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This review presents a comprehensive assessment of hydrogen blending into natural gas (NG) networks as 

a transitional strategy to support the decarbonization of energy systems. The review addresses key technical, 

environmental, and operational aspects of hydrogen-enriched natural gas (HENG). It covers the motivation 

for hydrogen blending, the role of hydrogen in managing renewable energy intermittency, its impact on gas 

grid dynamics, flammability and explosion behavior, leakage and safety concerns, and end-use appliance com-

patibility. The findings confirm that hydrogen blending up to 20 % is technically feasible and can reduce green-

house gas emissions while using existing infrastructure. However, success depends on updated standards, ad-

vanced monitoring technologies, and coordinated regulatory frameworks. The review concludes with a synthe-

sis of knowledge gaps and recommendations for future research and deployment. 
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1. Introduction 

The decarbonization of the energy system is a cen-

tral objective in achieving global climate targets outlined 

in international frameworks such as the Paris Agreement. 

One promising pathway toward this goal is the integra-

tion of hydrogen (H₂) into existing natural gas (NG) in-

frastructure. Hydrogen, particularly when produced via 

electrolysis using renewable electricity (green hydro-

gen), represents a carbon-neutral energy carrier that can 

displace part of the fossil-based NG, thereby reducing 

greenhouse gas (GHG) emissions without immediate in-

frastructure overhauls. 

Hydrogen blending into NG networks offers a tran-

sitional solution that supports both decarbonization and 

energy system flexibility. According to the International 

Energy Agency, blending up to 20 % H₂ by volume into 

the European gas grid could avoid over 150 million 

tonnes of CO₂ annually [1]. Several national pilot pro-

jects—including GRHYD in France [2], WindGas 

Haßfurt in Germany [3], and efforts in Tunisia [4] and 

South Korea [5] demonstrate the viability of hydrogen in-

jection into distribution systems. 

In these and similar studies [6–8], researchers eval-

uated technical and regulatory frameworks for hydrogen 

injection, showing that moderate blending levels (up to 

20 %) do not significantly compromise gas quality or 

safety. Nevertheless, further work is needed to address 

challenges related to gas appliance compatibility, pipe-

line material degradation, combustion performance, and 

measurement technologies. These challenges form the 

thematic foundation of this review, which synthesizes 

findings from over 30 peer-reviewed articles, pilot trials, 

and simulation studies. 

In the following sections, we examine the motiva-

tion for hydrogen blending in relation to decarbonization 

goals, explore hydrogen's role in balancing variable re-

newable energy (VRE), assess the physical effects of 

hydrogen injection, evaluate flammability and explosion 

risks, analyze leak and material integrity issues, and dis-

cuss implications for end-use appliances and broader sys-

tem integration. 

 

2. Hydrogen as a Decarbonization Vector in 

the Gas Grid 

The replacement of fossil-based natural gas with hy-

drogen is a critical strategy for achieving deep decarbon-

ization of the energy sector. Combustion of hydrogen 

produces no direct CO₂ emissions, only water vapor, 

which makes it highly attractive in climate policy frame-

works. The integration of hydrogen into gas grids is es-

pecially appealing due to the potential use of existing in-

frastructure, which reduces the need for high capital ex-

penditures associated with dedicated hydrogen pipelines. 

The greenhouse gas mitigation potential of hydro-

gen blending has been evaluated in multiple techno-eco-

nomic studies. For instance, Paglini et al. [9] quantified 

the reduction in greenhouse gas emissions associated 

with hydrogen-natural gas mixtures, showing that even 

partial substitution of NG with H₂ significantly lowers 

both CO₂ and CH₄ emissions on a lifecycle basis. Simi-

larly, Ren et al. [10] modeled dynamic leakage and dis-

persion behavior and concluded that effective blending 

can provide environmental benefits while also mitigating 

risks. 

Environmental co-benefits are further discussed by 

Khatiwada et al. [1], who assessed hydrogen integration 

in the Portuguese gas network. They found that replacing 

20 % of NG with green hydrogen could reduce annual 

CO₂ emissions by over 1.5 Mt, assuming average resi-

dential and industrial gas demand. However, the study 

also emphasized systemic challenges such as high elec-

trolysis costs, grid constraints, and the need for policy 

alignment. 
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Another aspect of hydrogen's decarbonization role 

relates to the carbon intensity of hydrogen itself. Green 

hydrogen has nearly zero emissions, while blue hydrogen 

(produced via methane reforming with carbon capture) 

has a variable footprint depending on capture efficiency 

and upstream leakage. Multiple studies [11–13] compare 

these pathways and suggest prioritizing green hydrogen 

where renewable electricity is abundant. 

Blending also provides a practical way to scale up 

hydrogen production gradually. By using hydrogen as an 

additive, infrastructure operators can gain operational ex-

perience, evaluate regulatory implications, and prepare 

consumers and equipment manufacturers for a potential 

long-term transition to 100 % hydrogen systems. 

 

3.  Hydrogen Blending as a Solution to Re-

newable Energy Intermittency 

A major challenge in energy systems dominated by 

renewable energy sources (RES) is their intermittency. 

Solar and wind generation are inherently variable and 

non-dispatchable, often leading to significant mis-

matches between supply and demand. Hydrogen offers a 

promising energy storage solution through Power-to-Gas 

(P2G) technology, whereby excess electricity from RES 

is used to produce hydrogen via electrolysis, which can 

then be stored and injected into the natural gas grid. 

In the WindGas Haßfurt pilot project in Germany 

[3], a proton exchange membrane (PEM) electrolyzer 

with a 1.25 MW capacity was used to convert excess 

wind power into hydrogen. This hydrogen was then 

blended into the local gas distribution network at concen-

trations of up to 10 % by volume. The project demon-

strated not only the technical feasibility of the P2G con-

cept but also its effectiveness in supporting grid stability 

during periods of excess renewable electricity produc-

tion. 

Similarly, the GRHYD project in Dunkirk, France, 

implemented a P2G demonstration that supplied approx-

imately 200 households with hydrogen-enriched natural 

gas, maintaining a blend of up to 20 % H₂ [2]. Monitoring 

data from the project indicated that gas appliances per-

formed within normal parameters, and no significant 

safety or efficiency issues were reported. The project was 

instrumental in informing regulatory frameworks and as-

sessing public acceptance. 

GasNet has initiated a pilot project for low percent-

ages hydrogen blending into its natural gas network in 

Hranice u Aše, [14] to provide practical data on opera-

tional performance, material compatibility, and potential 

safety implications and to assess the feasibility of inte-

grating renewable hydrogen into existing gas networks. 

Yang et al. [15] developed a hybrid model for eval-

uating risks in integrated power-gas systems, including 

hydrogen blending scenarios. Their simulations showed 

that hydrogen injection at concentrations up to 5 % and 

at pipeline pressures below 7 MPa does not pose signifi-

cant operational risks. These findings align with other 

modeling studies that consider blending as a method of 

RES integration and grid flexibility enhancement 

[15,16]. 

In Tunisia, Bdioui et al. [4] proposed the use of hy-

drogen blending to address the variability of solar power 

in the national energy mix. Their simulations considered 

technical constraints of the existing distribution network 

and suggested that up to 15 % hydrogen blending could 

be achieved without compromising safety or service 

quality. The study underlined the role of hydrogen not 

just as a decarbonization vector, but also as a means to 

increase the share of renewables in final energy con-

sumption. 

From an economic standpoint, Ramsebner et al. [17] 

conducted a cost-benefit analysis of hydrogen injection 

and found that the value of avoided renewable curtail-

ment and reduced CO₂ emissions can outweigh the capi-

tal cost of electrolyzer installation under favorable elec-

tricity price scenarios. Additionally, hydrogen blending 

allows for better utilization of curtailed renewable elec-

tricity, helping to stabilize markets and incentivize in-

vestment in green hydrogen production capacity. 

The consensus across studies [2–4], [14–17] is that 

hydrogen blending can serve as a flexible, scalable, and 

technically feasible approach to managing renewable in-

termittency. However, challenges remain regarding elec-

trolyzer efficiency, regulatory harmonization, and the de-

velopment of dynamic gas quality monitoring systems to 

ensure compatibility across the gas infrastructure. 

 

4. Injection and Mixing of Hydrogen into 

the Gas Grid 

The introduction of hydrogen into natural gas (NG) 

distribution systems substantially modifies flow charac-

teristics, pressure regimes, and gas quality parameters. 

Due to its lower molecular mass, higher diffusivity, and 

lower density compared to methane, hydrogen affects gas 

dynamics in both steady-state and transient conditions. 

Li et al. [18] employed a transient gas flow model to 

simulate hydrogen injection at a single point into a 

branched low-pressure distribution network. Their simu-

lations demonstrated concentration fluctuations and pres-

sure deviations and transient effects localized primarily 

downstream from the injection point, with the magnitude 

of deviation directly proportional to the hydrogen con-

centration. Notably, hydrogen propagation caused in-

creased flow velocities and localized pressure drops that 

must be accounted for in pipeline design and pressure 

regulation settings. 

Chae et al. [5] assessed hydrogen injection in poly-

ethylene (PE) pipeline networks using empirical field 

data from South Korea. They concluded that hydrogen 

concentrations up to 10 vol % could be integrated with-

out exceeding the mechanical stress limits of standard 

PE100-RC materials. However, real-time monitoring of 

gas composition and pressure was recommended to avoid 

deviations outside design tolerances, particularly under 

variable demand scenarios. 
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Cheli et al. [6] utilized computational fluid dynam-

ics (CFD) simulations to model the spatial dispersion of 

hydrogen within complex branched distribution networks 

under varying demand conditions. Their results high-

lighted the formation of hydrogen-enriched pockets due 

to differential flow rates and mixing inefficiencies, em-

phasizing the need for dynamic gas quality monitoring 

technologies capable of detecting localized anomalies in 

hydrogen concentration. 

Field experiments reported by Jaworski et al. [19] 

confirmed that conventional pressure regulators and 

valves maintained functionality under hydrogen-en-

riched conditions (up to 10 vol. % H₂) without mechani-

cal failure or leakage. Nevertheless, calorific value fluc-

tuations were observed, suggesting that billing and me-

tering systems require recalibration to maintain measure-

ment accuracy in the presence of hydrogen. 

Gong et al. [20] applied artificial neural network 

(ANN) modeling to predict hydrogen dispersion and ac-

cumulation in confined pipeline sections. Their results 

demonstrated that dispersion patterns depend sensitively 

on pipe diameter, surface roughness, flow velocity, and 

hydrogen injection rates, underlining the need for predic-

tive computational tools in network design and operation. 

Collectively, the findings from studies [5,6,18–20] 

demonstrate that while hydrogen injection into NG dis-

tribution grids is technically feasible, successful imple-

mentation requires comprehensive adjustments in net-

work monitoring, flow control strategies, and gas quality 

assurance protocols. Network-specific assessments must 

consider topology, pipeline material, pressure class, and 

local demand variability to optimize operational safety 

and gas delivery performance. 

 

5. Impact on Flammability and Explosion 

Parameters 

The admixture of hydrogen into natural gas signifi-

cantly alters the combustion and explosion characteristics 

of the resulting gas mixture. Due to hydrogen's broader 

flammability range (4–75 vol. % in air), higher laminar 

burning velocity (approximately 2.65 m/s compared to 

0.43 m/s for methane), lower minimum ignition energy 

(0.02 mJ), and lower ignition temperature, hydrogen-en-

riched natural gas (HENG) exhibits distinct combustion 

behavior compared[15 to conventional natural gas. 

Mitu et al. [21] conducted controlled laboratory ex-

periments using the heat flux method to measure the lam-

inar burning velocity (LBV) of CH₄/H₂/air mixtures 

across varying hydrogen volume fractions. Their results 

demonstrated a near-linear increase in LBV with increas-

ing hydrogen concentration, with velocities exceeding 

120 cm/s at 40 % hydrogen. The elevated LBV has direct 

implications for burner stability, flashback risk, and 

flame control strategies in end-use combustion systems. 

Wojtowicz et al. [22] examined explosion parame-

ters of HENG mixtures under confined vessel conditions. 

Their work quantified the relationship between hydrogen 

fraction and key explosion metrics, showing that 

maximum explosion pressure and rate of pressure rise in-

creased significantly with hydrogen content. For in-

stance, a 30 vol. % hydrogen blend yielded a maximum 

explosion pressure of 8.5 bar compared to 7.2 bar for pure 

methane. The time to peak pressure was also shortened, 

increasing the severity of explosion events. 

Gong et al. [20] developed a predictive model using 

a genetic algorithm–optimized backpropagation (GA-

BP) neural network to simulate gas accumulation and ex-

plosion behavior in underground technical corridors. The 

model incorporated environmental parameters such as 

ventilation rates, ambient temperature, and crack geome-

try. Simulations revealed that hydrogen-enriched mix-

tures accumulated preferentially near the ceiling and that 

the explosive volume increased substantially with hydro-

gen content and decreasing ventilation effectiveness. 

Yang et al. [14] utilized dynamic leakage modeling 

to assess the flammability hazard associated with small 

hydrogen leaks. Their results emphasized that hydrogen's 

high diffusivity and low density lead to rapid formation 

of flammable zones, even in moderately ventilated areas, 

necessitating enhanced sensor deployment and ventila-

tion design in risk-prone environments. 

Cristello et al. [8] implemented adaptive neuro-

fuzzy inference systems (ANFIS) for leak detection, 

achieving high accuracy in distinguishing leak events in-

volving hydrogen-enriched gases. Their work under-

scores the critical role of real-time detection in mitigating 

explosion hazards associated with HENG. 

The cumulative findings from these studies 

[8,14,20–22] highlight that even moderate levels of hy-

drogen blending significantly modify flammability lim-

its, flame propagation dynamics, and explosion severity. 

This necessitates the revision of existing design standards 

for combustion devices, ventilation systems, explosion 

venting, and gas detection technologies to ensure safe op-

eration under HENG conditions. 

 

6. Leakages, Gas Discharge, and Opera-

tional Safety Considerations 

Hydrogen's distinct physical properties—specifi-

cally its small molecular size, high diffusivity, and low 

viscosity—substantially influence leakage behavior, ma-

terial compatibility, and operational safety in hydrogen-

enriched natural gas (HENG) networks. These character-

istics necessitate revised methodologies for integrity as-

sessment, leak detection, and maintenance protocols. 

Li et al. [6] reviewed hydrogen-induced degradation 

phenomena in metallic pipeline materials. Their study 

confirmed that hydrogen adsorption and subsequent dif-

fusion into high-strength steels promote hydrogen-in-

duced cracking (HIC) and reduction in fracture tough-

ness, particularly at weld seams and material discontinu-

ities. This necessitates the reevaluation of material selec-

tion criteria and the adoption of hydrogen-compatible 

steels or surface treatments to mitigate embrittlement. 

Milenin et al. [23] performed a detailed numerical 

analysis of brittle fracture initiation and propagation in 
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welded joints exposed to hydrogen environments. Their 

simulations highlighted that even minimal hydrogen in-

gress significantly lowers the critical stress intensity fac-

tor (K_IC), indicating increased susceptibility to sudden 

failure under operational loads. 

Non-metallic sealing materials were evaluated by 

Liang et al. [7] for hydrogen permeability and structural 

integrity under cyclic pressure conditions. Elastomers 

such as EPDM, FKM, and NBR demonstrated varying 

degrees of hydrogen permeation, with EPDM exhibiting 

the highest permeability. These findings underscore the 

need to revise material specifications for gaskets, O-

rings, and valve seats in HENG applications. 

Ren et al. [10] utilized computational fluid dynam-

ics (CFD) to simulate dynamic leakage scenarios in resi-

dential pipeline networks. Their findings indicated that 

hydrogen leakage rates are significantly higher than me-

thane leakage rates under equivalent defect conditions, 

necessitating enhanced leak detection sensitivity and 

more frequent inspection intervals. 

Jones et al. [19] conducted field testing of standard 

residential diaphragm gas meters under 10–20 % hydro-

gen blends. The results showed no catastrophic failures, 

but slight calibration drifts were observed, primarily due 

to hydrogen's lower density and faster response to pres-

sure changes. The authors recommended recalibration 

protocols and the development of hydrogen-specific me-

trology standards. 

Yang et al. [14] modeled hydrogen accumulation in 

confined building spaces and concluded that due to hy-

drogen's low density, stratification near ceilings occurs 

rapidly. Concentrations exceeding the lower flammabil-

ity limit (LFL) can form within minutes, particularly un-

der low-ventilation scenarios. This emphasizes the neces-

sity for ceiling-mounted hydrogen-specific gas detectors 

and targeted ventilation design enhancements. 

Cristello et al. [8] proposed adaptive neuro-fuzzy in-

ference systems (ANFIS) for the real-time detection and 

classification of hydrogen leaks based on pressure transi-

ent analysis. Their system achieved high classification 

accuracy, offering a viable solution for early leak identi-

fication and risk mitigation. 

Collectively, these studies [6–8,10,14,19,23] 

demonstrate that hydrogen blending significantly ele-

vates leakage and material degradation risks relative to 

pure methane systems. Successful deployment of HENG 

therefore requires not only material upgrades and revised 

sensor placement but also the adoption of predictive 

maintenance strategies based on real-time monitoring 

and advanced modeling tools. 

 

7. End-Use Appliances and Energy System 

Integration 

The integration of hydrogen-enriched natural gas 

(HENG) into existing distribution networks necessitates 

a rigorous evaluation of the performance, durability, and 

safety of end-use appliances. Variations in the combus-

tion properties of the fuel blend—such as reduced 

volumetric energy density, increased flame speed, and 

broadened flammability limits—can affect the opera-

tional behavior and emission characteristics of residen-

tial, commercial, and industrial gas-consuming devices. 

The THyGA project [10] systematically tested 160 

gas appliances, including condensing boilers, water heat-

ers, and cooktops, to assess their performance under hy-

drogen blending up to 30 vol. %. The findings revealed 

that approximately 80 % of the tested appliances main-

tained compliant operation with hydrogen concentrations 

up to 20 vol. %, although minor adjustments to burner 

settings and air-fuel mixing ratios were sometimes nec-

essary. Appliances exhibiting partial non-compliance 

(approximately 15 %) predominantly faced issues such 

as flashback, ignition delay, or elevated NOₓ emissions. 

Jaworski et al. [24,25] conducted detailed opera-

tional tests on residential gas meters and heating appli-

ances exposed to hydrogen blends. Their study demon-

strated that standard diaphragm meters could maintain 

measurement accuracy within regulatory tolerances up to 

20 % hydrogen admixture, though shifts in flow meas-

urement linearity were observed at very low and very 

high flow rates. Moreover, appliance durability under cy-

clic thermal and pressure loads was evaluated, revealing 

minor degradation of sealing components over prolonged 

exposure. 

Wojtowicz et al. [22] performed combustion trials 

on domestic condensing boilers and determined that hy-

drogen-enriched mixtures increased the flame tempera-

ture, resulting in higher NOₓ emissions. However, appro-

priate modulation of primary air supply and burner head 

geometry effectively mitigated these effects, preserving 

appliance efficiency and emission compliance. 

Cuoci et al. [26] utilized computational fluid dy-

namics (CFD) simulations to investigate the combustion 

behavior of hydrogen-enriched methane in domestic 

boiler burners. Their results confirmed that traditional 

burner designs optimized for pure methane exhibit 

suboptimal mixing and higher susceptibility to flashback 

under HENG conditions. They proposed burner modifi-

cations, including staged combustion and optimized per-

foration patterns, to enhance stability and reduce pollu-

tant formation. 

Glanville et al. [27] assessed the long-term opera-

tional integrity of residential appliances under hydrogen-

enriched conditions. Their study indicated that elasto-

meric materials used in seals and gaskets may undergo 

accelerated aging when exposed to hydrogen, necessitat-

ing the development of hydrogen-tolerant materials for 

critical components. 

Leicher et al. [28] expanded the evaluation to in-

clude user comfort aspects such as ignition behavior, op-

erational noise, and thermal performance. They observed 

that ignition timing and burner startup dynamics were af-

fected by the lower ignition energy and higher flame 

speed of hydrogen-containing mixtures, prompting rec-

ommendations for adaptive ignition system designs. 

Collectively, these findings [10,22,25–28] indicate 

that while the majority of current appliances can 
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accommodate moderate hydrogen admixtures with mini-

mal modifications, comprehensive standards for "hydro-

gen-ready" certification are essential to ensure safe, effi-

cient, and durable appliance operation. Future integration 

strategies must include rigorous testing protocols, adap-

tive design practices, and the development of materials 

and components explicitly optimized for hydrogen-rich 

environments. 

 

8. Conclusions 

This review has comprehensively evaluated the 

technical, combustion-related, safety, material, and ap-

pliance integration aspects of hydrogen blending into nat-

ural gas networks. Based on the synthesis of experi-

mental data, numerical modeling, and pilot project expe-

riences, several critical conclusions can be drawn: 

• Blending hydrogen up to 20 vol. % into low- and me-

dium-pressure natural gas distribution systems is tech-

nically feasible without substantial retrofitting, partic-

ularly in polyethylene (PE) networks. 

• Hydrogen's distinct physical properties necessitate 

modifications in gas quality monitoring, leakage de-

tection, and material compatibility standards. Hydro-

gen permeation, embrittlement, and accelerated aging 

of non-metallic components must be systematically 

addressed. 

• The presence of hydrogen significantly alters flamma-

bility limits, ignition characteristics, and explosion 

dynamics, requiring reassessment of explosion protec-

tion systems, ventilation strategies, and combustion 

control technologies. 

• Residential and commercial appliances can generally 

tolerate hydrogen blends up to 20 vol. % with mini-

mal performance degradation; however, targeted 

burner optimizations, recalibration of metering de-

vices, and the development of hydrogen-tolerant com-

ponents are necessary to maintain operational safety 

and efficiency. 

• Power-to-Gas systems that inject hydrogen into the 

grid provide an effective mechanism for absorbing 

excess renewable electricity, thus contributing to sys-

tem flexibility and decarbonization. 

 

Future work should prioritize long-term material 

degradation studies under cyclic operational stresses, 

large-scale validation of leak detection systems, harmo-

nization of international gas quality standards for hydro-

gen blends, and development of certification protocols 

for hydrogen-ready appliances. 

Hydrogen blending represents a technically robust 

and scalable pathway to support decarbonization goals 

while leveraging existing energy infrastructure. Its suc-

cessful deployment, however, will require interdiscipli-

nary collaboration among engineers, material scientists, 

policymakers, and appliance manufacturers, as well as 

comprehensive risk assessment frameworks and adaptive 

regulatory mechanisms. 
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