel-
opment of hydrogen-enabled buildings, this review seeks to offer an in-
tegrated overview and forward-looking guidance for future research,
large-scale deployment, and practical adoption of hydrogen technolo-
gies in the architecture and construction sectors.

Eligibility criteria
Research Relevance: All selected studies must focus specifically on

hydrogen technologies and their applications within the built environ-
ment. Studies centered on hydrogen use in other sectors, such as trans-
portation or industry, are excluded from consideration. Type of Studies
with Review Value: Only original research providing primary data on
hydrogen technologies in the context of buildings is eligible for system-
atic review. This includes experimental studies, field investigations,
and simulation-based research. Consequently, secondary literature such
as review articles within the same domain is not included in the analy-
sis. Availability of Sources: All included publications must be accessible
in full-text format through the Web of Science and Scopus databases.
Moreover, only studies published in English are considered.

Ineligibility criteria
Potentially Redundant Literature Types: Review articles focused on

hydrogen technologies in the building sector are excluded from the
dataset. Including such literature may overlook the identification and
synthesis of recent original findings, potentially resulting in redun-
dancy and limited contribution to current academic discourse.

Studies Lacking Substantive Analytical Value: Publications failing to
offer substantive examinations regarding hydrogen utilization within
constructed environments are omitted from consideration. This exclu-
sion specifically applies to research absence of empirical results, applic-
able implementations, or well-defined obstacles, as such studies demon-
strate limited contribution to knowledge advancement.

Potentially Outdated Studies: Research published more than
15 years prior to the review (i.e., before 2010) is not considered, to en-
sure that the analysis reflects the most recent developments, trends, and
technological progress in the application of hydrogen within the build-
ing sector.

2.3. Screening procedure and final selection

During the actual retrieval process, a total of 141 preliminary
records were obtained, with each title or abstract containing one or
more occurrences of the predefined search keywords (Fig. 2). These ini-
tial studies underwent rapid screening at the title and abstract level to
assess relevance, based on keyword presence. To refine the dataset with
a focus on recency and thematic alignment, two preliminary exclusion
criteria were applied: (1) studies published before 2010, and (2) papers
whose titles and abstracts were clearly misaligned with the core topics
of hydrogen technologies in the building sector or hydrogen applica-
tions in net-zero buildings. Following this filtering stage, 51 publica-
tions were identified as potentially valuable and included in the final
analysis. In the subsequent screening phase, a secondary review of titles
and abstracts was conducted, with a narrowed focus on the core theme
of “hydrogen applications in the building sector.” This process led to
the exclusion of 17 studies that were clearly misaligned with the re-
search topic (Reason 1). Next, non-original research such as review arti-
cles was removed from the dataset to concentrate solely on peer-
reviewed journal publications presenting primary data. This step re-
sulted in the exclusion of an additional 13 records (Reason 2). As a re-
sult, the remaining 21 studies collectively address both the intersection
of current technological developments and the practical application of
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Fig. 2. PRISMA flowchart of systematic review.

hydrogen in buildings. These studies offer empirical evidence and con-
ceptual insights into the multifaceted challenges surrounding hydrogen
integration in the built environment. To further reinforce the rigor and
comprehensiveness of this review, 18 additional original studies from
prior review in the same field and 5 grey literature that met the inclu-
sion criteria of this paper were incorporated.

In the further stage of the study, a multidimensional analytical
framework was developed to systematically categorize and interpret
the 44 selected publications. Moving beyond a basic categorical frame-
work, this classification system seeks to elucidate the fundamental re-
search value of individual studies. Its focus lies in assessing their rele-
vance to decarbonizing buildings via hydrogen and achieving net-zero
carbon objectives, with specific emphasis on the practical deployment
and enhancement routes for the involved technologies. This approach
not only clarifies the technological priorities across different applica-
tion types but also enables the identification of associated research
methodologies, reported benefits, implementation barriers and chal-
lenges, as well as the frequency and trajectory of key parameter dimen-
sions observed across the literature.

3. Review and findings

3.1. Summary of research approaches in building hydrogen application

This section primarily aims to present and review the research path-
ways adopted in relevant original studies, summarizes research meth-
ods and key findings from studies on hydrogen technology applications
in the building sector worldwide. To maintain coherence with the re-
search framework, we read Table 1 not merely as a catalogue of meth-
ods, but as a structured map from configurations and metrics to system-
level roles and feasibility claims later synthesized in Sections 4 to 5. The
columns of Table 1 include research sources, study locations, research
methods, building types involved, and major findings. The research
methods column outlines the specific methodological approaches

adopted in various studies, including multiple simulation and model-
ling techniques such as dynamic modelling, multi-objective optimiza-
tion, system modelling, mixed-integer linear programming (MILP), par-
tial least squares structural equation modelling (PLS-SEM), analytic
methods and open energy system modelling. This information facili-
tates a comparative analysis of hydrogen-related technologies and re-
search methodologies across different building types and locations
globally. Additionally, it enables further assessment based on the key
findings of each study. The content in the research methodology col-
umn of the table is explicitly stated, with parentheses used to provide
additional details on specific methodological pathways and platforms.
The precision of the table's content largely depends on the completeness
of the original sources, which may result in variations in data accuracy
across different entries. The methods employed in studies on hydrogen
applications in the building sector are crucial for understanding the ex-
tent of hydrogen integration and its feasibility in this domain. The di-
versity of research methods reflects the various approaches to hydrogen
adoption in buildings and the level of attention the topic has received.

Table 1 provides a detailed overview of the research methods, ob-
jectives, and findings associated with different locations, revealing key
insights as well as similarities and differences among these original
studies. Specifically, many of the sources compiled in the table focus
on simulation modelling and further strategic optimization of hydro-
gen technology applications in the building sector. Many of these stud-
ies explore cross-sectoral integration, such as the role of hydrogen-
powered vehicles as core components of hydrogen-based building en-
ergy systems, which play a significant role in achieving emissions re-
duction and sustainability in the built environment. This suggests that
research dedicated to assessing the practical implementation of hydro-
gen technologies in existing buildings remains limited. The application
of hydrogen in the building sector is still not widely adopted, with
much of the discussion centered on its potential benefits rather than its
real-world deployment. Although the studies included in the table
cover a global range of regions, the research remains predominantly
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concentrated in Europe. As a result, the findings may not be broadly
generalized for understanding the actual state of hydrogen applica-
tions and contributions in the building sector across different geo-
graphical and economic contexts.

It is important to note that N/A in the table typically indicates that
certain information or data could not be retrieved directly or indirectly
from the respective sources. Additionally, it may signify that the study's
data and findings are applicable to a broader set of scenarios or sys-
temic contexts, demonstrating a generalized paradigm. Therefore, de-
spite the presence of missing data, the table provides a snapshot of the
current global research landscape on hydrogen applications in build-
ings. From another perspective, the absence of certain data may high-
light its potential representativeness in real-world studies, indicating
areas where further research and validation are needed.

3.2. Analysis of hydrogen applications in the building sector

3.2.1. Hydrogen as an energy storage pathway for buildings
Hydrogen fuel cell systems highlight the energy storage role of hy-

drogen in buildings. Maestre et al. [6] evaluated the feasibility of re-
newable hydrogen-based systems (RHS) for decarbonizing social hous-
ing in the SUDOE region (south-western of Europe), encompassing
Spain, France, and Portugal. The research identified Vila Nova de Gaia
in Portugal as the most suitable location for RHS deployment due to its
high solar radiation and elevated electricity prices, making renewable
hydrogen more competitive. The study also highlighted that hydrogen-
based systems offer complete energy independence, providing a sus-
tainable, zero-carbon energy solution for buildings. However, a trade-
off exists in energy storage selection: regions with higher battery stor-
age capacities require less hydrogen storage, whereas areas with
smaller battery capacity must rely on larger hydrogen fuel cells to meet
energy demands [6]. Adeyemo and Amusan [44] conducted a multi-

objective optimization study on an off-grid photo-
voltaic–battery–hydrogen hybrid renewable energy system (HRES) for
a net-zero detached residential building in Lagos, Nigeria. The study
evaluated the performance of battery-fuel cell hybrid storage configura-
tions based on three key optimization objectives: annualized system
cost (ACS), loss of power supply probability (LPSP), and potential en-
ergy waste probability (PEWP) [44]. These configurations were com-
pared against single-battery storage setups to determine the economic
feasibility of hybrid storage under different operating conditions. Fig. 3
shows the hydrogen application in buildings.

Baldi et al. [45] proposed a hybrid system integrating solid oxide
fuel cells (SOFC) and proton exchange membrane fuel cells (PEMFC). In
this configuration, hydrogen-rich exhaust gas produced by the SOFC is
purified and stored, subsequently being converted back into electricity
via PEMFC during peak demand periods. A combined cooling, heating
and power (CCHP) system for buildings based on the SOFC-PEMFC hy-
brid can simultaneously deliver electricity and thermal energy to satisfy
heating and hot water requirements. Similarly, Sorgulu and Dincer [46]
observed that when the electricity generated by wind turbines and solar
steam turbines exceeds the real time energy demand of building com-
munities, for example during sunny conditions or periods of high wind
speed, the surplus power can be converted into hydrogen through elec-
trolysis, which provides a means of medium energy storage. Karaca and
Dincer [47] highlighted the dual role of hydrogen in the building sector
as both an energy storage medium and a tool for environmental remedi-
ation. Hydrogen is utilized as an energy carrier to store solar energy
generated during the day, enabling electricity supply during nighttime
hours. Specifically, the system employs a photoelectrochemical (PEC)
reactor that harnesses solar energy to drive water-splitting reactions for
hydrogen production during the day. The hydrogen is stored in tanks
and later supplied to a proton exchange membrane fuel cell (PEMFC) at
night, where it undergoes electrochemical conversion to generate elec-

Fig. 3. Summary of the hydrogen applications in buildings.
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tricity for residential nighttime demand. In addition, the PEC reactor in-
corporates a proton exchange membrane structure that integrates the
hydrogen energy system with water recycling processes, allowing for
the simultaneous treatment of domestic wastewater in residential appli-
cations [47].

Xu et al. [48] identified hydrogen as a key energy storage medium
within the system. They proposed an innovative integrated framework
in which, when photovoltaic (PV) power generation exceeds the instan-
taneous electricity demand of residential areas, the surplus electricity is
converted into hydrogen via a proton exchange membrane (PEM) elec-
trolyzer and stored in a hydrogen tank (HT). This process enables both
intraday and seasonal energy shifting, providing a stable and long-term
storage solution for buildings while effectively addressing the intermit-
tency of renewable energy supply. Furthermore, Xu et al. [48] noted
that the system is capable of refueling hydrogen vehicles (HVs), thereby
not only meeting the energy demands of the building itself but also pro-
moting deep integration between the building energy system and the
transportation energy infrastructure. He et al. [49] also emphasized the
critical role of hydrogen as a supplementary energy carrier in building
energy supply. During periods of insufficient photovoltaic (PV) genera-
tion, hydrogen vehicles (HVs) can convert stored hydrogen into elec-
tricity and feed it back into the building's power system to compensate
for energy shortfalls. In their study, He et al. [49] designed a dual-stage
heat recovery system to improve the energy efficiency of hydrogen-
related equipment. Waste heat generated during the operation of the
electrolyzer and PEM fuel cells (PEMFCs) is efficiently recovered and
utilized via a cooling system to supply domestic hot water (e.g., for
bathing).

Moreover, numerous studies have identified hydrogen as an effec-
tive medium for energy storage and utilization in energy systems
[50–58]. Collectively, these studies demonstrate that hydrogen can not
only store surplus electricity effectively during periods of power over-
production but also release energy flexibly through fuel cells or thermo-
chemical conversion during times of peak demand, thereby enhancing
the stability and dispatchability of the entire energy system. Hydrogen
is widely regarded as a bridging vector across electricity, gas, and ther-
mal systems, with its ability to mitigate grid fluctuations and demand-
side uncertainties becoming particularly critical in renewable-
integrated scenarios. In addition, hydrogen's potential as a cross-
sectoral energy carrier has been broadly recognized. Compared with
conventional storage technologies, hydrogen offers greater system scal-
ability, making it suitable for a wide range of spatial scales, from micro-
grids to distributed energy systems.

Vecchi et al. [59] applied the systematic analysis of cost-effective
decarbonization pathways for residential energy supply under temper-
ate and subtropical climate conditions. The analysis encompassed both
detached houses and apartment buildings in Australia, incorporating
various energy supply technologies, including electrification, natural
gas, and hydrogen. The research further assessed the economic feasibil-
ity of grid transmission, natural gas, hydrogen, and distributed renew-
able energy (e.g., PV + storage) in achieving net-zero emissions. Shi-
moda et al. [60] utilized the Total Residential End-use Energy Simula-
tion (TREES) model to project Japan's residential energy demand and
decarbonization potential by 2050. Their findings indicated that 26 %
of residential energy demand must rely on non-battery storage solu-
tions, with 22 % requiring long-term storage solutions, such as hydro-
gen energy, to achieve seasonal energy supply-demand matching.
Specifically, during periods of excess photovoltaic (PV) generation,
electrolysis technology can convert surplus electricity into stored hy-
drogen, which can later be utilized in fuel cells during winter, when PV
generation is insufficient, to supply electricity for buildings. Similar ap-
plications have also been highlighted in many studies [26,61–64]. Fur-
thermore, Shimoda et al. [60] emphasized the critical role of hydrogen
in Japan's energy structure. If PV becomes the dominant renewable en-
ergy source, similar electricity supply-demand imbalances will arise in

other sectors, including commercial, industrial, and transportation in-
dustries, and grid-based regulation alone may be insufficient to effec-
tively address these challenges. Therefore, in the absence of other sta-
ble renewable energy sources such as wind, solar, or biomass, hydrogen
is regarded as a key technology for achieving energy balance in the resi-
dential sector.

3.2.2. Hydrogen as a sustainable energy solution for buildings
Hydrogen has also been explored as a sustainable energy source for

micro-combined heat and power (micro-CHP) systems and hybrid re-
newable energy systems (HRES). Khan and Gohari Darabkhani [65] as-
sessed the feasibility and challenges of various micro-CHP technologies
in residential applications, while multi-criteria decision analysis
(MCDA) was employed to identify the most suitable technological path-
way for residential buildings. A key focus of the study was evaluating
the applicability of hydrogen in micro-CHP systems and quantifying the
impact of different fuel sources on system efficiency and carbon emis-
sions. Hemied and Gabbar [66] modelled and optimized deployment
strategies for hybrid renewable energy systems (HRES) comprising
wind power, photovoltaics (PV), hydrogen fuel cells, and hydrogen
storage. Their study aimed to identify pathways for minimizing electric-
ity costs and reducing greenhouse gas emissions through intelligent op-
timization algorithms that manage and regulate renewable energy
flows. Using hourly building energy consumption data from the
Durham region of Ontario, Canada, the study compared system perfor-
mance under both grid-connected and off-grid scenarios. Xin et al. [25]
employed a system dynamics-based building life cycle carbon assess-
ment model to dynamically forecast carbon emission trends in Beijing's
building sector. Green hydrogen can be utilized for heating, power gen-
eration, and other energy demands, reducing reliance on fossil fuels,
particularly in high-density urban environments. In construction and
demolition, hydrogen serves as an alternative energy source for con-
struction machinery and equipment, such as excavators and cranes, as
well as for demolition operations, replacing traditional diesel or other
fossil fuels to cut carbon emissions [25]. Furthermore, the integration
of hydrogen in construction processes has the potential to reduce car-
bon emissions by approximately 0.7 Mt. (million tons) [25], providing a
practical and viable pathway for the decarbonization of the building
sector.

3.2.3. Hydrogen integration in microgrid systems and off-grid applications
In regions with limited grid access or high renewable energy poten-

tial, hydrogen-based microgrid solutions are gaining traction. In India,
Mohammad and Iqbal [27] simulated and optimized various microgrid
systems. A key focus was on photovoltaic (PV) systems integrated with
hydrogen, where the researchers innovatively proposed a microgrid
framework combining proton exchange membrane fuel cells (PEMFC)
with lithium-ion batteries. Brancaleoni et al. [67] employed zero-
dimensional (0-D) simulation modelling to analyze an off-grid sustain-
able energy system powered by solar and hydrogen energy. The re-
search focused on a university building complex in Bologna, Italy, ex-
ploring how solar and hydrogen energy can enable complete grid inde-
pendence. Additionally, different proton exchange membrane (PEM)
electrolyzer capacities were evaluated to accommodate seasonal energy
surpluses and shortages. A fuel cell (FC) model was also developed to
facilitate hydrogen-to-electricity conversion. Based on the findings, two
optimization strategies were proposed: increasing battery storage ca-
pacity or expanding PV system capacity [67].

De Masi et al. [68] conducted a systematic experimental characteri-
zation of the operational performance of a 1 kW-class solid oxide fuel
cell (SOFC) in a real residential environment. The research team in-
stalled the SOFC in a near-zero energy building (nZEB) in southern Italy
and primarily focused on evaluating the feasibility and performance of
SOFCs in residential applications. Additionally, the study evaluated the
synergistic operation of the SOFC with a photovoltaic (PV) system, bat-
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tery energy storage, and thermal water storage, assessing its off-grid op-
eration potential under different solar irradiation conditions [68]. Sami
et al. [63] highlighted the critical role of hydrogen energy in building
power supply. Their study demonstrated that during periods of insuffi-
cient solar supply, such as cloudy days or nighttime, proton exchange
membrane fuel cells (PEMFCs) can function as a backup power source
by converting stored hydrogen into electricity to maintain the power
supply of buildings. Under grid-connected operation, surplus electricity
can be sold back to the grid during periods of excess generation, while
electricity can be purchased from the grid during peak demand periods
[63].

3.2.4. Hydrogen in distributed building energy systems
Beyond microgrids, hydrogen is also being integrated into distrib-

uted building energy systems, including transportation-energy interac-
tions. Mehr et al. [28] explored a distributed building energy system
based on solid oxide fuel cells (SOFCs), utilizing green hydrogen (pro-
duced via PV-powered electrolysis) and syngas (obtained through gasi-
fication) as fuel sources to supply both electricity and thermal energy
for buildings. By increasing the proportion of hydrogen in the fuel mix,
the study demonstrated that the system could achieve up to a 58 % re-
duction in CO₂ emissions [28]. Additionally, the results of on-site hy-
drogen production from a rooftop photovoltaic system (PV-PEM elec-
trolysis) indicated that even without grid reliance, the system could
produce 10,588 kg of hydrogen annually, sufficient to meet the build-
ing's energy demands. System efficiency evaluations showed that hy-
drogen blending improved SOFC power generation efficiency to
29.32 %, while the overall combined heat and power (CHP) system effi-
ciency increased to 63.56 %, highlighting the high application potential
of PV-electrolysis integration in building energy systems [28]. Elmer et
al. [69] also emphasized that hydrogen, as the primary reactant in the
power generation process of solid oxide fuel cells (SOFCs), can signifi-
cantly enhance the efficiency of SOFCs compared with internal combus-
tion engines, while simultaneously reducing pollutant emissions.

Liu et al. [61] proposed a hybrid renewable energy system integrat-
ing photovoltaics (PV), wind power, battery storage, and hydrogen stor-
age to supply electricity to high-rise residential buildings. The hydro-
gen energy system consists of an electrolyzer, compressor, stationary
hydrogen storage tanks, proton exchange membrane fuel cells
(PEMFC), and mobile hydrogen fuel vehicles. The study further intro-
duced an integrated building-transportation energy management
model, where hydrogen fuel vehicles serve as both daily transportation
assets and mobile energy storage units for buildings. When parked in
residential areas, PEMFCs within the vehicles can supply power to
buildings, enabling vehicle-to-building (V2B) bidirectional energy ex-
change [61]. Additionally, the study proposed utilizing waste heat from
PEMFCs and electrolyzers for building heating, air conditioning reheat,
and domestic hot water production, thereby improving overall system
efficiency and energy utilization [61]. Robledo et al. [62] demonstrated
that integrating hydrogen fuel cell electric vehicles (FCEVs) with vehi-
cle-to-grid (V2G) technology can effectively reduce building depen-
dence on the grid and enhance energy self-sufficiency. In a microgrid
simulation, the FCEV2G model reduced the annual electricity imports
of buildings by approximately 71 %, confirming the role of hydrogen
energy as a supplementary power source for building electricity supply.
Moreover, buildings incorporating FCEV2G technology can achieve
net-zero energy balance and, in some cases, become positive energy
buildings (PEBs), producing more energy than they consume. This ca-
pability is crucial for the development of future zero-carbon cities, con-
tributing to more sustainable building energy systems. The study also
found that the FCEV2G system's power supply pattern aligns well with
building load demand, providing stable electricity output during peri-
ods of insufficient solar power generation, such as at night and in win-
ter. This improves the overall availability of electrical energy for build-
ings [62].

Beyond hydrogen-powered vehicles, the potential for deeper energy
integration between buildings and transportation has been further ex-
plored. Robledo et al. [70] investigated the use of hydrogen fuel cell
electric scooters as auxiliary power sources for buildings, enabling en-
ergy coupling between building energy systems and mobile transporta-
tion units through vehicle-to-grid interaction technologies. Robledo et
al. [70] proposed two primary modes of energy exchange: the first is
“Vehicle-to-Grid” (V2G), in which parked hydrogen fuel cell scooters
supply electricity back to the building's grid via their onboard fuel cell
systems, thereby enhancing the reliability of building power supply
during peak demand periods or grid instability; the second is “Vehicle-
to-Load” (V2L), in which the scooter directly supplies power to house-
hold appliances such as mobile phones, computers, and televisions,
functioning as a portable generator to provide electricity locally. Sup-
porting this “building–transportation” integrated energy paradigm, Al-
Buraiki and Al-Sharafi [71] also demonstrated that the hydrogen pro-
duced by the system not only meets the building's internal energy de-
mands but also serves as a fueling source for hydrogen vehicles, form-
ing a vital component of a comprehensive building-integrated energy
system.

He et al. [49] also proposed a “vehicle-to-building” hydrogen uti-
lization model, in which hydrogen fuel cell vehicles (HVs) not only
serve mobility needs but also provide energy feedback to the grid
through their onboard proton exchange membrane fuel cells (PEMFCs)
via Vehicle-to-Grid (V2G) interaction. Acknowledging the safety risks
associated with high-pressure hydrogen storage in residential settings,
He et al. [49] located the electrolyzer and hydrogen storage tanks at a
centralized hydrogen station rather than within the building itself. Sur-
plus photovoltaic electricity is transmitted from the building to the hy-
drogen station via a microgrid for hydrogen production, after which the
HVs are refueled and subsequently feed electricity back to the building
through V2G operation. This spatial decoupling between buildings and
hydrogen infrastructure enables coordinated operation while improv-
ing system safety, operational efficiency, and user acceptance [49].

3.2.5. Hydrogen for seasonal energy storage and heating applications
Hydrogen is increasingly being recognized as a viable solution for

seasonal energy storage and building heating. Dong et al. [26] argued
that hydrogen, as a seasonal energy storage medium, can effectively ad-
dress the diurnal and seasonal fluctuations inherent in rooftop photo-
voltaic (PV) generation. This is particularly critical during winter, when
insufficient PV output renders short-term battery storage incapable of
meeting long-term energy demands. The study employed hydrogen
storage (HS) as a long-term solution to balance the mismatch between
renewable energy supply and demand. In summer, when PV generation
exceeds demand, the electrolyzer converts surplus electricity into hy-
drogen for storage while recovering waste heat from the electrolysis
process to enhance overall system efficiency. Conversely, during win-
ter, when PV output is limited, a PEMFC reconverts the stored hydrogen
into electricity and heat, thereby fulfilling the building's power and
heating requirements. Moreover, hydrogen can serve as an auxiliary en-
ergy source for building heating.

Gordon et al. [32] explored the potential applications of hydrogen
in residential heating, hot water supply, and cooking, introducing the
concept of “hydrogen homes.” The study highlighted that hydrogen
heating is considered a possible pathway for decarbonizing the building
sector. Additionally, the study examined hydrogen cooking as a poten-
tial replacement for traditional gas stoves. The findings revealed that
consumer acceptance of hydrogen hobs is lower than that of hydrogen
heating, primarily due to significant safety concerns regarding hydro-
gen-fueled cooking. Fuel-poor households tend to prefer induction
cooktops as an alternative, as they perceive them as a safer option that
mitigates potential risks associated with hydrogen use [32]. In Switzer-
land's research, Mellot et al. [72] investigated the role of hydrogen in
building heating and found that hydrogen can be utilized for synthesiz-
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ing renewable methane, which can then be used for heating through gas
boilers or combined heat and power (CHP) systems. However, hydro-
gen can serve as long-term seasonal power storage (P2H2P) to balance
across seasons, yet it is not a cost-effective primary pathway and sees
only limited application.

3.2.6. Hydrogen boilers and hybrid heating systems
The feasibility research of hydrogen boilers and hybrid heating sys-

tems as alternatives to conventional natural gas heating has been re-
ceiving increasing attention. Slorach and Stamford [31] conducted an
in-depth analysis of hydrogen boilers as an alternative solution for
building heating and domestic hot water (DHW) supply. Their findings
indicated that hydrogen boilers can replace traditional natural gas boil-
ers through direct hydrogen combustion or be integrated into hybrid
heating systems (HHS), where they operate alongside air source heat
pumps (ASHPs). Additionally, Slorach and Stamford [31] explored two
future hydrogen heating scenarios. The Committee on Climate Change
(CCC) scenario (low hydrogen, high heat pump penetration), which pri-
marily relies on ASHPs for heating, with hydrogen boilers serving as
supplement for peak demand periods [31]. The study found that CCC
scenario could achieve about 95 % reduction in heating-related carbon
emissions, making it the most effective option for emission reduction.
Besides Future Energy Scenarios (FES) (high hydrogen, low heat pump
penetration), this scenario relies on hydrogen boilers for heating, with
hydrogen mainly produced via steam methane reforming (SMR) with
carbon capture and storage (CCS) and distributed through a nationwide
hydrogen pipeline network [31]. However, due to the high energy con-
sumption associated with hydrogen production, the carbon reduction
potential (84–87 %) is slightly lower than in the CCC scenario, suggest-
ing certain limitations in emission reduction efficiency [31]. Seward et
al. [73] conducted a systematic evaluation of the role of hydrogen boil-
ers in building heating systems. In hybrid heating systems (HHS), hy-
drogen can be integrated with heat pump technologies to form hybrid
heat pumps (HHPs). Under this model, hydrogen boilers primarily oper-
ate during cold weather or periods of high heat demand, while air
source heat pumps (ASHPs) or ground source heat pumps (GSHPs) are
prioritized for regular heating needs. Additionally, based on an assess-
ment of hydrogen heating feasibility in residential units of Cardiff,
Swansea, and Newport, Seward et al. [73] noted that these cities al-
ready possess well-developed natural gas infrastructure, making them
suitable for hydrogen retrofitting as a pathway to decarbonizing build-
ing heating. Bristowe and Smallbone [64] identified hydrogen as a vi-
able energy source for building heating, which can be integrated with
existing natural gas infrastructure. Hydrogen boilers can be deployed in
both residential and commercial buildings, operating similarly to con-
ventional natural gas boilers, but using either pure hydrogen or hydro-
gen-natural gas blends as fuel. Additionally, the study highlighted that
hydrogen could serve as an energy storage medium. Surplus electricity
can be converted into hydrogen via electrolysis, which can then be
stored and later reconverted into electricity through fuel cells or hydro-
gen gas turbines during periods of high energy demand [64].

However, hydrogen does not play a dominant role in the building
energy sector. A study by Victoria et al. [74] found that district heating
systems in urban areas primarily rely on large-scale heat pumps, bio-
mass combined heat and power (CHP) systems, and gas boilers, with
hydrogen usage mainly observed in waste heat recovery processes, such
as the Fischer-Tropsch synthesis. While a portion of hydrogen can be
utilized for synthetic fuel production, its direct use for space heating in
buildings remains minimal. In distributed heating systems, heat pumps
have emerged as the predominant heating technology [74]. According
to Switzerland's case study, Mellot et al. [72] indicated that under a net-
zero emissions scenario in 2050, electric heat pump heating solutions
are more economically competitive than hydrogen-based alternatives.
Moreover, relying solely on imported hydrogen to compensate for win-
ter electricity shortages would significantly increase total energy sys-
tem costs by 64.3 % [72]. In contrast, alternative solutions, such as gas-
fired power plants or Alpine photovoltaic installations, offer more cost-
effective options, enhancing the overall economic viability of the en-
ergy system.

3.3. Structure of dimensions involved in hydrogen use in building sector

According to the classification framework outlined in the previous
section, particularly regarding the methodological focus of each source,
Fig. 4 is designed as a heat map to further illustrate the specific aspects
of hydrogen applications in the building sector and to identify underde-
veloped areas. The figure provides a comprehensive visualization of the
frequency with which relevant variables and parameters have been in-
vestigated across the reviewed literature. Rows represent three primary
analytical dimensions: Technical Dimensions, Economic Dimensions,
and Environmental Dimensions [6,25–28,31,32,44–74,76]. Columns
list specific variables grouped under three overarching parameter cate-
gories: technical, economic, and environmental, for example, effi-
ciency, energy consumption, cost, and sustainability contributions. The
color gradient indicates the frequency of investigation for each parame-
ter in the existing literature, with darker shades representing higher fre-
quency. Note that parameters shown are occurrence counts only, not
pathway-dependent performance.

In terms of technical parameters, Efficiency was the most frequently
discussed indicator (n = 35), underscoring its central role in evaluating
energy systems, mechanical components, and building performance.
According to the reviewed literature, this parameter typically refers to
the conversion efficiency between input and output in hydrogen-based
systems; higher efficiency indicates more effective resource utilization.
Capacity (n = 24) also emerged as a critical factor, particularly in refer-
ence to energy storage and system engagement, such as hydrogen pro-
duction and storage capacity, photovoltaic installed capacity, and the
rated capacity of individual components. Consumption (n = 22) reflects
the use of energy or materials during building operation and is closely
linked to the technological performance of the system. Lifespan
(n = 16) is used to evaluate the durability of systems or components,

Fig. 4. Summary of the dimensions that involved in the reviewed studies.
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encompassing aspects such as operational lifespan, component replace-
ment cycles, and total runtime.

From the economic perspective, Cost (n = 27) and Economic Feasi-
bility (n = 26) represent the core areas of research interest. Cost en-
compasses both initial capital investment and operation and mainte-
nance expenditures and is often a decisive factor in technology imple-
mentation and procurement decisions. Economic feasibility, on the
other hand, reflects a more comprehensive economic evaluation, incor-
porating indicators such as levelized cost of energy (LCOE), net present
cost (NPC), return on investment (ROI), and government subsidies.
These metrics offer valuable insights into the practical viability of hy-
drogen applications in the building sector. Within the environmental
dimension, the most emphasized parameter is Sustainability Contribution
(n = 28), which assesses the extent to which a system supports goals
such as carbon neutrality, circular economy, and net-zero buildings.
Emissions (n = 15) primarily concern the release of greenhouse gases
and other pollutants (e.g., NOₓ and particulate matter), serving as a key
basis for understanding environmental externalities and evaluating reg-
ulatory compliance.

As shown in Fig. 4, current research exhibits a marked concentra-
tion in the technical dimension, particularly around parameters such as
Efficiency, Capacity, and Consumption. This trend reflects the field's
strong reliance on technical performance metrics and suggests that re-
search is still in the preliminary stage of validating the technical feasi-
bility of hydrogen technologies in buildings. Notably, the technical pa-
rameter Lifespan, which is critical in technology assessment, was exam-
ined in only 16 studies, indicating that lifecycle considerations have not
yet received sufficient attention in technical parameters. Within the
economic dimension, the parameters Economic Feasibility and Cost were
examined in 26 and 27 studies, highlighting the growing recognition of
economic factors as crucial determinants in the practical deployment of
hydrogen technologies in buildings. Environmental dimension is evi-
dently represented, due to Emissions and Sustainability Contributions ap-
peared in 15 and 28 studies, respectively. It is worth noting that certain
parameters exhibit cross-dimensional characteristics. For instance,
while Efficiency is primarily a technical indicator, it also influences eco-
nomic returns and environmental impacts. Similarly, Consumption per-
tains not only to operational costs but also to resource utilization and
environmental load.

In summary, the overall distribution reveals a clear trend in research
focus: technical parameters dominate engineering-oriented studies,
economic indicators prevail in feasibility analyses, and although envi-
ronmental metrics are receiving increasing attention, they remain com-
paratively underrepresented. Although efficiency, emissions, and cost
emerge as the most frequently reported and quantifiable indicators,
only few studies provide data in directly comparable form. Because of
this limited and heterogeneous sample, a data-based horizontal com-
parison was not pursued here; instead, the result emphasizes the need
for future research to report these indicators in standardized units to
enable robust cross-case analysis. Fig. 4 reveals that current research
tends to prioritize technical performance and economic feasibility,
while systematic assessment of the overall environmental impact re-
mains limited. This distribution suggests that future research should
adopt more integrated, multidimensional approaches, particularly by
enhancing the coupling between environmental and economic assess-
ments, thereby establishing a more comprehensive evaluation frame-
work for hydrogen-integrated building systems.

3.4. Benefit of applying hydrogen in building sector

With the growing global demand for decarbonizing building energy
systems, hydrogen energy has garnered significant attention as a
promising clean energy source for applications in the building sector.
Numerous studies have demonstrated that hydrogen energy not only
substantially reduces carbon emissions in the building sector but also

enhances energy efficiency. Fig. 5 illustrates the multidimensional ad-
vantages of hydrogen integration within building energy systems, un-
derscoring its pivotal role in achieving low-carbon, resilient, and en-
ergy-efficient built environments. Centered around the hydrogen stor-
age system, the diagram links renewable power generation, building-
side energy demands, and auxiliary components such as heat pumps
and electric vehicles. Unidirectional and bidirectional solid lines repre-
sent conversion and collaborative interactions between different system
elements or components. Specifically, hydrogen produced from renew-
able sources enables zero-carbon energy storage, effectively mitigating
the intermittency of solar and wind power. The stored hydrogen can
subsequently be converted into electricity or thermal energy for heat-
ing, cooling, and power supply within buildings, which enhances en-
ergy stability and reinforcing system resilience. The integration of hy-
drogen with heat pump systems further boosts energy efficiency and
supports high-performance thermal management. Meanwhile, syner-
gies with electric mobility infrastructure enable vehicle-to-building
(V2B) coupling, facilitating cross-sectoral energy integration. Fig. 5
also highlights that the coupling of hydrogen-powered heat pumps with
buildings offers potential advantages in terms of social acceptance.
Overall, Fig. 5 presents a systemic energy model in which hydrogen
serves not only as an energy carrier but also as a strategic enabler for
decarbonization and integration within building energy systems, sup-
porting the broader transition toward sustainability and net-zero goals.

3.4.1. Hydrogen as a pathway for efficient and stable energy utilization in
buildings

From the perspective of technological optimization in building en-
ergy systems, North and Jentsch [30] argued that current decarboniza-
tion policies predominantly rely on a linear economic model. While this
model reduces energy demand and replaces fossil fuels with low-carbon
technologies, it does not fully account for the efficient utilization of en-
ergy resources. Their findings indicate that integrating local heat
sources with district heating networks can significantly improve energy
resource utilization efficiency, offering advantages over conventional
heating methods such as gas boilers and resistive heating. While this
study provides a theoretical foundation for the application of hydrogen
in building heating, Sami et al. [63] further expanded this field by in-
vestigating the feasibility of integrating hydrogen storage with multi-
source energy systems, including solar and wind energy. Experimental
tests conducted in four Iranian cities with distinct climatic conditions
demonstrated that this polygeneration system exhibits strong adapt-
ability under dynamic climate conditions. Notably, in extreme climatic

Fig. 5. Summary of benefits of hydrogen in building applications.
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regions, such as hot-humid and arid areas, it effectively enhances en-
ergy efficiency [63].

Maestre et al. [6] indicated that grid-RHS hybrid system was the
most cost-effective solution, achieving a lower levelized cost of energy
(LCOE) compared to traditional grid-powered systems while signifi-
cantly reducing carbon emissions. In contrast, the fully off-grid RHS,
despite enabling zero carbon emissions, remained cost-intensive. How-
ever, the study suggested that selling surplus energy back to the grid
could significantly enhance its economic viability [6]. Vecchi et al. [59]
indicated that gradual electrification is the most cost-effective pathway
for building decarbonization, while PV + storage systems significantly
reduce grid dependence. However, if grid decarbonization progresses
slowly, the cost of achieving net-zero emissions will rise considerably,
placing a higher carbon abatement cost burden on building users. In
this context, hydrogen heating remains viable only under specific con-
ditions, such as when distributed renewable energy resources are lim-
ited (e.g., insufficient rooftop space for PV installation), when heating
and hot water demand peaks are highly concentrated (e.g., higher win-
ter hot water demand), or when hydrogen retail prices drop below 4
AUD/kg [59].

While building electrification is widely regarded as a cost-effective
decarbonization pathway [59], this does not diminish the advantages of
hydrogen in building energy systems. He et al. [49] argued that hydro-
gen technologies demonstrate significant potential in optimizing build-
ing operational costs. Through intelligent control and optimized opera-
tion of electrolyzers and fuel cells, their study showed that the average
annual energy cost per household could be reduced from approximately
USD 2000 to USD 1228.5, representing a 38.9 % decrease [49]. Acting
as an energy intermediary, hydrogen effectively utilizes surplus elec-
tricity generated by on-site photovoltaic systems, thereby enhancing
the overall economic performance of the building energy system. Se-
ward et al. [73] highlighted that hydrogen can be transported through
retrofitted natural gas pipelines to supply building heating systems,
making it a low-cost, low disruption decarbonization solution, particu-
larly for buildings already connected to the gas network. Furthermore,
Seward et al. [73] emphasized that full-scale electrification (e.g., wide-
spread heat pump adoption) could significantly increase grid load, es-
pecially during peak demand in cold weather, leading to substantial
electricity infrastructure upgrade costs. In contrast, hydrogen heating
relies solely on existing gas networks, effectively alleviating peak elec-
tricity demand pressure. Additionally, the study found that, unlike elec-
trified heating systems (e.g., heat pumps), which may require auxiliary
heating devices in low-temperature environments, hydrogen boilers
can directly supply high-temperature hot water and indoor heating
without additional energy conversion. This ensures greater reliability in
severe cold weather conditions [73].

Despite the numerous benefits of hydrogen in the building sector, its
role remains largely supplementary. Victoria et al. [74] highlighted
that although modelling results indicate that the core strategy for de-
carbonizing building heating is direct electrification (e.g., heat pumps),
hydrogen still offers certain benefits under specific conditions. The
study demonstrated that hydrogen could function as a grid-balancing
tool within building heating systems, helping to mitigate the intermit-
tency of renewable energy sources. For instance, hydrogen serves as a
seasonal energy storage medium, feeding electricity back via fuel cells
during periods of low renewable generation output while recovering
waste heat for district heating [74]. Additionally, hydrogen boilers can
act as auxiliary heating devices, working in conjunction with heat
pumps and thermal storage systems to enhance the resilience of energy
systems, particularly during extreme cold weather or peak electricity
demand periods. Xu et al. [75] further found that through the “electric-
ity–gas–electricity” energy conversion pathway, which include electrol-
ysis, hydrogen storage, and power generation via fuel cells, the system
can achieve temporal energy balancing, ensuring reliable supply for
residential base loads and electric vehicle charging. This approach en-

hances the system's load management capability and operational stabil-
ity.

3.4.2. Hydrogen as a stable long-term energy storage option for buildings
From the perspective of technological feasibility and economic via-

bility, numerous studies have highlighted the critical role of hydrogen
systems in building energy management. Brancaleoni et al. [67] con-
ducted a study on a cluster of educational buildings in Italy, demon-
strating the application of a solar‑hydrogen hybrid system in off-grid
power systems. Their findings indicate that the combination of hydro-
gen storage and battery storage is essential for balancing seasonal en-
ergy supply. While battery storage is suitable for short-term fluctua-
tions, hydrogen storage enables long-term seasonal regulation. The self-
sufficiency rate of building energy reaches its peak during summer,
where surplus solar energy can be converted into hydrogen for energy
supply in winter [67]. A study conducted in Japan further support the
feasibility of hydrogen energy systems. Shimoda et al. [60] further ana-
lyzed the role of hydrogen as a long-term energy storage medium. Their
findings revealed a temporal mismatch between electricity supply and
demand due to the intermittency of photovoltaic (PV) generation.
Specifically, 43 % of electricity demand could be met directly by PV
generation without the need for energy storage, while 4 % and 22 % of
demand would require non-battery storage solutions such as pumped
hydro storage and hydrogen energy, respectively [60]. The study fur-
ther identified the optimal applications for different storage technolo-
gies, indicating that batteries are best suited for daily storage, pumped
hydro for short-term (within a week) storage, and hydrogen for sea-
sonal storage [60].

Baldi et al. [45] demonstrated that hydrogen storage systems, when
integrated with a SOFC–PEMFC operational mode, can release electric-
ity during peak demand periods, thereby ensuring the stability of build-
ing energy supply. They emphasized that the unit cost of hydrogen stor-
age is lower than that of battery storage [45], particularly for long-
duration applications, which makes it suitable for large-scale off-grid
building scenarios by reducing overall investment in energy storage in-
frastructure. Additionally, they found that integrating hydrogen storage
with PEMFCs enhances the dynamic responsiveness of SOFC-based sys-
tems: when building energy demand surges unexpectedly, PEMFCs can
rapidly deliver power, ensuring system stability. This configuration im-
proves the adaptability of SOFCs within building energy systems and
extends the operational lifespan of the fuel cells [45]. Karaca and Din-
cer [47] revealed that by functioning as an energy carrier, hydrogen ef-
fectively mitigates the intermittency of solar energy supply through a
“daytime PV-driven hydrogen production–nighttime fuel cell dis-
charge” pathway, thereby enabling diurnal energy balancing and con-
tinuous power delivery in building energy systems. Similarly, in Italy,
De Masi et al. [68] confirmed that the SOFC, when combined with a
photovoltaic (PV) system, can fully meet the building's energy demand,
and even generate surplus electricity under favorable solar conditions.
However, on cloudy days or during low-power operation, partial re-
liance on grid electricity remains necessary, while the SOFC ensures sta-
ble nighttime energy supply [68]. These findings align with those of
Brancaleoni et al. [67], highlighting the advantages of hydrogen energy
systems in managing energy supply fluctuations, offering high reliabil-
ity and flexibility. Sorgulu and Dincer [46] further substantiated the
perspective. They found that hydrogen can store surplus electricity gen-
erated from wind or solar power via electrolysis during periods of over-
production and subsequently release it through fuel cells during times
of renewable energy shortfall, such as at night, on cloudy days, or dur-
ing low wind conditions. This not only ensures a stable power supply
for buildings but also equips the system with flexibility to accommodate
dynamic load variations, thereby enhancing the operational reliability
of the energy infrastructure. Similar findings were reported by Razmjoo
et al. [76], who simulated a sustainable energy system for remote resi-
dential areas such as Rezvan village in Iran. Their system integrated
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photovoltaic (PV) panels, wind turbines, and hydrogen storage, utiliz-
ing a “water electrolysis–hydrogen storage–fuel cell power generation”
pathway to enable medium- and long-term energy storage and reuse.
The goal was to provide buildings with a stable and reliable electricity
supply to meet residents' daily energy demands [76].

3.4.3. Multi-modal hydrogen systems for improving building energy
performance

Meanwhile, the study by Mehr et al. [28] further strengthens the
theoretical foundation of integrating hydrogen energy with building en-
ergy systems from a thermodynamic analysis perspective. They ex-
plored the application and performance evaluation of green hydrogen
and syngas (synthetic gas) blended fuels in solid oxide fuel cells
(SOFCs). Their findings indicate that installing photovoltaic (PV) sys-
tems on building rooftops allows hydrogen energy to not only reduce
reliance on fossil fuels but also significantly lower CO₂ emissions.
Specifically, with a higher hydrogen proportion in the fuel blend, the
SOFC system demonstrated an 18 % enhancement in net output power,
and a 58 % reduction in CO₂ emissions [28]. This discovery further un-
derscores the irreplaceable role of hydrogen in the decarbonization of
building energy systems. Particularly, the integration of hydrogen with
solar energy and fuel cell technologies contributes to improved energy
efficiency and environmental performance in buildings. Research in
Beijing further reinforces the critical role of hydrogen in decarbonizing
the building sector. Complementary analysis by Sajjadian [77], examin-
ing the UK's net-zero carbon roadmap, further illuminates that hydro-
gen-based boilers and hybrid configurations, particularly those merging
hydrogen with heat pumps show considerable promise in lowering car-
bon outputs.

However, the application of hydrogen technologies in buildings is
not limited to single-mode integration. Dong et al. [26] demonstrated
the potential of an electricity–hydrogen–thermal hybrid storage system
(EHT-HS) for achieving complete carbon neutrality in residential build-
ings. The study identified the optimal system configuration, which in-
cludes a 204.8 m2 rooftop photovoltaic (PV) system (32 kW), a 114.8
kWh battery energy storage system (BESS), a 5.0 kW electrolyzer, a
1.1 kW fuel cell, a 113.57 m3 hydrogen storage tank, and a 65.6 kg
thermal storage tank [26]. Under this configuration, the residential
building achieved an investment return rate exceeding 36 %, with a
levelized cost of energy (LCOE) as low as $0.1016/kWh, outperforming
conventional systems ($0.1228/kWh) in economic viability. Addition-
ally, the annual carbon emission reduction (ACER) was optimized to
25.5 tCO₂, achieving a 100 % carbon reduction rate (CRR) and demon-
strating zero emissions [26]. Khan and Gohari Darabkhani [65] indi-
cated that fuel cells achieved the highest overall score in the micro-CHP
technology assessment, primarily due to their low carbon emissions,
high efficiency, and low noise levels. Gas engines, on the other hand,
emerged as the dominant choice for residential micro-CHP due to their
high technological maturity, although issues related to noise and vibra-
tion require further optimization. Both micro gas turbines and Stirling
engines exhibited distinct advantages. Micro gas turbines, character-
ized by their lower cost and simple maintenance, were found to be more
suitable for cost-sensitive users in regions with high electricity prices.
Meanwhile, Stirling engines, known for their low noise levels and
strong fuel flexibility, were deemed ideal for small-scale residential ap-
plications [65].

While the sustainability advantages of hybrid systems incorporating
hydrogen in building energy applications are well recognized, ongoing
efforts continue to optimize system performance. Hemied and Gabbar
[66] found that hydrogen fuel cells outperform conventional lithium-
ion batteries in long-term storage and energy regulation, serving as a re-
liable backup energy source during nighttime and low-wind conditions.
This capability ensures continuous and stable system operation, making
hydrogen fuel cells particularly suitable for various building types, in-
cluding residential, educational, and healthcare facilities. The proposed

optimization approach for hybrid renewable energy systems dynami-
cally allocates different energy sources, minimizing grid electricity pur-
chases to enhance building energy self-sufficiency, improve emissions
reduction, and maximize energy utilization and overall system effi-
ciency [66]. These findings demonstrate the practical potential of hy-
brid renewable energy systems in the building sector.

Adeyemo and Amusan [44] research showed that lithium iron phos-
phate (LFP) and retired electric vehicle batteries (REVB) were the most
cost-effective choices, while OPzV lead-acid batteries performed poorly
in terms of economic viability due to high maintenance costs and
shorter cycle life. For scenarios where loss of power supply probability
(LPSP) > 1 %, standalone battery storage using LFP or REVB was
found to be the optimal solution. However, when LPSP ≤1 %, the bat-
tery‑hydrogen hybrid storage system proved to be more cost-effective.
This is attributed to the fuel cell reducing the frequency of deep battery
discharges, thereby extending system lifespan. The economic feasibility
of hydrogen fuel cell systems depends on the cost reductions of elec-
trolyzers, fuel cells, and hydrogen storage tanks. At present, hydrogen-
based storage only outperforms standalone battery storage under spe-
cific power supply constraints [44]. Mohammad and Iqbal [27] found
that hydrogen-based microgrids can achieve complete zero greenhouse
gas emissions while providing long-term energy autonomy and stabil-
ity. This makes them particularly suitable for regions with unstable
grids and high electricity prices. Liu et al. [61] demonstrated the advan-
tages of hydrogen energy in balancing building energy demand by inte-
grating hydrogen-powered vehicles as mobile storage units with a PV-
wind-battery hybrid system. Their study revealed that the hydrogen-
prioritized storage strategy (EMS2) not only enhances the energy self-
sufficiency of building systems but also reduces reliance on the grid,
thereby improving energy independence. While the battery storage sys-
tem designed for large-scale renewable energy deployment (EMS1) per-
forms well in terms of supply capabilities, including self-consumption
ratio, load coverage, and hydrogen system efficiency, as well as grid in-
tegration, EMS2 exhibits superior performance and broader adaptabil-
ity [61]. During operation, hydrogen fuel cells and electrolyzers gener-
ate a significant amount of thermal energy. Liu et al. [61] proposed uti-
lizing waste heat recovery (WHR) technology for air conditioning re-
heat and domestic hot water (DHW) production to reduce the energy
consumption of conventional air conditioning systems. Their study
found that the heat recovery efficiency (HRE) in buildings could reach
95.17 %–95.46 % [61], significantly improving overall energy utiliza-
tion efficiency. Robledo et al. [62] explored the multiple advantages of
hydrogen energy in the building sector, highlighting that the FCEV2G
(Fuel Cell Electric Vehicle-to-Grid) model can significantly enhance
building energy self-sufficiency. They found that when hydrogen prices
drop below €8.24/kg, the total annual cost of the FCEV2G model be-
comes comparable to that of traditional internal combustion engine ve-
hicles (ICEVs). If the price of hydrogen further decreases to 3 euros per
kilogram, which is the target set by the United States Department of En-
ergy (DOE), users could save 1546 euros in annual energy costs [62].
This indicates that as hydrogen costs decrease, the economic feasibility
of the FCEV2G model in buildings will continue to improve. Al-Buraiki
and Al-Sharafi [71] also noted that stored hydrogen can be directly
used to refuel hydrogen fuel cell vehicles, enabling building districts to
function simultaneously as distributed energy hubs and transportation
energy refueling stations. Xu et al. [48] similarly highlighted the sys-
tem's capability to supply hydrogen to hydrogen vehicles (HVs). More-
over, Xu et al. [48] emphasized that by selling hydrogen to external
users, such as visiting vehicles and participating in demand response
programs (DRP), the system can reduce operational costs and transition
from an energy consumer to an energy provider, thereby enhancing the
overall economic performance and operational value of the building en-
ergy system.

In addition to hydrogen-powered vehicles, Robledo et al. [70] iden-
tified hydrogen fuel cell electric scooters (FCES) as distributed, low-
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carbon mobile energy storage units that can support building power
systems through Vehicle-to-Grid (V2G) and Vehicle-to-Load (V2L)
modes. When parked, these scooters can supply electricity to buildings,
thereby utilizing their stored energy during idle periods while continu-
ing to fulfill their transportation function. Robledo et al. [70] found
that under smart grid or microgrid architectures, FCES can operate in
coordination with building-integrated photovoltaic systems and battery
storage devices, enhancing the overall flexibility and responsiveness of
the energy system. This integration significantly improves the energy
self-sufficiency of buildings and reduces dependence on external elec-
tricity networks. Moreover, during peak grid load periods, FCES can
feed electricity back to the building or grid via V2G functionality, con-
tributing to peak shaving and valley filling. This helps optimize build-
ing load profiles and supports the stable operation of the broader power
system.

4. Barriers and challenges

There are several barriers to the application of hydrogen in build-
ings including technical, economic, social and political. Fig. 6 shows
the summary of the barriers for hydrogen adoption.

4.1. Economic issues

Despite the strong potential of hydrogen energy in building systems,
economic feasibility remains a major barrier to its widespread deploy-
ment. Anastasovski et al. [29] conducted a systematic evaluation of ur-
ban energy storage systems and similarly noted that while hydrogen-
based chemical energy storage systems, such as hydrogen fuel cells, ex-

hibit outstanding performance in long-term storage, sustainability, and
flexibility, their economic viability is hindered by the high cost of mate-
rials, such as platinum. However, in specific applications within the
building sector, hydrogen still faces several unique economic barriers.
For hydrogen–grid hybrid energy systems, economic performance is
sensitive to energy price fluctuations. Vecchi et al. [59] conducted mod-
elling analyses under Australian climatic conditions, revealing that hy-
drogen boilers (H₂B) are cost-effective only when peak electricity prices
are high or distributed energy resource (DER) potential is limited, such
as in apartment complexes. Additionally, for retrofitting existing build-
ings with hydrogen systems, hydrogen prices must fall to below one-
fifth of electricity prices to achieve cost competitiveness. Similarly, the
deployment of hydrogen boilers in the United Kingdom faces obstacles,
primarily due to the higher integrated cost of green hydrogen compared
to natural gas and the lack of readiness for large-scale hydrogen boiler
deployment [77].

Khan and Gohari Darabkhani [65] assessed the performance and
suitability of four major micro-combined heat and power (micro-CHP)
prime movers for residential applications. Their study found that al-
though fuel cells offer advantages in terms of low emissions and envi-
ronmental sustainability, their high cost and prolonged startup time
limit their large-scale adoption. These findings highlight the diversity
of micro-CHP technology choices depending on specific building types
and energy demands. While hydrogen technologies hold immense po-
tential for environmental benefits, current technological advancements
have yet to fully overcome challenges related to cost and economic fea-
sibility. Mohammad and Iqbal [27] evaluated the application of hydro-
gen-supported solar photovoltaic (PV) microgrids in urban apartments
and found that despite their zero-carbon emissions and enhanced sys-

Fig. 6. Summary of challenges and barriers of hydrogen in building applications.
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tem reliability, the high initial investment cost remains the primary
constraint to widespread adoption. Their study also indicated that with
technological advancements and economies of scale, the cost of hydro-
gen energy systems is expected to decline. This finding aligns with the
cost analysis conducted by Bristowe and Smallbone [64], who argued
that the reduction in hydrogen energy costs is contingent on the large-
scale production of electrolyzer technology. They suggested that mass
manufacturing of proton exchange membrane (PEM) electrolyzers
could significantly lower hydrogen production costs, making hydrogen
a more economically viable option for building heating applications.

In summary, the common economic challenges in the hydrogen in-
dustry are largely attributed to the high costs of expensive materials
such as stacks and catalyst components, including platinum [29]. In the
building sector, however, economic feasibility is influenced by multiple
factors. Hydrogen boilers are competitive primarily under conditions of
peak electricity pricing, restricted distributed energy resources (DERs),
or when the hydrogen price falls below 20 % of the electricity price
[59]. In the United Kingdom, retrofit efforts remain constrained by the
cost premium of green hydrogen and gaps in deployment readiness
[77]. PV-H₂ microgrids can deliver zero-carbon reliability, but high up-
front investment remains the principal barrier to adoption [27]. Large-
scale manufacturing of proton exchange membrane (PEM) electrolyzers
represents a reliable pathway to significantly improving affordability
[64].

4.2. Technical issues

Beyond economic feasibility, the common technical challenges in
the hydrogen industry are both pervasive and closely interrelated with
those specific to its applications in the building sector. The study by Se-
ward et al. [73] provides an alternative perspective on the challenges
associated with hydrogen technology deployment. They conducted a
spatially explicit modelling analysis of residential heating decarboniza-
tion pathways in South Wales, UK, evaluating the feasibility of hydro-
gen heating, electrified heating, and hybrid heating solutions. Their
findings indicate that hydrogen heating systems are most suitable for
areas covered by existing natural gas networks; however, challenges re-
lated to hydrogen production, transportation, and conversion efficiency
may constrain their broader adoption [73]. North and Jentsch [30] con-
ducted an in-depth analysis of the effectiveness and feasibility of hydro-
gen as a replacement fuel for gas boilers. While hydrogen boilers are
promoted as a low-carbon alternative for building heating, and govern-
ment policies are actively supporting the transition from natural gas to
hydrogen, the study highlighted that hydrogen heating exhibits lower
overall efficiency and may increase the energy burden. One key issue is
the exergy efficiency of hydrogen boilers. Compared to natural gas boil-
ers, which have an exergy efficiency of 3.8 %, hydrogen boilers achieve
only 3.2 %, representing a 16 % reduction, which translates into
greater resource wastage [30]. Additionally, the resource efficiency ra-
tio (RER) of hydrogen boilers is 0.84, lower than that of natural gas
boilers, indicating insufficient energy utilization efficiency in this appli-
cation [30]. A fundamental challenge of hydrogen heating lies in the
energy losses associated with hydrogen production. The study noted
that electrolysis operates at approximately 70 % efficiency, meaning
that 30 % of the electricity is lost during hydrogen production. Further
energy losses occur when hydrogen is combusted in boilers, further re-
ducing the overall system efficiency [30]. Verma et al. [78] pointed out
that due to the inherent properties of hydrogen, such as its flammabil-
ity, the complexity and precautionary measures involved in its handling
and storage processes are significantly increased. This imposes higher
technical requirements while being closely linked to safety considera-
tions. Badakhsh and Bhagavathy [79] further analyzed barriers within
the hydrogen value chain from both technical and environmental per-
spectives. Their study highlighted that blending 20–23 % hydrogen
into existing natural gas pipelines requires only minor infrastructure

upgrades while achieving a 7.3 % reduction in CO₂ emissions [79].
However, when the hydrogen blend exceeds 70 %, risks such as hydro-
gen embrittlement and pipeline degradation emerge. For pure hydro-
gen heating, a complete overhaul of infrastructure is necessary, leading
to a 40–65 % increase in both capital and operational expenditures.

However, hydrogen also faces a series of technology specific chal-
lenges within building contexts. The study by Brancaleoni et al. [67]
also revealed limitations of hydrogen storage systems, particularly re-
garding system-scale optimization. Their research shows that the im-
pact of temperature on photovoltaic (PV) power generation cannot be
overlooked, necessitating accurate climate forecasting and temperature
fluctuation adjustments in system design. Moreover, to accommodate
future growth in building energy demand, Brancaleoni et al. [67] rec-
ommends either increasing battery storage capacity by 50 % or in-
stalling additional PV modules to ensure sufficient energy supply dur-
ing winter. This perspective aligns with the findings of Maestre et al.
[6] and Sami et al. [63]. The former suggests that variations in local en-
ergy consumption patterns, such as differences in solar radiation inten-
sity and peak load demands, could explain these discrepancies. The lat-
ter emphasizes that in polygeneration systems, hydrogen storage must
be closely integrated with other renewable energy sources, particularly
solar energy, to enhance overall system efficiency and economic feasi-
bility.

In building distributed energy scenarios, the coordinated control be-
tween hydrogen systems and local power grids presents significant
challenges. In practical deployment, the high-power, dynamically ad-
justable load characteristics of hydrogen systems pose significant chal-
lenges to power supply reliability. As highlighted by Jain et al. [80], in
power-to‑hydrogen (P2H) coupled systems, failure of electrolyzers to
respond in real time to fluctuations in local renewable generation, such
as solar PV, which may result in synchronized power oscillations with
distributed energy sources. This synchronicity can amplify voltage de-
viations within distribution networks, triggering frequent operations of
voltage regulation equipment, such as Load Tap Changers (LTCs). Such
frequent switching not only increases operational costs and reduces
equipment lifespan but also undermines overall system stability. These
grid interaction and control issues are less prominent in large central-
ized hydrogen applications but are particularly significant in building
scale or localized energy systems.

Practical building applications impose specific constraints on the
operation of hydrogen energy systems. Using the Samcheok campus of
Kangwon National University as a pilot site, Kwon et al. [81] integrated
BESS and HESS under coordinated control of an Energy Management
System (EMS), achieving a stabilization of grid power fluctuations
within ±35 kW, a reduction in electricity costs by approximately 15 %,
and an improvement in grid stability by 20 %. While these results
demonstrate the operational viability of multi-energy integrated sys-
tems within controlled campus microgrids, it is important to note that
campus buildings typically exhibit relatively homogeneous load pro-
files and operate in highly manageable environments. In contrast, high-
density urban residential settings are characterized by significant load
variability and behavioral uncertainty among end users. In such con-
texts, real-time EMS-based scheduling of storage assets is often con-
strained by limited compatibility with existing distribution infrastruc-
ture, insufficient physical space for equipment installation, and regula-
tory restrictions on system control authority.

Achieving building decarbonization and energy self-sufficiency re-
quires addressing the critical challenge of seasonal energy mismatch.
This issue is especially acute in mid- to high-latitude regions, where
summer photovoltaic surpluses contrast sharply with winter heating
peaks. Keiner et al. [82] developed a closed loop residential energy sys-
tem model across 145 global climate zones, incorporating photovoltaic
panels, electrolyzers, hydrogen storage tanks, and fuel cells, to system-
atically evaluate the role of hydrogen storage in enhancing household
energy self-sufficiency and optimizing costs under both grid connected
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and off grid configurations. The results indicate that hydrogen storage
emerges as part of the optimal solution only in specific high-latitude
scenarios, such as in Northern Europe, where winter heating demand is
substantial and off-grid operation is enforced. However, the study also
emphasizes that even under continued cost reduction trajectories, the
adoption of hydrogen storage remains constrained by its high capital in-
vestment and relatively low round-trip efficiency. Its principal value
lies in meeting seasonal balancing requirements over timeframes rang-
ing from several weeks to several months, a demand that conventional
battery systems are unable to satisfy. [82]. While the integration of sea-
sonal hydrogen storage can enhance energy self-sufficiency, this mech-
anism alone is insufficient to resolve distribution-level bottlenecks. The
study by Fokkema et al. [83] demonstrates that under conditions of lim-
ited grid distribution capacity, hydrogen storage can facilitate temporal
load shifting and improve the economic performance of the energy sys-
tem to a certain extent. However, simulation results reveal that during
periods of frequent summer photovoltaic generation peaks, storage sys-
tems alone cannot fully substitute the need for grid infrastructure ex-
pansion. More critically, as storage capacity increases, the frequency of
energy transactions between the system and the grid also rises, poten-
tially exacerbating congestion risks along local transmission pathways
[83]. In conclusion, within the context of seasonal energy regulation in
buildings, hydrogen systems exhibit certain boundaries of applicability.
However, the low storage efficiency represents general technological
limitations, which can be regarded as specific manifestations of the
common challenges within the hydrogen and building context.

It is worth noting that equipment layout and structural integration
issues represent obstacles unique to the application of hydrogen in
buildings. In high-density urban environments, one of the foremost
challenges in integrating hydrogen energy systems into existing build-
ings lies in the severe spatial constraints. Most legacy buildings were
not originally designed to accommodate modern sustainable energy
systems, resulting in structural and spatial layouts that are often incom-
patible with the installation of new energy-efficient equipment and in-
telligent control platforms. For instance, efforts to retrofit high-
performance HVAC systems, photovoltaic panels, or smart building
management systems frequently encounter issues such as insufficient
structural load capacity, limited space for equipment placement, and
restricted pathways for power and data cabling [84]. Compared with
conventional energy saving technologies, hydrogen-based systems such
as electrolyzers and hydrogen storage tanks impose more stringent re-
quirements in terms of space, safety, thermal management, and sup-
porting infrastructure. Moreover, most existing buildings lack struc-
tural redundancy provisions for accommodating modern energy sys-
tems. Rooftop spaces are typically prioritized for the installation of pho-
tovoltaic panels, heat pump units, or green roofing elements. Under
such limited load-bearing conditions, the concentrated deployment of
these systems already imposes substantial structural stress [84]. As a re-
sult, the addition of any new system faces even more formidable instal-
lation challenges.

Technically, hydrogen in buildings is most plausible where legacy
gas networks exist, yet end-to-end efficiency losses, from electrolysis
(~70 %) to end-use combustion and exergy, undercut resource effi-
ciency relative to electrification [30,73]. Safety and handling complexi-
ties elevate design and O&M requirements [78]. Gas-grid blending can
yield near-term decarbonization (≈20–23 % H₂ → ~7.3 % CO₂ cuts)
with limited upgrades, but high-blend and pure-H₂ service demands
major infrastructure renewal (+40–65 % CAPEX/OPEX) and careful
management of leakage [79]. At the system level, PV temperature sen-
sitivity and winter deficits require explicit sizing and forecasting; op-
tions include ~50 % battery upsizing or additional PV capacity [67].
Power-to-H₂ coupling introduces grid-interaction challenges: elec-
trolyzer lag can synchronize with DER oscillations, driving voltage ex-
cursions and stressing LTCs, necessitating EMS designs with voltage
support and coordinated set-point control [80]. Campus-scale demon-

strations (coordinated BESS–HESS) show improved stability and cost
(±35 kW smoothing; ~15 % cost reduction), but transferability to
dense urban housing is limited by load heterogeneity, siting, and regu-
latory constraints [81]. Finally, seasonal mismatch remains the primary
advantage of hydrogen storage, which is highly valuable in high lati-
tude or off grid contexts, although it is capital intensive and has low
round trip efficiency [82]; storage alone cannot obviate distribution up-
grades and may even increase grid transactions and local congestion
under frequent PV peaks [83]; tight urban sites compound retrofit feasi-
bility due to space/structural limits for electrolyzers, tanks, HVAC, and
cabling [84].

4.3. Social issues

Although hydrogen has increasingly emerged as a key pathway in
the transition to clean energy, the general public still lacks a clear un-
derstanding of its production methods, application scenarios, and safety
characteristics. In Germany, for instance, a nationally representative
survey involving 2054 participants revealed that while 85 % of respon-
dents had heard of “hydrogen,” only 26 % demonstrated familiarity
with the concept of “green hydrogen” [85]. This knowledge gap is par-
ticularly pronounced among older adults and individuals without
higher education backgrounds. The public knowledge gap surrounding
hydrogen energy is particularly evident in residential applications,
where it has contributed to heightened safety concerns and risk amplifi-
cation. As noted by Gordon et al. [86], hydrogen is often associated
with high explosiveness and uncontrollability, leading to its perception
as inherently dangerous. This perception has been reinforced and
mythologized through historical incidents and prevailing media narra-
tives, resulting in deeply entrenched stereotypes. Such cognitively
rooted resistance can evolve into systemic barriers during the imple-
mentation of hydrogen pilot projects and demonstration initiatives. In
the absence of a clear understanding of both the risks and benefits of
green hydrogen systems, public attitudes often become conservative or
avoidant in response to uncertainty. Vallejos-Romero et al. [87] high-
lights that this information asymmetry can undermine trust in emerging
energy technologies and, in certain contexts, even trigger collective op-
position. Gordon et al. [88] identify public acceptance of hydrogen
technologies as a key barrier to deployment, which is largely influenced
by stakeholder trust, perceived community benefits, and the general fa-
miliarity of the public with hydrogen systems. Trust mechanisms play a
pivotal role in shaping residential attitudes toward hydrogen adoption,
with social trust emerging as the strongest predictor of public trust, and
confidence in the technological quality of hydrogen systems being a
necessary condition for wider societal acceptance [88]. In summary, as
hydrogen enters residential communities, its proximity to everyday life
tends to intensify public knowledge gaps and safety concerns. This re-
flects an amplified manifestation of the common challenges of the hy-
drogen industry within the built environment.

Other societal resistance to residential hydrogen applications stems
from a lack of public trust in key institutional actors. Unlike technical or
informational barriers, which can often be addressed through education
or engineering interventions, trust-related issues are deeply embedded
in the public's cognitive frameworks regarding fairness, transparency,
and prior experiences with governmental or institutional engagement.
Häußermann et al. [85] argue that public acceptance of residential hy-
drogen projects largely depends on perceived trust in and legitimacy of
the implementing actors, such as government agencies, private compa-
nies, and research institutions, in safeguarding public interests, reflect-
ing local values, and ensuring fair distribution of costs and benefits. Ac-
ceptance significantly declines when residents perceive that the driving
forces behind such projects are primarily oriented toward corporate
profits or political agendas rather than environmental improvement or
community well-being. This sense of distrust is particularly pronounced
in communities that have previously experienced conflicts over energy
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infrastructure, perceived inequities in benefit distribution, or exclusion
from decision-making processes. In such cases, these perceptions rein-
force what Vallejos-Romero et al. [87] describe as a “participatory
deficit” and a lasting institutional memory of procedural injustice.
Moreover, even when a project is well-intentioned and technically fea-
sible, residents may still express opposition if they feel excluded from
early-stage planning and consultation processes. This sense of exclusion
can intensify what Gordon et al. [86] describe as a “fracture in social
identification,” whereby residents ideologically support the green tran-
sition but exhibit strong rejection when confronted with energy facili-
ties in close proximity. Consequently, rebuilding and fostering trust
should not be treated as a peripheral concern to technological deploy-
ment, but rather as a core mechanism for the sustainable implementa-
tion of hydrogen in the built environment. In summary, public distrust
of institutions and the lack of a sense of participation constitute social
challenges widely observed in the implementation of clean energy pro-
jects, and can be regarded as part of the common issues within the in-
dustry. However, introducing hydrogen into residential communities
and buildings involves particular sensitivity, as residents are directly
exposed to the impacts of such projects and their daily lives and inter-
ests are closely affected. Consequently, the demand for fairness and
trust becomes considerably higher, almost turning into a distinctive
challenge in this field. This is because individuals experience a much
stronger sense of psychological concern when their homes are affected
than when distant energy infrastructures are involved.

At a broader institutional level, regulatory frameworks and issues of
social equity also influence the acceptance of hydrogen in both the in-
dustry and the building sector. Bade et al. [89] emphasize the current
lack of a dedicated and comprehensive regulatory framework for green
hydrogen, which significantly undermines public confidence in tech-
nology. In the United States, this regulatory gap is reflected in the ab-
sence of targeted policies, standardized codes, and clear implementa-
tion guidelines, making it difficult to integrate hydrogen technologies
transparently and coherently into existing energy infrastructure sys-
tems [89]. Moreover, there is insufficient attention to the broader soci-
etal implications of green hydrogen production and application, partic-
ularly regarding localized social and environmental impacts. Vallejos-
Romero et al. [87] highlights the need for more robust assessments of
potential social risks, including adverse effects on local landscapes, real
estate values, economic activities, and community well-being. Equity in
the distribution of benefits from hydrogen projects also remains inade-
quately addressed, especially in relation to Indigenous populations and
rural communities [87]. In summary, the social challenges surrounding
hydrogen applications in the building sector are not solely rooted in
technological or regulatory deficiencies, but rather arise from a com-
plex interplay of factors, including public trust, regulatory governance,
and social equity. While existing studies have clearly identified these
barriers, most analyses fall short of unpacking the underlying interac-
tions among stakeholders, and deeper structural issues such as unequal
benefit distribution and the marginalization of local community voices.

Public acceptance hinges on correcting knowledge gaps (e.g., low
familiarity with “green hydrogen”), reframing entrenched safety narra-
tives, and building trust in implementing actors [85–88]. Social trust is
the strongest predictor of support [87]; perceived community benefits
and confidence in technological quality are necessary conditions, while
“participatory deficits” and memories of procedural injustice erode le-
gitimacy [88]. Acceptance is also co-determined by regulatory clarity:
absent clear, dedicated codes and governance for green hydrogen, com-
munities perceive higher risk and lower fairness/transparency in local
siting and operations [89]. Therefore, a robust engagement strategy, in-
cluding early consultation, equitable benefit sharing, and reliable safety
communication, should be regarded as core infrastructure rather than a
peripheral addition.

4.4. Policy issues

Gordon et al. [32] analyzed the challenges associated with hydro-
gen adoption in the building sector within the UK policy framework.
Policy uncertainty remains one of the primary barriers to the deploy-
ment of hydrogen heating. While the UK government plans to make a fi-
nal decision in 2026, the National Infrastructure Commission has al-
ready stated that hydrogen heating should not be included in the na-
tional policy mix, as electric heat pumps are considered a more eco-
nomically viable option. Moreover, hydrogen safety remains a topic of
debate. Public perceptions of hydrogen safety are divided, some view it
as comparable to natural gas, while others express concerns about its
potential explosion risks. Additionally, the study highlighted the low
economic feasibility of hydrogen heating. The annual cost of hydrogen
heating is estimated at £1410–1800 for green hydrogen and £1150 for
blue hydrogen, whereas electric heat pumps operate at a significantly
lower annual cost of £790–880 [32]. These figures indicate that under
the current market conditions, hydrogen heating remains uncompeti-
tive. Fig. 7 presents a SWOT analysis summarizing the current status of
hydrogen technologies and applications in the building sector. How-
ever, the policy barriers that are commonly observed across the hydro-
gen industry exhibit a distinctive severity within the building sector.

Even the common challenges of hydrogen development often be-
come more difficult to address in residential building applications due
to the particular contextual complexities. Policy uncertainty, such as
the pending decision in the United Kingdom scheduled for 2026 and the
preference of advisory bodies for heat pumps, has dampened invest-
ment signals for hydrogen heating, while current cost comparisons be-
tween green or blue hydrogen and heat pumps make hydrogen heating
less competitive for ordinary households [32]. Divergent public safety
perceptions further complicate policymaking and market formation. In
the near term, a coherent and stable policy framework, together with a
credible cost reduction trajectory for electrolyzers and clean hydrogen
supply, is a prerequisite; otherwise, the contribution of hydrogen in
buildings will remain niche and context specific, as summarized in the
SWOT analysis.

4.5. Summary of challenges in the hydrogen industry and its application in
buildings

Although the above analysis has examined the barriers to hydrogen
adoption in the building sector from economic, technological, social,
and policy perspectives, it is important to note that many of these chal-
lenges are common across the hydrogen industry. For instance, the high
costs of hydrogen production and storage, technological efficiency bot-
tlenecks, and public concerns over hydrogen safety are also prevalent in
other application domains such as transportation and industry. At the
same time, the application environment of buildings introduces a dis-
tinct set of challenges and opportunities. On one hand, the limited phys-
ical space of buildings, constraints imposed by existing infrastructure,
and the degree of user acceptance regarding the indoor use of hydrogen
equipment create additional difficulties for practical implementation.
On the other hand, in remote or off-grid building scenarios, hydrogen
can serve as a long-term energy storage medium, providing seasonal
flexibility that is difficult to achieve with other technologies. The inter-
play between these common and context-specific factors ultimately de-
termines the development prospects of hydrogen in the building sector.
Fig. 8 illustrates the current status and interrelations between the gen-
eral challenges of the hydrogen industry and the specific issues associ-
ated with its application in buildings
[27,29,30,32,67,73,77–79,82,84,86–89].
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Fig. 7. Summary of SWOT analysis.

5. Discussion

This paper has provided a detailed account of the specific applica-
tions, benefits, and associated barriers and challenges of hydrogen tech-
nologies in the building sector. Building on this foundation, the present
section aims to further examine key issues that may influence the feasi-
bility of hydrogen adoption, with a particular focus on economic and
technological dimensions. A comprehensive understanding of these is-
sues is essential for deepening insights into decarbonization pathways
in buildings, reframing the knowledge landscape, and advancing the
widespread deployment and integration of hydrogen solutions within
the building sector. All techno-economic and carbon analyses in this
study are conditional on exogenous hydrogen price and carbon inten-
sity parameters, which depend on the assumed production pathway
(e.g., green, blue, or grid-mix electrolysis).

5.1. Insights into economic feasibility

The economic dimension of hydrogen applications in the building
sector has been widely discussed in the literature. As shown in Fig. 4 of
Section 3.3, a preliminary heatmap analysis reveals that the high fre-
quency of references to “economic feasibility” reflects a broad academic
consensus on the significant influence of economic factors on the practi-
cal adoption of hydrogen technologies in buildings. However, scholarly
perspectives on the economic viability of hydrogen in this context re-

main highly polarized. Many researchers express skepticism regarding
hydrogen's cost competitiveness. Mellot et al. [72] argue that electric
heat pumps, gas-fired power plants, and photovoltaics offer more eco-
nomically viable alternatives. Anastasovski et al. [29] attribute hydro-
gen's weak economic performance to the high cost of materials, while
Castle and Hendry [90] highlight the substantial infrastructure invest-
ments required for hydrogen deployment, including facility retrofitting.
Other scholars, however, maintain a more cautiously optimistic stance,
suggesting that economic feasibility can be achieved under specific con-
ditions. For instance, hydrogen systems may become viable when elec-
trolyzers and fuel cells are optimally controlled [49], when system con-
figurations are well-optimized [26], or when excess energy can be sold
to offset operational costs [6]. Viability is also enhanced under favor-
able market conditions, such as lower hydrogen prices [59,62] or
within hybrid energy storage solutions involving hydrogen and batter-
ies under specific power supply constraints [44]. Notably, Mohammad
and Iqbal [27] as well as Bristowe and Smallbone [64] underscore that
technological advancement and large-scale production are critical dri-
vers for reducing hydrogen costs and improving its overall economic
feasibility.

This review systematically examines the current research on the
economic feasibility of hydrogen applications in the building sector.
While there is no unified conclusion in the academic community, stud-
ies consistently suggest that the effectiveness of hydrogen deployment
is highly contingent upon specific technological conditions, regional
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Fig. 8. The current state and relationship between common issues in the hydrogen industry and problems specific to building applications.

characteristics, and policy environments [91]. On the one hand, some
studies highlight existing challenges such as high system costs, signifi-
cant infrastructure requirements, and limited technological maturity.
On the other hand, other research indicates that with improvements in
electrolysis efficiency, enhanced integration with renewable energy,
and continued declines in hydrogen prices, hydrogen-powered building
systems show promising economic potential, particularly in contexts
with strong system optimization capabilities and supportive policy in-
centives.

5.2. Technical feasibility considerations

In contrast to cost-focused comparisons within the economic dimen-
sion, technological feasibility emphasizes the practical operation, and
performance of hydrogen systems in buildings. As illustrated in the key-
word co-occurrence network generated through bibliometric analysis in
Section 3.3, efficiency, capacity, consumption, and lifespan as core
technical parameters that are strongly associated with the feasibility of
hydrogen-based technologies.

Capacity, as a key indicator of energy reserve levels, is closely linked
to the degree of hydrogen integration within building energy systems.
Brancaleoni et al. [67] evaluated the hydrogen production, consump-
tion, and storage characteristics of off-grid energy systems powered by
solar and hydrogen sources under varying meteorological conditions
and energy demand profiles. Their findings suggest that increasing bat-
tery storage or photovoltaic capacity can enhance the alignment be-
tween energy supply and demand. This implies that, as system energy
reserves increase, the capacity and extent to which hydrogen partici-
pates in meeting diverse energy scenarios also improves. Consumption,
on the other hand, refers to the operational expenditure of energy or
materials during system functioning. It also serves as a direct metric of
a building's energy autonomy, where net energy consumption below
on-site generation indicates the potential for energy self-sufficiency. In
microgrid simulations, buildings integrating hydrogen fuel cell electric
vehicles (FCEVs) with vehicle-to-grid (V2G) technologies can achieve
net-zero energy consumption, and in some cases, generate more energy
than they consume [62]. These insights further contribute to under-
standing the technological feasibility of hydrogen applications in the
building.

For hydrogen systems, particularly fuel cell components, lifespan
performance is closely tied not only to maintenance frequency and re-
placement cycles but also to overall life-cycle costs. Extending the oper-
ational life of fuel cells is therefore essential for enhancing the techno-
logical viability of hydrogen systems. Baldi et al. [45] underscored the
importance of optimized integration among internal system compo-
nents in achieving significant performance improvements. Their study
revealed that the coordinated configuration of hydrogen storage sys-
tems with PEMFCs can greatly enhance the system's dynamic response
capability, especially in hybrid configurations with SOFCs. While
SOFCs offer high thermal efficiency and are well-suited for base-load
operation, they are limited by slower response times, making it difficult
to cope with rapid fluctuations in building energy demand. The incor-
poration of PEMFCs, which feature shorter response times and flexible
start-up capabilities, provides immediate power support during sudden
load surges, and effectively mitigates the response lag of SOFCs [45].
This complementary mechanism not only improves the operational
conditions of different fuel cell types by reducing performance degrada-
tion caused by frequent on-off cycles and abrupt load changes but also
contributes to extending SOFC service life. Accordingly, research on
service life should move beyond the evaluation of individual compo-
nents to encompass system-level integration, including the study of syn-
ergistic degradation patterns and end-of-life strategies such as compo-
nent recycling and reuse.

According to Table 1 in Section 3.1, the vast majority of existing
studies are based on system simulation experiments, primarily aiming
to evaluate the feasibility of hydrogen applications, optimize perfor-
mance, and explore potential benefits. This indicates that, at least from
a technical standpoint, the actual deployment and operation of hydro-
gen systems in the building sector remain relatively limited. Moreover,
current research trends may also suggest that opportunities for hydro-
gen integration in buildings are not yet widespread. Several scholars
have pointed out that hydrogen is more suitable for buildings located in
remote, rural, off-grid, or extreme environments [45,47,74,76]. These
scenarios often lack mature energy infrastructure, such as grid connec-
tions, and are more susceptible to seasonal or renewable energy fluctua-
tions, including limited photovoltaic and wind power generation. Hy-
drogen, serving as a stable energy carrier, can be produced from surplus
renewable energy, and stored long-term, then later converted into elec-
tricity via fuel cells to meet building energy demands during high-load
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periods. This pathway helps to enhance the energy self-sufficiency and
operational stability for buildings in such areas, both daily and during
critical periods such as winter seasons with low solar irradiance and
minimal wind availability.

This review indicates that hydrogen technologies in the building
sector remain at a developmental stage primarily characterized by tech-
nological validation and demonstration. Large-scale deployment is still
constrained by limited maturity system, economic viability, and insuffi-
cient infrastructure support. Nevertheless, in building environments
where energy access is limited or load fluctuations are significant, hy-
drogen systems have demonstrated strong adaptability and operational
resilience. In particular, when coupled with renewable energy sources
such as photovoltaics, their potential as a long-duration energy storage
medium and load-balancing mechanism is becoming increasingly evi-
dent. In addition, this paper distinguishes three interfaces to summarize
the operational evidence reviewed across the grid–building–hydrogen
nexus: (i) grid to building (electricity prices, demand response, reliabil-
ity), (ii) building to hydrogen (electrolyzer throttling, waste-heat uti-
lization, storage sizing), and (iii) hydrogen to grid and building (P2H2P
cycling, V2G/V2B buffering, hydrogen blending into pipelines). Within
grid-connected settings, bidirectional exchanges (e.g., resale and ancil-
lary-like functions) enable both cost and reliability benefits, whereas
off-grid or microgrid configurations rely primarily on hydrogen to pro-
vide seasonal shifting and adequacy. Evidence in this paper regards
V2G and V2B further indicates that hydrogen coupled with mobility
can buffer night-time and winter power shortfalls. Accordingly, in inter-
preting case studies, this paper treats these dynamics as operational
couplings across the three interfaces rather than as isolated configura-
tions, thereby clarifying when hydrogen serves as a complement to
electrification and when it functions as a primary resilience asset.

6. Conclusion and future recommendations

This review provides a comprehensive analysis of the role of hydro-
gen energy in the decarbonization of the building sector, with a system-
atic exploration of its application progress, benefits, and associated
challenges. Drawing from technical and economic perspectives, the re-
view highlights that the practical feasibility of hydrogen in the built en-
vironment largely depends on the current status of its techno-economic
feasibility and the relationship between them. Although hydrogen en-
ergy can enhance the energy autonomy and resilience of buildings in re-
mote locations or under specific environmental conditions, most related
technologies are still at the stage of feasibility assessment and pilot
demonstration. Economically, the deployment of hydrogen systems
continues to be constrained by high costs, infrastructure investment re-
quirements, and uncertainties associated with large-scale implementa-
tion. Overcoming these bottlenecks necessitates an integrated pathway
that combines technological optimization and innovation, scaling up
production, accelerating pilot project deployment, fostering cross-
sector collaboration, and securing consistent policy support. It is impor-
tant to underscore that the long-term sustainability of hydrogen energy
in the building sector depends not only on the strategies, but also on a
nuanced understanding of its application conditions within the broader
context of varying building typologies, regional energy structures, and
market mechanisms. As hydrogen increasingly becoming an integral
component of low-carbon energy systems in buildings, a thorough un-
derstanding of its feasibility characteristics and systemic impacts will
serve as a critical foundation for informing future scientific research
and policy development.

In conclusion, this review not only provides an assessment of the
current state of hydrogen application in the building sector but also
calls for a systems-thinking approach to reframe its developmental tra-
jectory. By proposing a comprehensive review framework that inte-
grates multi-dimensional factors, the paper offers a forward-looking
perspective on the future of low-carbon transitions in the built environ-

ment. The successful integration of hydrogen will ultimately depend on
strategically coordinated cross-sectoral efforts that align technological
potential with societal goals, a process that must be grounded in rigor-
ous economic evaluation, continuous technological innovation, and
adaptive policy refinement.

6.1. Recommendations from technical-economic aspect

6.1.1. Economic aspect
Based on current findings, the following practical recommendations

can be offered for stakeholders. Pilot projects should be initiated in
building types that demonstrate high energy flexibility and access to re-
newable energy resources, in order to validate the technical adaptabil-
ity and economic viability of hydrogen system configurations; System
design should emphasize integrated optimization with photovoltaic sys-
tems, energy storage, and grid connections to enhance overall energy
performance and return on investment; Conducting sensitivity analyses
covering initial capital investment, operating costs, and hydrogen price
volatility is essential to improving risk resilience and attracting project
financing. For policymakers, promoting the implementation of hydro-
gen technologies in the building sector requires coordinated efforts in
mechanism design, standard setting, and cross-sector collaboration. It is
recommended to enhance financial subsidies and tax incentives for
green hydrogen in order to lower the threshold for initial deployment.
Developing economic assessment tools tailored to regional building
characteristics can improve the precision and scientific rigor of policy
formulation. Furthermore, encouraging joint development and shared
use of hydrogen infrastructure across buildings, transportation, and in-
dustry sectors may yield scale economies that enhance overall system
cost-effectiveness. Overall, the economic feasibility of hydrogen in
buildings is not inherently constrained but rather is highly dependent
on the degree of system-level optimization and the strength of policy
support. Future research should focus on the development of context-
sensitive economic evaluation methods, the formulation of deployment
pathways for representative building types, and the accumulation and
open sharing of empirical data. These efforts will help establish a robust
quantitative foundation to inform decision-making and accelerate the
decarbonization of the built environment.

6.1.2. Technical aspect
For professionals in the building industry, the effective integration

of hydrogen technologies requires early-stage incorporation into the
overall energy system planning, rather than treating hydrogen as a sup-
plementary or retrofit solution. In scenarios with distinct functional
zoning and heterogeneous energy loads, it is advisable to prioritize the
deployment of hydrogen-based CHP systems or multi-energy hybrid so-
lutions combining hydrogen with heat pumps and photovoltaics, in or-
der to achieve integrated heating, cooling, and electricity supply and
enhance energy self-sufficiency. Moreover, architects and system inte-
gration engineers should reserve spatial configurations and technical
interfaces for hydrogen equipment during the design phase, ensuring
compatibility and operational safety during subsequent construction
and commissioning. To enhance the feasibility and precision of hydro-
gen solutions, design teams are encouraged to utilize digital tools such
as Building Performance Simulation and Digital Twin technology to dy-
namically evaluate hydrogen system performance under varying cli-
matic conditions, load profiles, and operational strategies. These tools
enable the optimization of energy configurations and reduction of life-
cycle costs. Simultaneously, project developers should accumulate
practical experience in the integrated application of hydrogen with
photovoltaics, battery storage, and HVAC systems, and promote the de-
velopment of modular and standardized hydrogen units to support fu-
ture large-scale replication.

From the perspective of policymakers and regulatory authorities,
advancing hydrogen applications in buildings hinges on establishing
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clear institutional frameworks and pilot incentive mechanisms. Dedi-
cated demonstration projects should be initiated in selected scenarios
such as urban regeneration zones, industrial parks, and heating-
dominated buildings in cold regions, using real-world operational data
to verify technical reliability and economic viability. In parallel, there
is an urgent need to develop a hydrogen-specific building code and reg-
ulatory framework that addresses key safety aspects such as hydrogen
storage, ventilation, leak detection, and emergency response. In terms
of policy instruments, it is recommended to incorporate building-scale
hydrogen projects into green building incentive schemes or green fi-
nance mechanisms, such as green bonds or green credit, and to estab-
lish dedicated funding programs for hydrogen buildings to mobilize pri-
vate capital. More importantly, cross-sectoral policy alignment should
be promoted across the building, energy, and transportation sectors.
Strategic coupling of building hydrogen systems with hydrogen-
powered mobility infrastructure can enable integrated hydrogen uti-
lization within regional energy systems, thereby improving overall sys-
tem efficiency and investment returns. Moreover, interdisciplinary inte-
gration, particularly with architectural design and energy management,
will be critical to advancing hydrogen applications in buildings from
conceptual exploration to practical deployment.

6.2. Research agenda

To transform the dispersed descriptions of future work into an ac-
tionable roadmap, this paper consolidates the gaps identified in Sec-
tions 3 to 5 into a structured research agenda. Each item aligns a tar-
geted research question with feasible methods or datasets and specifies
the expected contribution, with priority given to issues that (i) recur
across different building types and climate conditions, and (ii) exert the
greatest constraints on techno-economic viability or policy adoption.
Where relevant, we highlight the interactions observed in the review
between operational control, the role of long-term storage, and regula-
tory readiness.

1. Policy and market formation under path-dependency signals.
Review results demonstrate that policy design, price signals, and

safety perceptions exert substantial influence on adoption and invest-
ment decisions; however, current guidance across jurisdictions remains
fragmented. We call for scenario-based studies to map which policy
bundles are likely to trigger adoption under varying cost and carbon
conditions of green, blue, and grid-mixed hydrogen, and to provide
cross-regional comparative inputs that capture heterogeneity. Such
analyses would inform the timing of first-mover projects and the design
of de-risking instruments.

2. Feasibility frontiers for specific building types and regions.
Economic conclusions remain highly contingent on the specific con-

ditions of climate, load profiles, and price structures. Future work
should quantify break-even thresholds by applying parameterized TEA/
LCCA to representative building archetypes and regions, incorporating
local electricity, hydrogen, and carbon price bands together with mea-
sured load curves. This approach would enable the derivation of de-
ployability rankings rather than reliance on generalized averages.

3. Portable and context-sensitive assessment frameworks.
The field still lacks a reusable approach capable of integrating re-

gional parameters and generating deployment pathways and thresh-
olds. We propose an open, modular framework that combines parame-
ter libraries with counterfactual experiments and validate it across
multi-city case studies to enhance the portability and comparability of
results.

4. From simulation to evidence: real-world performance curves.
Most studies rely on system simulations, while operational datasets

remain scarce. We recommend collecting digital twin and EMS data
from pilot projects to estimate degradation patterns, cycling behavior,
and lifetime cost curves under real operating conditions, and feeding

these insights back into simulation assumptions and bankable opera-
tion-and-maintenance models for calibration.

5. Joint optimization of hybrid stacks and storage.
The qualitative complementarity between SOFCs (high-efficiency

baseload) and PEMFCs (rapid transients) is well recognized, yet the sys-
tem-level benefits under optimized scheduling remain insufficiently
quantified. Leveraging both bench-scale and field data for multi-energy
co-optimization (electricity/hydrogen/thermal) can reveal improve-
ments in LCOE and GHG outcomes, as well as control strategies that
maintain stability under load variations.

6. Hydrogen as long-duration energy storage.
The seasonal mismatch between renewable supply and heating-

dominated demand positions hydrogen as a potential solution of long-
duration energy storage. Future work should employ reanalyzed photo-
voltaic and wind datasets and conduct year-long time-series optimiza-
tions to determine hydrogen's marginal winter reliability and peak-
shaving value relative to electrochemical storage, expressed both per
kilowatt-hour and per ton of CO₂ cost.

7. Building–transport coupling (FCEV/V2G/V2B).
Although V2G and V2B concepts are promising, the economic

boundary conditions for net-positive benefits, such as hydrogen prices,
dwell times, and tariffs, remain unclear. Agent-based integrated mod-
els, combined with parking and charging datasets, should quantify bi-
lateral value streams and inform the design of tariff and market rules at
regional and campus scales.

8. Safety codes and standardized designs for deployment.
Within the building context, gaps in regulations, safety protocols,

and standards related to storage, ventilation, leak detection, and emer-
gency response constrain large scale adoption. Future research should
translate risk analyses (e.g., CFD simulations and leak testing) into
equipment- and space-level standards, together with acceptance check-
lists aligned with building regulations and insurance requirements.

9. Shared infrastructure and open data for economies of scale.
By sharing hydrogen infrastructure and open access datasets of op-

erational experience, cross sector coordination, including buildings,
transport, and industry, can achieve economies of scale. Future work is
needed on financing, governance, and scheduling mechanisms (e.g., ca-
pacity rights and real-options approaches) to align incentives across
multiple stakeholders.

Overall, by translating current gaps into testable questions and fea-
sible methods, the agenda seeks to shift research from broad potential
to actionable trajectories. If pursued item by item, it would not only
strengthen the techno-economic and environmental evidence base but
also accelerate the development of policies, standards, and infrastruc-
ture, thereby positioning hydrogen as a genuine pillar of building de-
carbonization.
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