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Water demand 3 

Water consumption is gaining more interest in the dis-
cussion on the environmental sustainability of power-
fuels, i.e. renewable hydrogen and its derivatives. The 
stoichiometric amount of water required to extract 
one kilogram of hydrogen via water electrolysis 
amounts to 8.92 litres, however, in practice, this quan-
tity is usually about 25% higher (Barbir 2005). Experi-
mental data for PEM, AEL and SOEC1 electrolysis de-
picted in Figure 1 show that the three technologies 
consume similar amounts of water, gate-to-gate2. 
However, a more holistic quantification of water con-
sumption requires wider product system boundaries. 
Expanding the product system boundary of water 
electrolysis, as well as expanding the product system 
itself by also considering further process steps needed 
to produce hydrogen derivatives increases the varia-
bility of the data on water consumption, thereby also 
increasing the complexity of the topic. 

Water Quantity 

To gain a clear understanding of the quantities of wa-
ter employed in powerfuels production, it is pivotal to 
distinguish between water use and water consump-
tion. First, it is crucial to note that water use and con-
sumption refer to freshwater only in the definitions 
used herein, and so do the reported figures. Other wa-
ter sources such as desalinated water or recycled wa-
ter therefore do not contribute to water use and water 
consumption. Hence, they hold the potential to reduce 
water use and consumption to zero, as they do not di-
minish the amount of freshwater that is available to 

 
 
1 Polymer Electrolyte Membrane electrolyzers (PEM), Solid Oxide Cell electrolyzers (SOEC) and alkaline water electrolyzers (AEL) are the 
common technologies for the production of renewable hydrogen and its derivatives 
2 The term “gate-to-gate“ describes the system boundary pertinent to the presented data. The gate-to-gate boundary includes one 
sole value-added process of the production chain. In this case, the electrolysis reaction alone. 
3 I.e. a system boundary including the whole product system lifecycle from the extraction of raw materials to its end of life. 

the ecosystem and for downstream users. However, 
using non-freshwater sources can be linked to addi-
tional challenges, e.g. regarding the water quality and 
the degree of water treatment needed (Simoes et al. 
2021). 

Water use equals the freshwater intake from surface 
or ground water. 

Water consumption is defined in this report according 
to lifecycle assessment (LCA) practice as freshwater 
losses on a watershed level, which are caused by 
evaporation, freshwater integration into products, and 
release of freshwater into sea. Consumed water thus 
represents the share of used water that is not availa-
ble to the ecosystem and for downstream users any 
longer (Koehler and Thylmann 2012).  

𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 𝑊𝑎𝑡𝑒𝑟 𝑢𝑠𝑒 − 𝑊𝑎𝑡𝑒𝑟 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 

Second, additional water consumption compared to a 
gate-to-gate boundary may result, among others, 
from water required for cooling in the individual pro-
cesses in fuel production and possibly also from 
cleaning of installations for solar power generation 
(Heinemann and Kasten 2019). 

Third, while gate-to-gate water consumption is a 
practical measure to quantify the water requirements 
of electrolysis operation, it does not capture the water 
consumed over the entire lifecycle of hydrogen pro-
duction, which would require a cradle-to-grave3 lifecy-
cle analysis. (Shi et al. 2020) performed such a cradle-
to-grave LCA of hydrogen produced via PEM electroly-
sis in Australia. According to the authors, prior to mid-
2020, no rigorous analysis of the nexus of hydrogen 
and its associated water use, consumption, and im-
pact had been performed.  
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Their results are reported in Figure 2, which shows that 
the water consumed over the lifecycle of hydrogen 
can be several factors higher than the water em-
ployed for electrolysis alone. Lifecycle analysis does 
not necessarily provide a clear assessment of the local 
impact on water consumption at the production site, 
yet it delivers a holistic quantification of the amount of 
water consumed over the energy carrier’s lifetime.4 

In conclusion, the water consumption of green hydro-
gen itself varies widely and contributes significantly to 
the amount of water consumed over the lifecycle of 
green hydrogen-based products such as PtL-diesel 
and PtL-kerosene. 
 
When hydrogen is processed further to a Power-to-
Liquid (PtL) fuel, additional sources of water consump-
tion need to be considered. It is particularly interesting 
to note that some Direct Air Capture (DAC) plants5 can 
extract water from the air during operation to 
amounts high enough to exceed the operational wa-
ter needs of the PtL process (including electrolysis), im-
plying that at the PtL production facility itself, water can 
be produced, and not consumed. This is true, e.g., for 
the low-temperature DAC plants operated by 
Climeworks. According to the company,, their technol-
ogy can extract about 1,000 litres of water from air per 
tonne of CO2 captured (Viebahn et al. 2019). 
 

 
 
4 Mehmeti et al. (2018) performed a cradle-to-grave LCA of hydrogen produced via 17 different production pathways, including water 
electrolysis, as well as fossil fuels- or bio-based pathways. The work however does not clearly state the methodology for calculating the 
presented data, decreasing the comparability and reliability of its results (Shi et al. 2020)  
5 DAC can be employed to provide the feedstock carbon needed in the production of hydrogen-based hydrocarbons. 
6 The value of 1,9 kg/kg for PtL-kerosene represents an average of the studied cases, which are in part reported in figure 5. The underly-
ing assumptions can be accessed upon reasonable request to the authors. 

To quantify the magnitude of the water consumption 
of green hydrogen and its derivatives, it is helpful to 
compare it to the water consumption of their fossil 
equivalents, for example hydrogen from steam me-
thane reforming (SMR) (“grey hydrogen”) and fossil Jet 
A-1 (aviation kerosene). Water is consumed in both SMR 
and electrolysis processes as a feedstock (i.e. process 
water), for the reaction process (steam), and for cool-
ing (where water is lost due to evaporation). One life-
cycle assessment by the National Renewable Energy 
Laboratory (NREL) indicates that SMR hydrogen has a 
cradle-to-grave water consumption of 19.8 kg per kg 
of hydrogen, 95% of which (18.8 kg/kg) results from plant 
operation, i.e. gate-to-grave (Spath and Mann 2000). A 
more recent LCA with a gate-to-grave boundary 
found a value of 11.7 kg per kg of SMR hydrogen 
(Argonne National Laboratory 2015). The cradle-to-
grave water consumption of Jet A-1 produced in Ger-
many 2017 to 2019 amounted to 0.53 kg per kg of fuel 
(Sphera 2019). 

For hydrogen from electrolysis, the above-mentioned 
LCA reports a value of 30 kg per kg of H2 (Argonne 
National Laboratory 2015). Figure 2 shows a compari-
son of gate-to-grave water consumption of SMR and 
green hydrogen, while Figure 46 shows a comparison 
of cradle-to-grave water consumption of DAC-CO2-
based Fischer-Tropsch PtL-kerosene produced with 
green hydrogen from wind power, and Jet A-1. It should 
be noted that this is not an exhaustive overview and 
that values may vary, mainly depending on the 
amount of recycled water within the production pro-
cess as well as the employed technologies, locations, 
and timeframes. 
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Figure 2: Water consumption, hydrogen,  
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Figure 3: Water consumption, hydrogen,  
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Especially for the case of PtL-kerosene, the values can 
vary widely as illustrated in Figure 5, where within a 
cradle-to-grave boundary, the water consumption 
ranges from negative 0.8 kg/kg to 8 kg/kg, i.e. from up 
to 16 times more than Jet A-1 to being a source of water 
with an output of 0.8 litres per kg of fuel. Levers for low-
ering water consumption include using higher shares 
of electricity from PV and optimizing process effi-
ciency, for example by recovering waste heat. 
 

 
 

 

0,3

-0,8

5,0

3,13,6
2,5

8,0
6,4

-2

0

2

4

6

8

Hi
gh

-t
em

pe
ra

tu
re

 F
is

ch
er

-
Tr

op
sc

h 
+ 

D
AC

Hi
gh

-t
em

pe
ra

tu
re

 F
is

ch
er

-
Tr

op
sc

h 
+ 

D
AC

Lo
w

-t
em

pe
ra

tu
re

 F
is

ch
er

-
Tr

op
sc

h 
+ 

D
AC

Lo
w

-t
em

pe
ra

tu
re

 F
is

ch
er

-
Tr

op
sc

h 
+ 

D
AC

Wind power,
Germany

2015

PV, Germany
2015

Wind power,
Germany

2015

PV, Germany
2015

[k
g/

kg
]

min max

Figure 5: Water consumption, PtL-diesel and PtL-ker-
osene, Cradle-to-Grave 
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Some of the regions often discussed as the most fa-
vourable locations for the production of electricity-
based hydrogen have high solar radiation but are 
among the driest regions in the world, e.g. countries in 
the Middle East and North Africa (MENA). The supply of 
freshwater is already insufficient in many of these re-
gions (Heinemann and Kasten 2019). 

Identifying current and estimating future centres of 
water scarcity or stress requires considering both 
stocks and flows, i.e. water availability as well as water 
withdrawals and water consumption. Indicators most 
frequently used can broadly be subsumed under two 
categories: per-capita measurements of water avail-
ability (indicating “demographic water scarcity”) and 
use-to-availability ratios (“technical water scarcity”) 
(Xu & Wu, 2017). Use- or consumption-to-availability ra-
tios are generally preferable, because they map ac-
tual water use against the total resource. One of the 
most used indices of this category is the ratio of an-
nual water withdrawals to annual water availability 
(w.t.a.) (Liu et al. 2017; Vörösmarty et al. 2000)7. Other, 
and even more preferable indicators, are consump-
tion-to-availability ratios, as they subtract the part of 
the withdrawal water that returns back to water bod-
ies and therefore more accurately depicts the impact 
on locally available water resources. However, ratios 

 
 
7 Flörke and Alcamo 2007) define the annual water withdrawals as the total volume of water abstracted from either surface or ground-
water sources for the main water use sectors, hence mirroring the definition of water use outlined in section 1  
8 Only the availability of so-called “blue” water resources, i.e. freshwater that is  stored in lakes, streams, groundwater,, glaciers and snow, 
is considered in this report, as “green”water, precipitation that filtrates into the soil,, is almost exclusively used for agricultural production 
for human purposes. 

based on consumption are more difficult to imple-
ment.  

Water availability8, denoting how much of the resource 
is accessible for use in the respective region and time 
frame, is difficult to operationalise as water is not a 
static resource but exists in dynamic cycles that in-
clude phases of rain, runoff, and evaporation (Xu & Wu, 
2017). Indices therefore need to define system bound-
aries, e.g. by only measuring surface water such as 
runoff and stream flows. Some indicators only count 
the volume of water that can be consumed without 
expected adverse ecological impacts as “available”. 
For example, Hoekstra et al. (2012) suggest to subtract 
20% of total natural runoff so that “available water” is 
defined as the maximum amount that can be con-
sumed while maintaining an ecological balance. 

For indicators based on a use-to-resource ratio, a 
threshold of 20% or 40% is frequently used to indicate a 
medium or high water stress status, respectively, 
(Moore et al. 2015; Vörösmarty et al. 2005); however, the 
reliability of this threshold is under question as a ra-
tionale is often not provided (Xu and Wu 2017). 

United Nations Water (UN-Water), an interagency body 
in charge of coordinating the UN’s efforts with regard 

2 Water supply  

Figure 6: Global country-specific water stress level map (UN-Water 2021) 
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to water and sanitation issues, uses a withdrawal-to-
availability ratio to map water stress by country (see 
Figure 6). Based on data on freshwater withdrawals 
and availability from 2017, UN-Water finds that globally, 
five out of eleven regions have water stress values be-
tween 25% and up to over 100%, denoting levels of low 
to extreme water stress. UN-Water finds Northern Af-
rica as well as Southern and Central Asia to experience 
the highest levels of water stress (UN-Water 2021). It fur-
ther establishes that water stress exacerbated be-
tween 2000 and 2017 in all world regions except for 
Western Asia, Europe and Northern America. 

The World Resources Institute’s Aqueduct Water Risk 
Atlas provides high-resolution data on water stress 
and water depletion, using a withdrawal-to-availabil-
ity ratio and a consumption-to-availability ratio, re-
spectively. It finds that 17 countries, home to a quarter 
of the world’s population, face “extremely high” water 
stress and that 44 countries face “high” levels of stress 
(withdrawal of more than 40% of available supply 
every year on average) (Hofste et al. 2019). Data from 
the Aqueduct Water Risk Atlas also indicate that water 
stress is an inherently local issue, as regions or com-
munities may be experiencing severely water-
stressed conditions even if they are located in coun-
tries with low overall water stress (e.g. the state of New 
Mexico in the United States). These data are also used 
in an atlas depicting the global powerfuels production 
potential developed by the research institute Fraunho-
fer IEE. In this spatial analysis, regions with high water 
stress were excluded (Fraunhofer IEE 2021). 

Solution 1: Seawater desalination 

Water desalination is a well-established technology 
practiced in over 150 countries, with over 300 million 
people relying on desalinated water for their freshwa-
ter supply (Panagopoulos and Haralambous 2020). 
Given the significant water consumption of electroly-
sis, desalination can play an important role as an up-
stream technology for green hydrogen production 
(Fasihi et al. 2016; Hydrogen Europe 2020), as low-grade 
and saline water is a largely abundant resource in 
many regions.  
 
In terms of economics, seawater desalination costs 
approximately 1€/m3, equivalent to 0.001€ per kg of de-
salinated water (Food and Agriculture Organization of 
the United Nations 2006). Therefore, the costs of water 
consumption for electrolysis as a share of the total 
costs of producing renewable hydrogen are negligible, 

even in countries where desalination is necessary for 
hydrogen production (Agora Energiewende et al. 2018).  
 
However, in Europe, water resulting from desalination 
currently on average has a 44 times higher CO2 foot-
print than tap water (filtrated, disinfected,) (ISCC 2021). 
This is a result of the high energy intensity of the desal-
ination process, as desalination plants today still rely 
on the use of fossil energy for operation. To a large ex-
tend  
 
The other main environmental impact of desalination 
is the rejected brine, a hyper-saline discharge stream 
which may further contain process chemicals and 
metals (Jones et al. 2019). Brine is typically released to 
the sea, leading to significant damages to the local 
ecosystem. Based on a review of six extensive publica-
tions on the topic, Panagopoulos and Haralambous 
(2020) find that the main environmental impacts of 
desalination are:  
 

(i) major adverse effects on the quantity 
and quality of natural resources, includ-
ing soil, air and water; 

(ii) substantial changes in aquatic ecosys-
tems; 

(iii) human resettlement; 
(iv) public health risk due to the quantity and 

quality of effluents, emissions or residues 
especially when near urban or rural ar-
eas; 

(v) landscape alteration. 

Different brine disposal methods varying in complexity 
and costs as well as environmental impact are avail-
able. As an alternative to conventional methods such 
as surface water discharge, so-called zero-liquid dis-
charge (ZLD) technologies can help to avoid 
wastewater disposal in the environment (Panagopou-
los et al. 2019) at additional costs that are relatively low 
compared to the overall renewable hydrogen produc-
tion costs. 
Environmental regulations for brine disposal are in 
place around the world, and vary significantly from re-
gion to region (Friedmann et al. 2020). In this context, 
selected regulatory recommendations are presented 
in section 3. 
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Solution 2: Water from Direct Air Capture 

Low-temperature Direct Air Capture based on alkaline 
solid sorbents extracts approximately 1 kg of water per 
kg of CO2 captured from ambient air (Viebahn et al. 
2019), corresponding to approximately 3.8 kg of water 
per kg of PtL-fuel produced. As water is a by-product 
collected during the extraction of CO2, very low addi-
tional costs result from extracting the respective 
amounts of water.  

However, this water extraction method stems from a 
relatively nascent technology, and has not been 
tested at scale to date. 

Solution 3: Electrolysis of low-grade and sa-
line water 

Hydrogen production via electrolysis generally re-
quires water in drinking quality. Thus, the use of water 
for electrolysis is in direct competition with the needs 
of the local population (Heinemann and Kasten 2019). 
However, research is being conducted on developing 
electrolysers that are capable of operating with im-
pure water feeds, e.g. low-grade and saline water, di-
rectly. Tong et al. (2020) provide an overview of the cur-
rent state of technologies and key challenges in this 
domain. 
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Currently, existing regulation neither explicitly specifies 
criteria for water use and consumption of powerfuels 
nor defines reporting and monitoring parameters and 
obligations. However, finding practical and sound cri-
teria is a key towards establishing transparency and 
sustainability for powerfuels as an energy carrier. 
 
In the EU, the revised Renewable Energy Directive (RED 
II) does not include explicit criteria for water consump-
tion. While Article 30(4) refers to the principle of water 
efficiency9, thresholds or criteria have not yet been de-
fined. It is therefore imperative that water sustainability 
criteria are added to existing regulation on green hy-
drogen. To avoid the emergence of diverging stand-
ards and facilitate trade of powerfuels between coun-
tries, the adoption and implementation of these crite-
ria should be steamlined internationally. 

We propose the following criteria: 
 

1. Efficient use of water 
A water efficiency criterion in form of a water 
consumption threshold is to be established, 
which will have to be met by operators of 
powerfuels plants irrespective of the level of 
local water stress (e.g. max. 50 kg water per 
kg hydrogen output, cradle-to-grave). 

2. Plant-level water impact assessment  
As water scarcity is an inherently local issue, 
the impact of powerfuels production ought 
to be measured at regional level based on 
existing administrative subdivisions, e.g. cor-
responding to population sizes of approxi-
mately 1-3 million. The World Resources Insti-
tute’s Aqueduct Water Risk Atlas indicates 
that data on water consumption and availa-
bility is available globally at this level. 

 
 
9 The water efficiency principle is mentioned in the context of voluntary schemes setting standards for the production of renewable 
fuels: “The Commission may decide that those schemes contain accurate information on measures taken […] for the avoidance of ex-
cessive water consumption in areas where water is scarce” 

Based on these data, the electrolyser must 
demonstrate ex-ante that it does not in-
crease the risk of declining water levels or 
negatively affect the existing water supply 
(see REGATRACE 2020). Hence, when freshwa-
ter is used, the electrolyser cannot be in-
stalled in areas with declining water availa-
bility, i.e. surface and groundwater supplies, 
or with acute water scarcity. This can be 
measured by a two-year trend of facing 
“high” or “extremely high” water stress prior to 
the installation of the plant (see section 2 for 
the specification of these terms following 
Hofste et al. 2019). An ex-ante evaluation of 
the hydrological condition of the construc-
tion site is to be conducted by the operator 
before the installation is implemented 
(California Energy Commission and 
California Natural Resources Agency 2018).  

The evaluation should be audited within the 
powerfuels certification process. As part of 
this evaluation, operators may have to pro-
vide evidence that the project in question 
implements measures in order to offset its 
impact on the local hydrological condition 
(Shi et al. 2020). 

In the case of desalination, further criteria should be 
implemented: 

1. GHG emissions associated with water desali-
nation should be counted towards the over-
all emissions of the produced hydrogen in 

3 Fostering environmental 
sustainability 
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order to incentivise the use renewable elec-
tricity10; 

2. The environmental impacts of the dis-
charged brine should be minimised accord-
ing to best practices: 

(i) When brine is disposed into the sea in 
sensitive areas, design criteria of diffus-
ers based on research findings on how 
to maximize dilution should be applied, 
e.g. following the concept of minimum 
return point dilution developed by 
Ahmad and Baddour (2014); 

(ii) Green antiscalants and green corrosion 
inhibitors should be employed whenever 
possible as substitutes to the environ-
mentally toxic alternatives usually in use; 

(iii) To minimise waste streams, desalination 
brine should be further processed to a 
larger extend than presently, for exam-
ple by implementing zero-discharge re-
quirements. Such requirements can con-
tribute to incentivising the development 
and implementation of technologies 
which minimize brine discharge, such as 
ZLD. Ideally, processing brine further can 
also become economically viable when 
valuable assets such as metals and 
chemicals are derived in the process. 

 

        

 
 
10 Water electrolysis is of interest for the production of renewable hydrogen, which is required to achieve a GHG emission reduction of at 
least 70% according to the REDII Allocating GHG emissions from electricity for water production to hydrogen therefore incentivises the 
demand for water desalinated with renewable electricity. 
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