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A B S T R A C T   

Stable isotopes of hydrogen (2H/1H) carry natural fingerprints of produced hydrogen by mode of origin which 
are difficult or costly to adulterate. A newly compiled database of 5677 measurements reveals that green 
hydrogen (electrolytic or biological hydrogen, e.g., nitrogenase, hydrogenase) is readily distinguished by its 
considerable depletion in heavy isotopic species, ranging from − 831 to − 555 ‰ in δ2H relative to Vienna 
Standard Mean Ocean Water (V-SMOW), as compared to − 377 to +196 ‰ for fossil fuel sources (grey/turquoise 
hydrogen), and − 379 to 0 ‰ for wood/biomass burning (brown hydrogen), compared to analytical uncertainty of 
close to ±1 ‰. White hydrogen, naturally produced in a variety of geologic settings, ranges from − 996 to − 49 ‰, 
reflecting diverse overlapping origins. Potential applications of fingerprinting include tracking of produced 
hydrogen by source, process and distribution control, grading and regulation of low carbon intensity (CI) 
products, and leakage detection for carbon storage operations.   

1. Introduction 

Hydrogen is a promising renewable, clean fuel for use in combustion 
engines and fuel-cell electric vehicles, which has led to significant recent 
interest in its efficient commercial production [1]. Hydrogen demand 
worldwide has increased from an estimated 30 million tonnes per year in 
1985, when it was mainly used in the Haber-Bosch process for producing 
ammonia fertilizer [2], to over 95 million tonnes per year today [3]. 
Although the majority of industrial hydrogen is produced using fossil 
fuels, carbon capture utilization and storage (CCUS) strategies are under 
development to mitigate the impact of greenhouse gas emissions as the 
cornerstone of many regional and national strategies to transition to the 
hydrogen economy [ [4,5]]. Requirements are also being developed for 
greenhouse gas reporting by applicable facilities including hydrogen 
production and other source categories [6], and development of clean 
hydrogen standards [7]. While deployment of hydrogen is in the early 
stages across many jurisdictions in Canada, harmonization of codes and 
standards across provincial and international markets through efforts 
such as the Canada/U.S. Regulatory Cooperation Council are acknowl
edged to be important to ensure best practices are followed [ [5], p.98]. 
Worldwide standards are also an important focus of many of the 
developing economies of the world [8]. Development of technologies 

that support origin and source tracking, process and distribution control, 
identification and grading of low carbon intensity (CI) products, leakage 
detection and CCUS efficiency will clearly be important for such regu
latory purposes. 

Isotopes of hydrogen, although used routinely in the nuclear in
dustry, for forensic and drug investigations [ [9,10]], for food authen
tication and adulteration studies [ [11,12]], and for a wide variety of 
applications in the fields of water resources, geology, ecosystems and 
atmospheric studies [ [13–17]], have not been widely discussed as a 
potential technology or regulatory tool applicable to the hydrogen 
economy. Hydrogen has three principal isotopes, two of which are stable 
(protium, 1H and deuterium, 2H) and the third being radioactive 
(tritium, 3H). Although deuterium makes up only 150 parts per million 
(ppm) of naturally occurring hydrogen, for decades it has been sepa
rated from natural water to isolate “heavy water” for use as a moderator 
for slow neutrons in fission reactors [18]. Likewise, deuterium and 
tritium are relied upon for the most efficient state-of-the-art fusion re
actors which aim to generate abundant energy by fusing deuterium and 
tritium to form helium. Separation of the isotopes of hydrogen is often 
carried out using cryogenic distillation, thermal diffusion, centrifuga
tion, catalytic exchange or water electrolysis [19]. Deuterium enrich
ment by electrolysis has long been known and utilized for heavy water 
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production since the 1930s, as well as for hydrogen production, and 
relies on splitting water into O2 and H2. 

Methods for hydrogen production are numerous (Table 1) and span a 
range of CI. Some production methods such as electrolysis using 
renewable energy sources have been standardly referred to as green 
hydrogen. While we are not explicitly advocating its use, the concept of a 
hydrogen colour spectrum has recently become popular as a means of 
classifying and categorizing the wide range of production methods used 
to produce hydrogen and their carbon intensities [25]. We use the colour 
spectrum here as a reference for purposes of discussing variations in 
production methods and the nature of isotopic fingerprinting. Green 
hydrogen or ‘clean hydrogen’ is generally defined as being derived from 
renewables; pink hydrogen is produced by electrolysis using nuclear 
power; red hydrogen is produced by thermochemical splitting using 
nuclear power; purple hydrogen is a combination of pink and red 
hydrogen; yellow hydrogen is produced using grid power of mixed 
origin; grey hydrogen denotes hydrogen produced from natural gas, oil 
or bitumen through steam methane reforming (SMR), partial oxidation, 
or autothermal reforming (ATR); turquoise hydrogen is produced by 
methane pyrolysis yielding solid carbon as a byproduct; brown hydrogen 
and black hydrogen are produced from gasification of lignite and bitu
minous coal, respectively; blue hydrogen is produced from fossil fuels 
but with carbon capture, utilization and storage to reduce GHGs; aqua 
hydrogen is produced in the ground from bitumen or oil through SMR to 
produce syngas, with subsequent collection of hydrogen gas through 
membranes in the production wells [26]; white hydrogen is natural 

hydrogen occurring as a free gas present in rock formations and hy
drothermal fluids in a wide range of geologic settings. Note that 
hydrogen produced from biomass waste by combustion is often deemed 
brown hydrogen, although we differentiate and classify biohydrogen 
reactions such as nitrogen fixation, regulated by nitrogenase enzymes, 
involving reduction of N2 to NH3, and hydrogenase enzymes, involving 
splitting of water into O2 and H+, as ‘clean hydrogen’ [24] or green 
hydrogen. Photocatalysis is likewise considered green hydrogen as it uses 
only solar energy to split water molecules. According to the hydrogen 
spectrum concept, the combination of energy source, production tech
nology and GHG mitigation technologies employed determines the final 
colour classification (see Fig. 1). 

To give some idea of the most common methods in use and their 
relative importance, we provide plots showing North American pro
duction data obtained from the International Energy Agency [3] (Fig. 2). 
They provide an overview of 31 commercial hydrogen producers, 19 of 
which are producing green hydrogen by electrolysis (alkaline exchange 
membrane; AEM) or proton exchange membrane; PEM), 2 producing 
brown hydrogen from biomass, and 9 producing hydrogen from fossil 
fuels, the latter of which are licenced conditional on employing CCUS 
technologies for greenhouse gas (GHG) mitigation, and 1 plant pro
ducing hydrogen from methane pyrolysis. While there appears to be 
considerable interest in green methods, the vast majority of the pro
duction capacity remains dominated by fossil fuel sources. End uses of 
produced hydrogen include refining, ammonia, commercial gases, 
mobility, power and CH4 grid injection. 

This paper describes a newly compiled database of 5677 hydrogen 
isotope measurements from relevant hydrogen studies presented in the 
peer reviewed literature, as well as a limited amount of relevant new 
experimental data, that sheds light on the potential value of isotopes for 
fingerprinting produced hydrogen. Prior to conducting the literature 
survey and experimental work, and based on our considerable experi
ence with isotopes in water and environmental studies, our hypothesis 
was that hydrogen isotopes had great potential to be used as a tool for 
understanding and labelling produced hydrogen. Given that H2 is the 
second most abundant reactive trace gas in the atmosphere next to CH4 
[27], we anticipated that there was likely enough data already published 
on the range of mechanisms of H2 production available from natural 
experiments and/or anthropogenic source studies, including global in
ventories, to demonstrate the effect of isotope labelling by various 
mechanism of production. The main objective of this paper is to provide 
an overview of our results in the context of the ability of isotopes to 
fingerprint produced hydrogen, and to discuss some of the main appli
cations we foresee as well as gaps and challenges that might be 
encountered. 

2. Methods 

2.1. Experimental 

Several experiments were conducted at InnoTech Alberta, Calgary to 
compliment the literature review and to provide better understanding of 
the stability, repeatability and robustness of isotopic signatures for 
labelling hydrogen production sources. Initial trials of various 
commercially available benchtop hydrogen production lines were 
operated and sampled including both AEM and PEM electrolysis sys
tems, and a methane pyrolysis line, the latter similar to that of Dolgikh 
et al. [28]. 

The alkaline electrolyzer used was a 5 cm2 AEM water electrolyzer 
purchased from Dioxide Materials™ (1100 Holland Dr. Boca Raton, FL, 
33487-2701, USA) employing a 1 M KOH solution and a Sustainion® 
anion exchange membrane similar to that utilized by Liu et al. [29]. The 
PEM electrolyzer was a Titan EZ-500 2-layer cell stack purchased from 
the Fuel Cell Store (1 W Bronze Ln, Bryan Tx 77807, USA). The PEM 
utilized HPLC or DI waters with electrical conductivity ranging from 
1.92 to 2.14 μS/cm. Individual trials were run for 30–40 min to allow for 

Table 1 
Hydrogen production methods and general reactions (from Ref. [1], unless 
otherwise stated).  

Method Description H- 
Spectrum 
Coloura 

Reactions 

Steam methane 
reforming (SMR) 

Methane-steam reaction at 
high pressure over catalyst 
at 700◦–1000 ◦C, 15–40 
atm 

grey CH4 + H2O ↔ 
CO + 3H2 

Partial oxidation Catalytic or noncatalytic 
combustion of hydrocarbon 
with limited O2 at 
1200–1500 ◦C, 20–150 atm 

grey CH4 + ½O2 → 
CO + 2H2 

Gasification Coal converted to syngas 
and hydrogen, 
700–1200 ◦C, 40–100 atm 

black, 
brown 

3C + O2 

+H2O → 3CO 
+ H2 

Water-gas shift [20] Carbon monoxide and 
steam reacted using catalyst 
to produce CO2 and H2 at 
400–900 ◦C, 0–85 atm; 
often used to adjust H2/CO 
ratios following SMR, POX, 
Gasification 

grey CO + H2O ↔ 
CO2 + H2 

Cracking [21] Thermal or catalytic 
decomposition of alkanes at 
450–750 ◦C, 50–70 atm 

grey CH4 → C(s) +

2H2 

Pyrolysis [ [22,23]] Anaerobic reaction 
producing solid carbon 
byproduct at 500–1200 ◦C, 
low P 

turquoise CH4 → C(s) +

2H2 

Biohydrogen 
reaction [24] 

Bacterial and microalgal 
production using sunlight 
or organic matter. 

green e.g., N2 +

8H++8e− → 
2NH3 +H2; 
2H++2e− ↔ 
H2 

Electrolysis Use of an electrolyzer to 
dissociate water 

green, pink, 
yellow 

H2O → H2 +

½O2 

Thermochemical 
water splitting 

Requires temperatures of 
2500 ◦C 

red, purple H2O → H2 +

½O2 

Photocatalysis Reduction of water to 
hydrogen over 
semiconductor catalyst 

green H2O → H2 +

½O2  

a Note that H-spectrum colours are used as a reference only. Also note that 
grey hydrogen can be transformed to blue, turquoise or aqua hydrogen by CCUS. 
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sufficient H2 production to allow analysis on the isotope ratio mass 
spectrometer. 

Additional H2 samples and source waters were also obtained from a 
commercially operated electrolysis system and an SMR system. Pro
duced hydrogen was collected in double-ended 150 mL steel cylinders 
(Swagelok®, 304L-HDF4-150), each with two needle valves (Swage
lok®, SS-1RM4-F4). Occasionally the vessels were found to have leaked 
during shipping, so these results were repeated where possible. In 
addition, commercially available lecture bottles of pure H2 were also 
sourced and analyzed. 

Isotope determinations on hydrogen gas and methane were made 
using a Thermo Scientific MAT253 isotope ratio mass spectrometer 
fitted with a Conflo IV interface, Trace GC Ultra, and GC Isolink. Gas 
samples were introduced onto a Molsieve 5A PLOT column (0.32 mm ID, 

30 m) using a Valco 6-port valve and sample loop. After chromato
graphic separation, components pass through a water trap before pass
ing to the Conflo interface. No pyrolysis interface is required. In-house 
standards of known isotopic composition were also run to allow cali
bration to the V-SMOW scale. Isotope determinations on water were 
made using a Thermo Scientific Delta V Advantage isotope ratio mass 
spectrometer with HDevice [30]. Results are reported in δ notation in 
permil (‰) relative to V-SMOW: 

δ2H (‰)=

(
Rsample

RV − SMOW
− 1

)

× 1000  

and normalized to the SMOW-SLAP scale, where SLAP is Standard Light 
Arctic Precipitation [31]. Analytical uncertainty (1σ) was estimated to 
be ±0.937 ‰ based on the standard deviation of 44 repeat 

Fig. 1. (Colour) Schematic flow chart showing energy sources, production technologies and end uses of produced hydrogen (after [1]), labelled according to 
hydrogen spectrum [25]. CCUS transforms grey, brown or black hydrogen sources to blue, turquoise and aqua. Note that white hydrogen refers to natural sources of 
hydrogen from geologic sources. See text for description. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 

Fig. 2. (Colour) Summary of operational hydrogen production in North America, including: (a) production method; (b) IEA normalized capacity [3]. Colours reflect 
hydrogen spectrum classifications (see text for discussion). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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measurements, which is better than the nominally reported long-term 
uncertainty for measurement of deuterium in the lab (±1 ‰). 

2.2. Literature review 

A total of 1830 peer-reviewed papers reporting on hydrogen pro
duced in nature, experimental investigations, or arising from unin
tended or anthropogenic causes were reviewed. Those containing 
relevant hydrogen isotope measurements were extracted and results 
were compiled in a database. The most interesting results were gleaned 
from studies on global atmospheric inventories or budgets that appor
tioned atmospheric H2 according to its sources, which ably demon
strated isotopic differentiation. The overall dataset, provided as 
Supplemental Material, also contains related data on inventories of re
actants, intermediates, as well as source water and ambient atmospheric 
data for the troposphere and stratosphere. Meteoric water data were 
obtained from the International Atomic Energy Agency’s (IAEA) Global 
Network for Isotopes in Precipitation (GNIP) available online [32]. Es
timates of δ2H in atmospheric water vapour for GNIP stations was ob
tained from Gibson et al. [33]. In total, 5677 hydrogen isotope results 
are reported in the database including precipitation (4669), atmospheric 
moisture (499), molecular hydrogen (355), and other intermediate
s/precursors (154). 

3. Results and discussion 

3.1. Experimental results 

Electrolytic hydrogen from the on-site experiments was found to 
range from − 682 to − 766 ‰ in δ2H including both AEM and PEM trials 
(Table 2). In all but one experiment it was found that the fractionation 
between source water and hydrogen ranged between − 600 and − 676 
‰, which is similar to that calculated for hydrogen ions at equilibrium 
with water [34]. The only anomaly was for the first trial where the 
apparent fractionation was only − 536 ‰, although we were somewhat 
unfamiliar with the apparatus and may have had some difficulty with 

sampling the H2 without minor leakage. In all experiments, we also 
observed significant enrichment of water in the hydrogen cell near the 
cathode (− ) and only minor enrichment in water near the anode. 
Analysis of both δ18O and δ2H in these waters confirmed that the waters 
were enriching along slopes ranging between 10 and 20 in δ18O-δ2H 
space, steeper than the Global Meteoric Water Line (see Ref. [33]), and 
much steeper than a simple evaporation trend which is typically in the 
range of 5–6. The one PEM trial that was carried out off-site by a com
mercial facility operator, and that was not under our direct supervision, 
yielded a confounding result. In this single trial, source water was found 
to be nearly identical to the produced H2 (− 69.3 versus − 71 ‰, 
respectively) such that the apparent fractionation was positive and 
subdued (+1.7 ‰). Because this is clearly an anomalous result within 
the context of our 19 other electrolysis trials where mean apparent 
fractionation was − 608 (±35) ‰, and we were unable to verify exper
imental conditions or details of the apparatus configuration, we decided 
to set this result aside in our statistical treatment of the overall survey 
results. However, we do note this finding and recommend that it be 
further investigated. 

The other off-site method trialed was SMR. We presume that the 
apparatus was similar to that described by Spagnolo et al. [35] but 
without a catalyst reactor bed for deuterium oxide (D2O) production. 
Source water for the system was measured to be − 61.7 ‰. Only one trial 
was possible with the on-site methane pyrolysis apparatus as trained 
staff to operate it had limited free time available when the experiments 
were being run. Precursor methane for the trial was unfortunately not 
provided, although produced H2 was measured to be − 181 ‰ in δ2H, 
which is in the range of values noted in the literature survey. The 
methane pyrolysis method run on-site yielded hydrogen measured at 
− 19.0 ‰ in δ2H. This is consistent with other methane-derived 
hydrogen sources that we noted from the literature, as presented later. 
One interesting finding was that the conversion of methane to H2 and 
carbon black was only partial, such that a residual methane of − 83 ‰ 
remained, as compared to a precursor methane of − 62‰, which is 
consistent with the produced H2 being enriched by +43 ‰. Hydrogen 
samples in lecture bottles or tanks were also obtained from several 

Table 2 
Summary of experimental results for this study. δ2H results in ‰ V-SMOW.  

Apparatus Type Volts/Amps Source water Anode water Cathode water Produced H2 1 σ Apparent fractionation n 

‰ V-SMOW 

Electrolysis AEM − /− − 146 − 139 – − 682 1.53 − 536.0 3  
2.2/1.5–3 − 133.2 − 134.1 − 140.6 − 754 0.77 − 620.8 2 

Electrolysis PEM − /− − 141.7 − 146 – − 766 2.52 − 624.3 2  
− /− − 146 – − 141.7 − 766 – − 620.0 1  
3.8/16–20.4 − 150.8 − 97 − 147 − 757 0.62 − 606.2 3  
3.9/15–16.5 − 150.3 − 98 − 143 − 758 0.66 − 607.7 3  
3.9/15-16 − 150.3 − 90.3 − 143.5 − 758 0.71 − 607.8 3  
3.9/16–16.4 − 150.2 − 89.5 − 143.5 − 758 0.47 − 599.7 3  
3.8/15.8–16 − 150.3 − 91.6 − 143.6 − 750 0.91 − 669.9 3  
3.9-4/18–18.4 − 68.1 − 33.3 − 64.9 − 738 2.26 − 671.2 3  
3.9-4/18–18.2 − 67.8 − 13.3 − 61.8 − 739 0.36 − 673.4 3  
3.8-3.9/16–18.1 − 67.6 − 4.6 − 63.2 − 741 0.55 − 675.8 3  
3.8-3.9/15.5–17 − 67.2 − 2.4 − 62.5 − 743 1.34 − 675.0 3  
3.9/14.4–15.5 − 72.0 − 8.1 − 69.7 − 747 0.76 − 675.4 3  
3.9/14.3-14.8 − 72.6 − 8.1 − 69.2 − 748 1.53 − 674.7 3  
3.9/14–14.3 − 73.3 − 8.1 − 69.4 − 748 0.84 − 674.9 3  
3.9/14–14.3 − 73.1 − 8.8 − 68.5 − 748 1.15 − 673.5 3  
3.9/14.74 − 73.5 − 7.7 − 68.3 − 747 1.13 − 607.7 3 

Electrolysisa PEM − /− − 69.3 – – − 71.0 0.82 +1.7 3 
Steam methane reforminga − 61.7 n.a n.a. − 181 1.13 − 119.3 3 
Methane Pyrolysisb − 19.0 0.91 +43.0 2 
Lecture Bottles/Tanks Supplier A    − 560 1.15  3 

Supplier B − 293 0.58  3 
Supplier C − 160 0.58  4 
Supplier D − 359 0.58  3 

cSource methane n.a. not applicable. 
a Offsite commercial apparatus, supplier confidential. 
b Onsite experiment – methane feedstock (− 62 ± 1.6 ‰, n = 2), product methane (− 83 ± 1.5 ‰, n = 2). 
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confidential suppliers and analyzed to determine the δ2H values 
(Table 2). The values ranged from − 160 to − 560 ‰, although details on 
production methods were not provided, and it was not clear if the gases 
were blended from more than one production source. We have been 
informed that blending of feedstock from different production facilities 
is standard practice in the commercial gas business to offer a range of 
isotopic compositions or other gas properties. Overall, the observed 
range of δ2H compositions appears consistent with a mixture of elec
trolysis and fossil fuel derived product. 

3.2. Literature review 

Important contributions to general understanding of the deuterium 
isotope effects [ [36,37]] and isotopic fractionation in 
methane-hydrogen-water systems [ [34,38]] have been known and 
utilized for some time. While only a single paper was found that reported 
hydrogen isotope data for source water, methane and produced H2 from 
an operating, commercial hydrogen production facility [35], there is a 
significant body of literature that reports isotopic data from heavy water 
enrichment experiments investigating various methods and catalysts (e. 
g., Refs. [2,39–46]) as well as theoretical calculations of 2H/1H isotope 
effects [ [47,48]]. Production of heavy water serves an important role in 
the nuclear industry, which has led to study and refinement of a number 
of heavy isotope separation processes including water distillation, 
electrolysis, hydrogen-sulfide water exchange, hydrogen distillation, 
monothermal and bithermal ammonia-hydrogen exchange and 
steam-hydrogen exchange [49]. Non-nuclear use of deuterium includes 
production of advanced electronics, deuterated solvents, deuterated 
pharmaceuticals, hydrogen arc-lamps, neutron generators, and tracers 
in hydrological, biological, and medical studies [50]. Scientific in
vestigations have applied isotopic tracers, mainly artificially introduced 
deuterated water, to evaluate catalysts and/or reaction mechanisms in 
various reforming processes involving H2 production. Some examples 
include studies of reaction mechanisms associated with partial oxidation 
of methane to syngas [ [19,51,52]], PEM fuel cell operations [ [41,53]], 
water-hydrocarbon reaction mechanisms associated with pyrolysis [ 
[54,55]], and hydrogen production kinetics in steelmaking [56]. This is 
by no means an exhaustive list of isotopic studies, but a comprehensive 
review is somewhat tangential to the purpose of this paper which is to 
highlight fingerprinting of produced hydrogen. 

Despite limited data on commercial hydrogen production, we 
discovered that there is a wealth of relevant information including iso
topic investigations that have characterized hydrogen produced by 
natural and anthropogenic processes that can be applied as analogues 
for various methods of industrial production. Measurement of deute
rium variations in atmospheric hydrogen (e.g. Refs. [57,58]) and efforts 
to understand the atmospheric hydrogen cycle [59–61] offer important 
insights into the isotopic signatures of hydrogen produced through wood 
and biomass combustion [62], fossil fuel combustion [63], car exhaust 
[64], photochemical oxidation of methane and volatile organic carbon 
[65–69], nitrogen fixation from the oceans and land [61,70], nitroge
nase, hydrogenase and/or cyanobacterial production [24,70–72], and 
biogas production [70]. Many of these studies have sought to close the 
atmospheric budget by improving the mechanistic understanding of 
tropospheric and extreme stratospheric enrichment of deuterium [74, 
75] as well as natural regulatory processes such as the scavenging of H2 
by enzymes in soils [59,76] and by OH radicals in the atmosphere [74]. 
Efforts have also been made to understand both biogenic occurrences of 
H2 in groundwater [76] and natural, white hydrogen, in a range of 
geologic settings [17,77–79]. Clumped isotopic methods for natural 
abundance variations of H2 have also been developed offering great 
potential for future fingerprinting refinements (e.g., Refs. [80,81]). By 
examining the systematic isotopic fractionation between reactants, in
termediates, and hydrogen products, we are able to provide a first 
assessment of anticipated signatures that would accompany many of the 
proposed or operation industrial production of hydrogen, and in doing 

so establish that there are likely to be important differentiable isotopic 
fingerprints imparted to various components of the produced hydrogen 
spectra. 

3.3. Combined survey 

Results from the literature review combined with new experimental 
results (Table 2) provide a robust perspective of distinct labelling of 
produced hydrogen according to the process associated with its forma
tion (Fig. 3a). Note that hydrogen isotope data for reactants, in
termediates and ambient environmental hydrogen (Fig. 3a) was also 
collected to assess the isotopic composition of hydrogen-bearing com
pounds in the precursors and, hence, to allow estimation of the isotopic 
separation between specific reactants and produced hydrogen product, 
which is important for evaluating and understanding individual frac
tionation processes in detail. As a first illustration of the hydrogen 
fingerprinting effects we will first describe the broad-scale differences 
observed in the signatures of produced hydrogen (Fig. 3a) and then we 
will proceed to discuss some of the specific fractionation mechanisms to 
the degree they are understood or can be predicted based on existing 
evidence. A database of combined results from the literature review and 
experimental data is provided as Supplementary Material. Descriptive 
statistics and references are provided both for hydrogen gas (Table 3) 
and precursors (Table 4). 

3.4. Hydrogen fingerprinting 

The most striking feature of the survey is that green hydrogen prod
ucts, i.e. H2 produced by nitrogen fixation, nitrogenase/hydrogenase 
enzymes, from biogas, and from water-splitting reactions such as elec
trolysis, are distinctly more depleted in deuterium as compared to grey 
hydrogen produced by fossil fuel conversion, including methane pyrol
ysis and methane steam reformation, as well as hydrogen produced 
unintentionally or anthropogenically through the relatively inefficient 
processes of incomplete combustion (i.e., fossil fuel combustion, 
biomass combustion, wood burning, and car exhaust). Hydrogen pro
duced naturally in the atmosphere through methane oxidation and VOC 
oxidation, which might be considered as useful low-pressure analogues 
for reforming by partial oxidation, are also shown to be distinct from 
green hydrogen, and are found to be enriched relative to other fossil fuel 
derived hydrogen products. White hydrogen, because it occurs naturally 
in a range of geologic settings, expectedly spans a wide range of sources 
and broadly overlaps both green and grey/turquoise hydrogen sources. 
White hydrogen has been found to occur in relation to mantle sources, 
hydrothermal activity, radiolytic alteration and serpentinization, fault- 
zones, mid-ocean ridge spreading, continental volcanic activity, kim
berlites and bacterial activity [ [17,82]]. The range observed for white 
hydrogen is largely consistent with the known range of deuterium 
content between the oceans (δ2H~0 ‰) and the mantle (δ2H =<-218 ‰) 
[83], and in primary minerals formed within the early solar system (δ2H 
~ − 850 ‰; [84]). The fact that white hydrogen overlaps with green 
hydrogen may be evidence of bacterially mediated geological processes 
in some settings. Furthermore, overlap with green hydrogen is not likely 
to pose a dilemma for fingerprinting as white hydrogen is also essentially 
“green” as it does not contribute to anthropogenic GHG emissions. 

Apart from one anomalous experimental result mentioned previously 
and to be justified later on, hydrogen isotope values ranged from − 831 
to − 555 ‰ for green hydrogen, − 377 to +196 ‰ for all grey hydrogen 
including fossil fuel burning, oxidation reactions and car exhaust, − 379 
to 0 ‰ for brown hydrogen including wood/biomass burning, and − 996 
to − 49 ‰ for white hydrogen. As a significant gap of 178 ‰ exists be
tween green and grey hydrogen, there appears to be significant potential 
for isotopes to be used as a natural fingerprinting tool to distinguish 
these sources. However, there is relatively little isotopic distinction 
between grey and brown hydrogen. As noted by Luo et al. [71], the sig
nificant depletion in hydrogen produced through bacterial activity or 
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electrolysis arises from splitting of the water molecule itself as compared 
to fossil fuel or biomass conversion, the latter of which involves a less 
energetic release of carbon-bound hydrogen. It is important to distin
guish between biogas (brown hydrogen) and biohydrogen (green 
hydrogen), the former involving conversion of organics to CH4 and then 
H2, while the latter involves conversion of water and organics directly to 
H2 as mediated by nitrogenase or hydrogenase enzymes. 

3.5. Source labeling 

Hydrogen isotope data were gathered for a variety of carbon sources 
relied upon for hydrogen production including bulk biomass, natural 
gas, gasoline, peat, coal, oil, and oil sands bitumen (Fig. 3b). Ranges 
established from the literature review were as follows: bulk biomass 
(− 155 to − 67 ‰), natural gas (− 374 to − 130 ‰), gasoline (− 145 to 
− 73 ‰), peat (− 135 to − 45 ‰), coal (− 170 to − 190 ‰), oil (− 221 to 
− 65 ‰) and oil sands bitumen (− 143 to − 20 ‰). References and 
additional statistics are provided in Table 4. Among the fossil fuels, 
natural gas extends to a more negative range as it is known to be highly 
reactive with soils and rock mass, and may include both thermogenic 
and biogenic types, the latter being strongly affected by bacterial 
transformation of CO2 to methane [93]. For freshwater systems, Douglas 
et al. [96] confirmed that the isotopic signature of hydrogen from water 
is the strongest determinant of the isotopic signature of hydrogen in 
methane, although methane oxidation, methanogenesis pathways, and 
other biogeochemical variables are also important. Water and/or at
mospheric water vapour sources are also influential for some hydrogen 

production reactions, particularly SMR, and the water splitting reactions 
which include electrolysis, thermochemical, and photocatalysis 
methods. For our assessment, variation in δ2H for water was estimated 
from ranges of δ2H in monthly mean precipitation based several hun
dred stations in GNIP [32]. δ2H in atmospheric moisture was estimated 
from GNIP data using an approximation that accounted for climate and 
seasonality, and that has been shown to accurately predict isotopic 
enrichment patterns in lakes and soils [33]. 

3.6. Fossil fuel conversion 

In terms of industrial hydrogen production, the most commonly used 
process is currently SMR whereby methane is reacted with steam at high 
temperatures to produce water and carbon dioxide [105]. Partial 
oxidation has also been used either as a separate method or in combi
nation with SMR, the latter often referred to as Autothermal reforming 
(ATR). ATR is recognized for its ability to capture CO2 more easily, for its 
simpler, more compact design than SMR and lower water demand [105]. 
Gasification of coal or other hydrocarbons is a much older method that is 
still in use in North America and elsewhere to produce hydrogen [3]. H2 
production by these methods is often augmented by secondary pro
cessing using the water-gas shift reaction to enhance H2 yields from 
syngas (CO + H2) [20]. 

Combined, these reactions tend to produce H2 which carries the 
isotopic signatures of the reactants, commonly CH4 and H2O, and 
therefore are expected to yield H2 with isotopic signatures intermediate 
between these reactants (see Ref. [35]). In contrast, methods such as 

Fig. 3. Compilations of (a) hydrogen isotope data for produced hydrogen by production process. * denotes incorporation of new experimental data; cross-hatching 
indicates calculated ranges based on isotope characteristics of hydrogen-bearing compounds in precursors, and (b) published hydrogen isotope data for common 
precursors/reactants, intermediates and ambient environmental H2 in the troposphere and stratosphere. Boxes display 25th and 75th percentiles whereas whiskers 
display 10th and 90th percentiles; lines display median values and closed circles show outliers. See Tables 3 and 4 for numerical statistics and references. 

J.J. Gibson et al.                                                                                                                                                                                                                                



International Journal of Hydrogen Energy 66 (2024) 468–478

474

cracking and pyrolysis, or dry reforming, all reactions which do not 
involve significant amounts of water, would be expected to produce H2 
that is more reflective of the methane source. In fact, techniques such as 
pyrolysis are relied upon in isotope ratio mass spectrometry for quan
titative conversion of hydrocarbons to H2 for hydrogen isotopic analysis 
(e.g., Refs. [106,107]). Fractionation has been reported in the case of 
complex hydrocarbons or hydrocarbon mixtures [55], or hydrous 

pyrolysis [54], and would also be expected for incomplete conversion, 
all of which can introduce systematic fractionation in some components. 
This was observed in our experimental data, although the apparent 
isotopic fractionations imposed were much less for carbon-bound 
hydrogen reactions than for water splitting, an observation made pre
viously by Luo et al. [71]. 

Based on these findings, and the associated reaction mechanisms, 
useful constraints on the anticipated δ2H range for methane pyrolysis 
were made (Fig. 3a) assuming produced H2 will largely mimic the 
known range of carbon-bonded hydrogen in methane sources (Fig. 3b). 
Similar constraints can be placed on H2 produced through SMR (Fig. 3a), 
which would be expected to lie between the global ranges of carbon- 
bonded hydrogen in methane and hydrogen in meteoric water 
(Fig. 3b). For calculations, the global ranges for biogenic and thermo
genic methane were taken from Schoell [89] and global ranges for 
meteoric water were taken from GNIP [32]. Our experimental results for 
methane pyrolysis and SMR, albeit limited, fall within the predicted 
ranges for methane pyrolysis and SMR (see cross hatched bars, Fig. 3a). 
Similar ranges are expected to apply for all fossil fuel conversion 
methods derived from carbon-bound hydrogen. Overall, we suggest that 
the isotopic distinction between grey/turquois and green hydrogen de
rives from the fact that the latter does not utilize carbon-bound 
hydrogen but rather involves water splitting via physical, chemical or 
enzymatic mediation. 

An important example was found in the literature of a commercial 
scale SMR that was purpose-built to include heavy-water enrichment 
capability using catalytic exchange [35]. Of particular importance for 
our study, Spagnolo et al. [35] also provided isotopic data for SMR re
actants and products. The setup involved two stages: (i) a primary SMR, 
and (ii) a secondary catalytic bed reactor. The first stage of the SMR 
process utilized methane feedstock containing 100 ppm deuterium (D) 
(δ2H = − 358 ‰) and water containing 150 ppm D (δ2H = − 37 ‰) 
resulting in a H2 product with an intermediate isotopic composition 
(125 ppm D or δ2H = − 197 ‰). Subsequently, hydrogen produced from 
the SMR was directed to flow through a liquid phase catalytic exchange 
(LPCE) column countercurrent to liquid water being fed to the SMR, 
allowing the liquid water to become enriched as it flows down the ex
change column. A small fraction of liquid extracted from the bottom of 
the LPCE column (6000 ppm D or 0.6%) was then sent for subsequent 
processing for further enrichment to reactor grade D2O. Based on the 
plant capacity of about 23 million m3/year of produced hydrogen, and 
annual output of 1 m3 D2O, we estimate that the produced hydrogen was 
likely to be altered in isotopic composition by about − 500‰ through the 
catalytic exchange process. Although this required significant modifi
cations to the SMR to reduce reformer losses of hydrogen-containing 
species to well below normal SMR standards [35], we acknowledge 
that introduction of catalytic exchangers to SMR could potentially lead 
to isotopic signatures in the same range as green hydrogen. However, 
economic viability of operating an SMR for this purpose other than for 
production of D2O is questionable, although it should be mentioned as a 
potential means of adulteration of the isotopic fingerprints. It is 
important to consider that D2O serves an essential role for the nuclear 
energy industry including both fission and fusion reactors, which pro
vide a clean source of electricity and potentially can be used to produce 
pink, purple and red hydrogen (Fig. 1). Overall, since production of D2O is 
regarded expensive to implement, and while it is a highly valued com
modity, it is already highly regulated, it is not likely to be a widespread 
confounding factor for isotopic fingerprinting of produced hydrogen. 

It should be mentioned that isotopes of hydrogen have also proven 
useful for investigating the specific reaction mechanisms of methane 
conversion including the role of catalysts [ [51,52,54–56]], although the 
majority of such experiments are carried out using labelled compounds. 

3.7. Biogas and biohydrogen 

Biogas, primarily a mixture of CH4 and CO2 and associated trace 

Table 3 
Compiled statistics for isotope composition of hydrogen gas by origin.  

Hydrogen type n Mean Std 
Dev 

Range Max Min Median 

δ2H (‰ V-SMOW) 

White hydrogen 152 − 385 269 947 − 49 − 996 − 408 
Biomass 

combustion 
4 − 233 96 200 − 90 − 290 − 275 

Wood burning 
Efficient 24 − 249 47 161 − 167 − 328 − 241 
Inefficient 24 − 176 145 379 0 − 379 − 227 

Car exhaust 
pre-catalytic 4 − 168 22 54 − 141 − 195 − 168 
post-catalytic 17 − 285 69 215 − 162 − 377 − 296 

Fossil fuel 
combustion 

4 − 215 37 74 − 196 − 270 − 196 

CH4 oxidation 4 77 162 352 190 − 162 139 
VOC oxidation 2 0 229 324 162 − 162 0 
Steam methane 

reform 
8 − 183 94 260 − 49 − 309 − 182 

CH4 pyrolysis 6 − 151 113 262 − 18 − 280 − 165 
Ocean N fix 6 − 640 45 125 − 575 − 700 − 628 
Land N fix 3 − 652 42 72 − 628 − 700 − 628 
Hydrogenase 20 − 735 34 163 − 600 − 763 − 737 
Biohydrogen 

plant 
22 − 706 57 276 − 555 − 831 − 712 

Electrolysis 15 − 746 19 84 − 682 − 766 − 748 

Sources: White hydrogen [17,77–79,82–92]; Biomass combustion 
[59,61,62,75]; Wood burning [62]; Car exhaust [64]; Fossil fuel combustion 
[59,61,62,75]; CH4 oxidation [59,61,62,75]; VOC oxidation [61,62]; Steam 
methane reform: Experimental, this study; limits calculated from range of pre
cipitation data of IAEA [32] and range of methane data of Schoell [93]; Pyrol
ysis: Experimental; limits calculated from range of methane data of Schoell [93]; 
Ocean N fix [59,61,62,75,94]; Land N fix [59,62,75]; Hydrogenase [71,72]; 
Biohydrogen plant [70]; Electrolysis Experimental, this study 

Table 4 
Compiled statistics for isotope composition of hydrogen-bearing compounds in 
reactants, intermediates, meteoric water, atmospheric waters.  

Source N Mean Std 
Dev 

Range Max Min Median 

δ2H (‰ V-SMOW) 

Biomass bulk 36 − 105 26 88 − 67 − 155 − 106 
Natural gas 47 − 229 67 244 − 130 − 374 − 206 
Gasoline 25 − 102 19 72 − 73 − 145 − 98 
Peat 86 − 98 25 90 − 45 − 135 − 104 
Coal 10 − 115 23 80 − 90 − 170 − 114 
Oil 137 − 130 31 156 − 65 − 221 − 120 
Oil sands 5 − 113 52 123 − 20 − 143 − 133 
Atmos. 

methoxyl 
radical 

26 − 270 30 128 − 187 − 315 − 274 

Atmos. 
formaldehyde 

32 − 139 164 669 210 − 459 − 96 

Precipitation 4163 − 54 48 377 52 − 325 − 43 
Atmos. moisture 299 − 140 53 280 − 66 − 346 − 132 
Atmos. H2 6 129 14 33 150 117 123 
Stratospheric H2 22 287 100 314 438 124 316 

Sources: Biomass bulk [62]; Natural gas [82,93,95,96]; Gasoline [97]; Peat [98, 
99]; Coal [100]; Oil [101,102]; Oil sands [103]; Methoxyl- [62]; Formaldehyde 
[60,69]; Precipitation [32]; Atmos. Moisture [33]; Atmospheric H2 [58,104]; 
Stratospheric H2 [57]. 
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gases such as H2S H2, N2, NH3, H2O and O2, is commonly produced by 
the anerobic decomposition of organic matter such as animal waste, 
sewage treatment plants, industrial wastewater, food scraps, or landfill [ 
[108,109]]. Biogas has been promoted in some jurisdictions as a 
renewable feedstock for hydrogen production whereby methane is 
normally converted to hydrogen by a conversion process such as SMR, 
partial oxidation, ATR, gasification or other technology [110]. Bakka
loglu et al. [111] reported isotopic signatures for biogas methane from a 
variety of sources including from biogas plants (− 314.4 ± 23 ‰), 
landfills (− 268.2 ± 2.1 ‰), and sewage treatment plants (− 303.9 ± 22 
‰). Overall, δ2H in biogas methane was found to range from − 341 to 
− 267 ‰, averaging − 300 ± 25 ‰ including sites in the UK, Europe, and 
North America. Similarly, Sherwood et al. [112] carried out a global 
survey of waste generated methane sources to the atmosphere and found 
that they ranged from − 312 to − 281 ‰, consistent with Bakkaloglu 
et al. [111]. We note that these isotopic signatures fall within the range 
reported by Schoell [93] for biogenic methane, and once reformed to 
hydrogen, would likely yield isotopic signatures in the lower range we 
report for SMR. 

In contrast, biohydrogen is produced through fermentation and N2 
fixation in algae, microalgae or bacteria using two key metal enzymes, 
nitrogenase and hydrogenase [24]. Very depleted isotopic signatures 
have been reported for nitrogen fixation from the oceans [59,61,63,75, 
94]; nitrogen fixation from land surfaces [59,62,75], nitro
genase/hydrogenase sources generated by cyanobacteria [67], and from 
a biohydrogen plant [70]. The magnitude of the isotopic fractionation 
has been noted to be similar to that calculated for hydrogen ions in 
equilibrium with water [34], and significantly larger than reactions that 
reform carbon-bound hydrogen [71]. Bottinga [34] showed an increase 
with temperature in the isotopic separation between water and pro
duced hydrogen at equilibrium, which was confirmed by Walter et al. 
[70]. This isotopic offset is be expressed as: 

1000 ln αН2− Н2Ο ≃ εH2− H20 ≃ δН2 − δН20 (‰)

where αН2− Н2Ο = RH2/RH2O is the equilibrium fractionation factor, Rx 
corresponding to the isotopic ratio (2H/1H) in the specified sample x. As 
defined by Fritz and Fontes [113], the isotopic separation factor εH2-H20 
is a close approximation of 1000ln αН2− Н2Ο and the delta value differ
ence between the components, in this case H2 being heavy-isotope 
depleted relative to H2O such that αН2− Н2Ο < 1 and εH2-H20 < 0. The 
global average εH2-H20 from biological sources was estimated to be − 731 
‰ (±20 ‰) at 20 ◦C [70], which is close to the theoretical value pre
dicted by Bottinga [34]. For the ocean study, Walter et al. [94] applied a 
Keeling plot approach to distinguish the isotopic signature of H2 due to 
nitrogen fixation from other sources. From over 400 samples on 5 
cruises, they estimated δ2H values of − 629 ‰ (±54 ‰). Unlike pro
duction of hydrogen through reforming of biogas methane, which in
volves restructuring carbon-hydrogen bonds, biohydrogen can be 
viewed rather as enzymatic water splitting. As such, it has an isotopic 
signature similar to hydrogen formed from other water splitting 
methods such as electrolysis. 

3.8. Water splitting methods 

Several technologies have been developed for water splitting 
including electrolysis, thermochemical water splitting and photo
catalysis, distinguished mainly by energy sources used to overcome the 
highly endothermic water dissociation reaction. Electrolysis involves 
use of electrical currents [105], thermochemical involves use of high 
temperatures (500◦-2000 ◦C) combined with chemical compounds such 
as cerium oxide or copper chloride [1], whereas photocatalysis is 
solar-driven, often using a semi-conductor catalyst [114]. Due to the 
similarity of these water splitting reactions (see Table 1) as well as 
similarity to biohydrogen, which is enzymatic water splitting, we 
anticipated similar depleted isotopic signatures for the produced 

hydrogen. Our hypothesis was confirmed by the extreme depletion 
observed for produced hydrogen in our electrolysis experiments 
(Table 2) which suggests systematic preferential transfer of the light 
isotopic species from the dissolved water phase to the gas phase. One 
experiment conducted offsite by a confidential commercial operator 
who provided us a sample yielded anomalously enriched H2 for an 
electrolysis product (− 71 ‰) which does not fit with our hypothesis 
regarding the large fractionations accompanying water splitting. Un
fortunately, we were unable to acquire a detailed description of the 
apparatus used or any explanation as to why this result may have been 
unique. We were also unable to carry out a repeat test. We included this 
result in Fig. 3a but not in the statistical treatment of the results as noted 
previously (Table 3). 

3.9. Other processes 

Atmospheric processes have a large influence on the isotopic 
composition of hydrogen in the troposphere and stratosphere, both of 
which have been shown to have moderate to extreme enrichment due to 
complex processes involving methane and VOC oxidation, methoxyl 
radicals and complicated reaction pathways by which formaldehyde is 
converted to hydrogen gas (see Ref. [66]). Tropospheric, and above all, 
stratospheric hydrogen, are the most isotopically enriched hydrogen 
stores on Earth, ranging from +150 to +420 ‰ in δ2H (Fig. 3b). We 
postulate that such reactions may be natural, low-pressure analogues for 
hydrogen production by partial oxidation of methane, which would 
suggest enriched hydrogen outputs compared to fossil fuel precursors. 
However, this remains to be tested. 

The effect of fossil fuel combustion efficiency (shift towards heavier 
isotopic signature with decreased efficiency) and catalytic conversion 
(shift towards heavier isotopic signature with pre-catalytic conversion) 
on produced hydrogen signatures is also an interesting result from 
previous studies, as shown in Fig. 3b. Combustion efficiency was eval
uated quantitatively based on availability of O2, reaction temperature 
and other factors, which determined the relative mixing ratios of CO and 
CO2, where efficient combustion was considered to occur when CO/CO2 
was below 8% [62]. While such effects do not appear to overwhelm the 
primary isotopic fingerprints, these processes appear to affect produced 
hydrogen signatures by controlling the degree of influence of secondary 
sources of hydrogen, including minor or trace amounts of atmospheric 
moisture. We postulate that isotopic fingerprints may also be sensitive as 
indicators of conversion efficiency and/or effectiveness of catalytic 
conversion, which could be a useful metric for process control and 
monitoring. 

3.10. Apparent isotopic separations 

A summary of apparent isotopic separation factors εН2− Н2Ο from 
selected hydrogen production methods is provided in Table 5. While 
approximate, this summary emphasizes the reduced offsets associated 
with carbon-bound hydrogen reactions and larger offsets characteristic 
of water splitting reactions including electrolysis and biohydrogen. We 
reiterate that the large apparent fractionations associated with the water 
splitting reactions are reflective of values predicted for hydrogen ions at 
equilibrium with water as calculated by Bottinga [35]. 

3.11. Potential applications to the hydrogen economy 

This compilation contributes to the explanation and better under
standing of systematic differences in the hydrogen isotopic composition 
of produced hydrogen according to mode of production and other con
trols including the isotopic composition of precursors and whether or 
not the hydrogen is produced through carbon-bound hydrogen reactions 
or water splitting reactions. Given the significant distinction noted be
tween green hydrogen and grey hydrogen, and sensitivity to factors 
controlling the conversion process to hydrogen, we can postulate several 

J.J. Gibson et al.                                                                                                                                                                                                                                



International Journal of Hydrogen Energy 66 (2024) 468–478

476

potential applications to the hydrogen economy.  

• We anticipate that isotope fingerprinting may be useful for tracing 
the source and mode of formation of produced hydrogen including 
identification and grading of low carbon intensity (CI) products, 
which could be applied as a regulatory tool. Identification and cer
tification of green hydrogen products that might be preferred for 
some users or by some political jurisdictions could support higher 
pricing for such low CI products.  

• It is likely that isotope signatures could be applied to monitor 
hydrogen production processes to detect changes in efficiency, cat
alytic performance or other operating conditions. For regulatory 
purposes, individual operators could be monitored to ensure that 
licensed production methods are adhered to, and that feedstocks and 
production conditions remain consistent over time within specified 
thresholds. 

• Mixing of specific hydrogen sources could be monitored within dis
tribution networks to permit mass balance of various sources 
including leakages and degradation due to interaction with pipeline 
or storage infrastructure.  

• Isotopic characterisation of production sources and distribution 
would also allow for robust tracking and mass balance of leakage 
impacts on the atmospheric H2 cycle.  

• Isotopic fingerprints could be used to track interactions between 
produced hydrogen in underground storage including hydro
geochemical interactions with geologic strata and leakage detection 
(e.g., Refs. [73,115]).  

• Enhanced fingerprinting potential beyond simple 2H/1H ratios using 
clumped isotopes of hydrogen [ [80,81]] offers considerable poten
tial for future improvements to the isotope technique, especially for 
establishing temperature of molecular hydrogen formation in natural 
geologic settings. Using high-precision isotope ratio mass spec
trometry, the method relies on determining variations in the pro
portion of doubly-deuterated molecular hydrogen isotopologues 
(2H2H or DD) in addition to 2H/1H ratios, providing a second mea
sure of sample differentiation.  

• Similar use of carbon, oxygen, nitrogen and sulfur isotope signatures 
would aid in monitoring and understanding the fate of carbon ma
terials both during production of aqua, blue and turquoise hydrogen, 
and related to CCUS. 

4. Concluding comments 

A literature review supplemented by experimental investigations 
establishes a first baseline for evaluating the hydrogen isotope 

signatures of produced hydrogen and its precursors, which may have 
important applications to regulation of the hydrogen economy. 

Produced hydrogen carries with it the isotopic fingerprints of its 
mode of origin which can be readily applied, for example, to distinguish 
green and grey hydrogen sources. Accordingly, it may be a useful regu
latory tool for the hydrogen economy. 

Hydrogen production can be monitored at source or within distri
bution networks to quantitatively monitor variations in mode of 
hydrogen production. 

Isotopic fingerprints are difficult and costly to adulterate. While 
heavy water enrichment is one method that can be used to modify iso
topic fingerprints, it is already a closely regulated activity in most 
jurisdictions. 

Preliminary investigations have shown that hydrogen may be highly 
reactive in some underground storage environments. Hydrogen isotopes 
may be a useful tool for investigating the feasibility of underground 
storage including the effect of hydrogeochemical interactions between 
stored hydrogen and the surrounding geologic environment. 

Other isotopic tracers especially carbon-13 may be applied to better 
understand and quantify the fate of carbon left behind in the process of 
clean hydrogen production. This may be one strategy to improve overall 
management of GHG mitigation measures including CCUS. 

Future research will include an operator-blind comparative study to 
further characterize the isotope fingerprints of an array of produced 
hydrogen sources in relation to basic isotopic controls including 
geographic area, process, reactants, products, and catalysts. 
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