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Abstract. Physico-chemical aspects determine the efficiency and competitiveness of hydrogen production technologies.
The indicator of water consumption is especially relevant, since water is one of the main sources of hydrogen in
almost all methods of its production. The article analyzes comparative water consumption indicators for various
technologies based on published research and actual data from production plants. The volume of water
consumption depends on the quality of the source water, which should be taken into account when implementing
hydrogen projects in order to minimize the negative impact on the environment. Based on the operating industrial
plant, the material balance of hydrogen production by steam reforming was demonstrated, which made it possible
to determine the proportion of hydrogen (48.88 %) obtained from water. Currently, the carbon footprint indicator
is becoming more important, reflecting greenhouse gas emissions throughout the production chain. According to
the results of the total greenhouse gas emissions assessment for hydrogen production by steam reforming (about
10.03 kg CO2-eq/kg H2), the carbon footprint of hydrogen from water (4.2-4.5 kg COz-eq/kg H2) and hydrogen
from methane (15.4-15.7 kg CO2-eq/kg H2) has been determined. Consequently, almost half of the hydrogen
produced by steam reforming is produced from water, corresponds to the indicators of “low-carbon” hydrogen
and can be considered as “renewable” hydrogen. To make management decisions, an objective assessment in
terms of energy and water costs is necessary based on a system analysis by the development of hydrogen energy
and the growth of global hydrogen production. The impact of these indicators on the water cycle and global water
resources will increase.

Keywords: hydrogen production; low-carbon hydrogen; renewable hydrogen; carbon footprint; water consumption in
hydrogen production; material balance of hydrogen production
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Introduction. Currently, there are trends in expanding the field of hydrogen usage worldwide
(energy, transport, etc.), however, when planning new hydrogen projects, sufficient attention is often
not paid to the real indicators of water consumption. Water is one of the main sources of hydrogen in
almost all methods of its production. These methods differ in the method of obtaining and additional
sources of hydrogen (hydrocarbons, biomass, etc.).

Water is one of the key resources in energy production, where it is used as a coolant, refrigerant,
working fluid, and also in the extraction of fossil energy carriers. On the other hand, energy
consumption is necessary for the operation of water supply and sanitation systems, desalination, etc.
[1, 2]. In international practice, the term water-energy nexus is used to denote the relationship
between water use and energy [3, 4], the problem of equilibrium in this field remains relevant in the
conditions of decarbonization.
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According to the estimates of the International Energy Agency, energy costs here will more than
double by 2040*. The dependence between water and energy is particularly relevant for the hydrogen
economy considering the impact of increased hydrogen production (primarily from water) on water
resources and systems.

Hydrogen production is associated with the consumption of a significant amount of water, and
therefore the influence of this factor on the overall growth rate of low carbon footprint production is
important. Hydrogen production involves the mandatory use of water as a raw material and its
reduction to hydrogen using coal (coal gasification), methane (steam reforming, autothermal
reforming, partial oxidation), biomass (biomass gasification) and electricity (electrolysis) [5-8]. As a
result, up to 100 % of hydrogen is formed from the water. Water is the only source of hydrogen for
processes diametrically opposite in terms of carbon footprint, such as coal gasification and
electrolysis. Despite the dominance of hydrogen produced from natural gas in industry [9], hydrogen
production from water is gaining momentum; provided that renewable energy is used, it can result in
a relatively small carbon footprint [10, 11].

The main purpose of this study is to compare water consumption for various hydrogen
production methods, as well as determine the proportion of hydrogen produced from water during
steam reforming of natural gas, and estimate the carbon footprint of hydrogen from water and
methane based on data from the material balance of hydrogen production by steam reforming.

Comparison of water consumption for various hydrogen production technologies. The
assessment of hydrogen in terms of energy and water costs requires verification in terms of water
consumption. With the growth of hydrogen production, the factor of provision, consumption and
management of water resources will become more important. The initiator of hydrogen projects needs
a comprehensive interaction with the water sector in terms of evaluating the methods and
consequences of using water in the production of all types of hydrogen. A key success factor is the
formation of a sustainable approach to the choice of sources and methods of water utilization, as well
as reducing the overall water consumption for hydrogen projects [12]. The implementation of this
approach will eliminate the negative impact of hydrogen projects on communities experiencing water
scarcity, as well as prevent the aggravation of current water security problems.

An important factor is the requirements for water quality used in the production of hydrogen. At
all stages of water purification, losses and the formation of polluted effluents requiring purification are
possible [13]. The process of obtaining water of the required quality for electrolysis and steam
reforming can be associated with filtration, desalination and/or demineralization (depending on the type
and quality of available water sources). During the process of ultrafiltration water losses can reach
10 vol.%, and for reverse osmosis, they amount to 15-25 % for ordinary water, 20-30 % for wastewater,
35-40 % for seawater. Liquid effluents generated during the water treatment process should be disposed
of in order to minimize the negative impact on the environment. Their value can range from 7 % for
ultrafiltration to 21 % for reverse osmosis [14].

The research uses publications on this topic [15-17], as well as actual data from production plants
for steam reforming of natural gas.

When hydrogen is produced by the most common methane steam reforming method, the
stoichiometric indicator of water consumption is only 4.5 liters of H O per 1 kg of H [18]. It is
necessary to take into account the losses of steam and cooling water that occur during the steam
conversion process. Steam generation requires 7.35 liters of H>O, and 38 liters for cooling systems [19].
Taking into account the losses in these processes, the water consumption turns out to be significantly
higher and can reach from 5.85 to 13.2 liters [20]. The value is specified to the consumption of
demineralized (desalinated) water and its losses.

To determine the actual water consumption, it is necessary to take into account the amount of
waste generated during the water treatment process. This indicator depends on the quality of the
source or raw water (river, sea or water used in the extraction of methane). Taking into account the

* Introduction to the water-energy nexus. International Energy Agency, 26.10.2022. URL: https:/www.iea.org/articles/introduction-to-
the-water-energy-nexus (accessed 10.09.2023).
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listed additional indicators, the real value of water consumption in the production of hydrogen,
depending on the water source, may, according to various data, be 13-40 liters of H,O per 1 kg of H>
produced [21-22].

Water consumption indicators of alternative natural gas conversion technologies (partial
oxidation, autothermal reforming) may initially be lower. For autothermal reforming this value
approaches 7.4 liters of H>O per 1 kg of H> produced [23]. The full use of the carbon-containing feed
potential to achieve maximum hydrogen yield requires a water-gas shift reaction between carbon
monoxide and water steam, i.e. an additional amount of water steam consumption. The actual water
consumption in hydrogen production by these methods will be comparable, and in some cases even
higher than the same indicator for the steam reforming process”.

Thus, when obtaining “low-carbon” hydrogen (with CO, capture), the actual consumption
increases by 85 %** [24] and, taking into account CO» capture, steam compression and water cooling
can be 18-44 liters of H,O per 1 kg of H, produced [21].

For coal based hydrogen production, the actual water consumption can be 30-70 liters of H>O
per 1 kg of H> produced for hard coal and 25-60 liters of H>O per 1 kg of H> produced for lignite coal
due to its higher humidity. It takes about 12 liters of water directly to carry out the reaction [25, 26].

For steam conversion of biogas, the stoichiometric indicator of water consumption is equal to
the same indicator of the steam conversion process of natural gas (4.5 liters of H2O per 1 kg of Hy).
However, taking into account the heat losses for removing CO. from biogas before reforming, the
actual water consumption may be 15-40 liters of H>O per 1 kg of H» produced [27]. The biogas
production itself is very water-intensive in addition [28].

The stoichiometric indicator of water consumption for the water electrolysis process is 9 liters
of H2O per 1 kg of Hz, which is twice as high as the same indicator for the steam conversion of natural
gas. Additional factors affecting the water consumption indicators of the water electrolysis process
should also be indicated, which are often omitted or not fully taken into account when conducting a
feasibility study of projects [29, 30]:

» water cooling of electrolyzers — the one of the key reasons for the decrease in the efficiency of
electrode battery during the service life (8-10 years) is additional heating, and therefore the cooling load
on the electrolyzer during operation can increase by 40-70 %. The effect of this factor on the water
consumption index is 30-40 liters of H>O per 1 kg of Hy *** [31];

* water cooling of related equipment, such as compressors to compress hydrogen to the pressure
required for storage/application;

* purification of the source (raw) water — depending on the quality of the source water, the
amount of waste (effluents) of the purification process can be 20-40 %;

» wastewater disposal — an increased concentration of impurities in the composition of
wastewater in most cases prevents the discharge of these wastewater into the environment in its pure
form; additional purification or dilution may be required for wastewater disposal.

The actual water consumption for water electrolysis process, taking into account the listed
additional factors, may be 60-95 liters of H>O per 1 kg of H>. At the same time, 60-70 % of the total
amount of water consumed falls on the recharge of water cooling systems. The general scheme of the
water consumption in the process of water electrolysis process is shown in Figure™” [31].

The above water consumption indicators are possible when using relatively good quality fresh
water as a feedstock. For water with high salinity, seawater or industrial wastewater, raw water
consumption and the amount of process effluents may increase significantly [32].

* Green hydrogen production will have a negligible impact on global water use. Hydrogeninsight, 04.08.2023.
URL: https://www.hydrogeninsight.com/production/green-hydrogen-production-will-have-a-negligible-impact-on-global-water-use-
says-us-think-tank/2-1-1496489 (accessed 10.09.2023).

* Water Usage in Hydrogen or Ammonia Synthesis Scenarios. URL: https:/netl.doe.gov/research/Coal/energy-
systems/gasification/gasifipedia/water-use-sng (accessed 10.09.2023).

** Lee K. The Water Impact of Hydrogen. Understanding the effects of green hydrogen production. Sensus, 11.04.2023.
URL: https://blog.sensus.com/the-water-impact-of-hydrogen/ (accessed 10.09.2023).
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Table 1

Water consumption for various hydrogen production methods

Water consumption, liters of H,O per 1 kg of H,
Production method

Stoichiometric Actual
Steam methane reforming 4.5 15-40
Steam methane reforming + COz capture 4.5 18-44
Steam biogas reforming 4.5 20-45
Hard coal gasification Depending on C:H ratio and ~70
Lignite coal gasification on coal humidity ~60
Water electrolysis 9 60-95

Table 1 provides a summary of water consumption indicators for the production of various types
of hydrogen in accordance with the modern color classification.

An increase in hydrogen production can lead to an increase in water consumption in this segment
by 35-100 %. Taking into account the projected volume of hydrogen consumption (70 EJ), in
2050 the total volume of water consumption in the hydrogen production segment may amount
to 35-55 thousand tons per year, which is expected to create additional demand for water resources
and, as a result, increase the threat of violations of water security in a number of nations.

One of the key tasks of the hydrogen economy development is the ways optimizing for hydrogen
storage and the end user delivery. Currently, possible methods of hydrogen transportation, in addition
to liquefaction, are the liquid organic carriers (LOHC)* and the use of a chemically bound form (as
part of ammonia). The application of each of these methods is associated with an appropriate
technology involving the consumption of steam, demineralized and/or cooling water. Despite the fact
that water consumption is not a key indicator when choosing a method for storing and transporting
hydrogen, it should be taken into account when planning new hydrogen projects.

When developing measures to optimize water consumption in new hydrogen projects, a special
attention should be paid to reducing the consumption of make-up cooling water. This indicator is
dominant in the overall structure of water consumption and consists of losses for evaporative cooling
in cooling towers (~75 %), water cooling blowdown system (~15 %), as well as some additional
losses [33-35].

Water consumption for various ways of hydrogen production, depending on the quality
of the source water. In addition to optimizing water consumption, an important criterion for the
effectiveness of hydrogen projects is the type of water resources. There are three main types of
water resources for hydrogen projects: freshwater, seawater, and industrial wastewater. Using
fresh water is the least expensive, though not the best option, because in this case hydrogen

* Methylcyclohexane can act as a LOHC (Liquid Organic Hydrogen Carrier).
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production uses water resources, which could find a more effective use in other segments of the
economy and social sphere.

Hydrogen production plants are usually located in close proximity to other industrial enterprises
and settlements, which makes it possible to use significant amounts of industrial and domestic
wastewater. The use of wastewater is associated with an increase in treatment costs; however, it may
have advantages in terms of reducing the length of the water pipeline, transportation costs, as well as
the cost of source water [33-35].

The use of seawater 1s the only realistic source of water resources for most large-scale hydrogen
production facilities from water. At the same time, the total water consumption, depending on the
quality of the source water, may significantly exceed the analogous indicator when using fresh water
[14, 36, 37]. The process of seawater desalination is associated with an increase burden on the
environment, in connection with which the procedures for environmental assessment, obtaining
permits, approvals, etc. can significantly increase the time and investment costs for the
implementation of hydrogen projects. At the same time, energy costs for hydrogen production are
also increasing, since water purification is an energy-intensive technology [14].

The prospective energy consumption indicator of a desalination plant averages ~0.5 kWh per
1 kg of Hz, which is insignificant in comparison with ~50 kWh per 1 kg of H> required during
electrolysis, but in some cases it may be a significantly higher cost for the entire system — from 7 to
20 kWh [31]. The most common modern water desalination process is reverse osmosis, and thermal
desalination (distillation) is used on a significant scale (especially in the Middle East). Other
processes — direct osmosis, membrane purification, ion exchange, electrodialysis, etc. — are at various
stages of commercialization and applied research. The development and optimization of water
desalination technologies will have a fundamental impact on the efficiency of hydrogen projects in
the future.

In the Table 2 provides comparative estimates of the water consumption of hydrogen projects
using freshwater (the best option) and seawater (the worst option).” It should be noted that the water
consumption in obtaining hydrogen exclusively from fresh water turns out to be comparable to that
for the method with the highest carbon footprint (coal gasification) and with the lowest carbon
footprint (electrolysis using “green” electricity). Water consumption when using seawater is proving
to be record-breaking. It is assumed that when using industrial or domestic wastewater as a source,
water consumption indicators will be in the range between the values obtained for the best and worst
options.

Table 2
Water consumption for various hydrogen production methods
depending on the quality of the source water
Water consumption, liters of H,O per 1 kg of H,
Production method Freshwater, Seawater,
evaporative cooling evaporative cooling
Steam methane reforming 15-40 38-100, occasional up to 200
Steam methane reforming + CO, capture 18-44 45-100, occasional up to 220
Steam biogas reforming 20-45 50-113, occasional up to 225
Hard coal gasification ~70 175-350
Lignite coal gasification ~60 150-300
Water electrolysis 60-95 ,1 50-238,
occasional up to 475

* According to research of GHD Group (Australia). URL: https://www.ghd.com/en-us/insights/navigating-waters-role-in-the-
green-hydrogen-economy (accessed 10.09.2023).
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Estimation of the carbon footprint of hydrogen production by steam reforming of methane
based on the data of the material balance of the production plant. The production of hydrogen
from water is often classified as the production of “renewable” hydrogen through the circulation of
water, but water is also a source of hydrogen for the steam conversion of methane or hydrocarbons
mixtures, one of the main industrial methods for producing hydrogen currently in use. In the
framework of hydrogen production at existing industrial steam reforming plants, methane interacts
with water vapor in the presence of catalysts in two stages [8] according to the equations:

CHs + H2O — CO + 3H,, AH°298 = +206 kJ/mol (I);
CO + H,0 — CO; + Ha, AH°298 = — 41,2 kJ/mol (II).
Overall reaction:
CHs + 2H20 — COz + 4H,.

Considering the amount of hydrogen produced from methane and water, it can be noted that of
the total amount of hydrogen in four molecules, two of them belonged to water and two to methane,
1.e. the ratio according to the stoichiometric equation is 50/50. In the Table 3 presents data on the

material balance of hydrogen production at a
Table 3 real-life industrial plant. It can be seen that the

Initial data on the material balance yield of hydrogen from water, taking into

of hydrogen production by steam reforming account the estimated losses, was 48.88 %,

at an industrial plant which, taking into account possible errors, can

Consumption and share be considered confirmation that during the

Stream tah " steam conversion of methane, half of the
hydrogen produced base on water and for this

Feed . .
part of hydrogen the carbon footprint is

Natural gas 6.423 19.04 signiﬁcantly lower.

Desalinated water 27.304 80.96 Based on the data of the technological
Total 33.727 100 process, it was determined that the cost of
Output methane for the operation of the reformer is
Hydrogen 2.248 6.67 0.1814 MJ/mol Hy. It should be noted that the
Water steam 16 Atm. 15.503 45.97 heat of most natural gas steam reforming
Residual gas 15.356 (15.652) 45.53 processes is utilized for power generation.
Deaerator Air bag 0.171 0.50 When calculating greenhouse gas emissions
Other losses 0.449 1.33 from steam reforming of natural gas, it was
Total 33.727 100 determined that the water in the reaction itself

has zero CO» emissions-eq, the carbon dioxide
formed in the process itself belongs to methane, since it is formed in any case regardless of the
oxidizer. The calculation is based on the highest calorific value.

In the very process of steam reforming of natural gas, according to stoichiometry, 0.8721 mol
CO2/MJ H; is formed from methane. Accordingly, 38.3805 g of CO>/MJ H; is formed for overall
hydrogen. For carbon dioxide attribution to hydrogen from methane — 76.761 g CO»/MJ Ha,

For the reformer to work in the steam reforming of natural gas, it is necessary to ensure its heating
by external burner devices, which will be equivalent to 31.6463 g of CO2/MJ Ha, and it is part of
these emissions that can be attributed to hydrogen from water.

Thus, the total greenhouse gas emissions with uniform distribution will amount to 10.03 kg CO»-
eq/kg Ho. Under given conditions, within the framework of steam reforming of natural gas, the carbon
footprint of hydrogen from methane will amount to 15.4-15.7 kg COz-eq/kg Ha, and the carbon
footprint of hydrogen from water will amount to 4.2-4.5 kg CO»-eq/kg Ho.

Evaluating hydrogen in terms of energy and water costs requires a system analysis. The unilateral
practice of supporting only one group of technologies has a significant negative impact on the
implementation of scientifically based hydrogen projects [38, 39]. Technological neutrality makes it
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possible to determine the most optimal solutions in the field of hydrogen energy development based
on an interdisciplinary analysis.

Conclusion. The results of the comparative analysis carried out in this study show that water
consumption in the steam reforming hydrogen production is significantly lower than by electrolysis
hydrogen production.

Based on the data of the material balance of operating hydrogen production plant, it was revealed
that hydrogen produced by the traditional steam conversion method is almost 50 % “renewable” and
“low-carbon” in terms of the raw materials used — water and the carbon footprint index.

It should be noted that with the development of the hydrogen economy and the growth of global
hydrogen production from water, the influence of this segment on the water cycle and global water
resources will significantly increase.
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