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ABSTRACT: Securing decarbonized economies for energy and commodities will require
abundant and widely available green H2. Ubiquitous wastewaters and nontraditional water
sources could potentially feed water electrolyzers to produce this green hydrogen without
competing with drinking water sources. Herein, we show that the energy and costs of treating
nontraditional water sources such as municipal wastewater, industrial and resource extraction
wastewater, and seawater are negligible with respect to those for water electrolysis. We also
illustrate that the potential hydrogen energy that could be mined from these sources is vast.
Based on these findings, we evaluate the implications of small-scale, distributed water
electrolysis using disperse nontraditional water sources. Techno-economic analysis and life
cycle analysis reveal that the significant contribution of H2 transportation to costs and CO2
emissions results in an optimal levelized cost of hydrogen at small- to moderate-scale water
electrolyzer size. The implications of utilizing nontraditional water sources and decentralized
or stranded renewable energy for distributed water electrolysis are highlighted for several
hydrogen energy storage and chemical feedstock applications. Finally, we discuss challenges
and opportunities for mining H2 from nontraditional water sources to achieve resilient and sustainable economies for water and
energy.
KEYWORDS: Green hydrogen, hydrogen economy, water electrolysis, nontraditional water sources, water treatment,
techno-economic analysis

■ INTRODUCTION
Decarbonizing our society will require production of green H2
at scale. Currently, refineries and industrial usage account for
the overwhelming majority of global demand for hydrogen.
Anticipated adoption of green hydrogen-based fuels and strong
growth in hydrogen demand could provide 6% of total
cumulative emissions reductions between 2021 and 2050 in
the Net Zero Emissions Scenario, avoiding up to 60 Gt CO2
emissions.1 In addition to replacing fossil fuel-derived H2 in the
chemical industry, hydrogen-based fuels may fulfill energy
storage needs for applications that are difficult to decarbonize
such as long-haul trucking, rail transport, maritime shipping,
and aviation. Compared to batteries, which can match hourly
energy supply and demand trends, hydrogen-based fuels enable
seasonal and long-duration energy storage,2 reduce challenges
associated with materials scarcity and costs,3 and have a lower
extrinsic mission energy (i.e., vehicle weight decreases as
energy is consumed).4

Despite the potential of green H2 to advance decarbon-
ization, the transition to a green hydrogen economy has been
limited by complexities in the transportation and distribution
of H2. For example, small H2 gas molecules easily leak from
pipes and storage containers, and liquefaction for easier storage
and transport involves significant energy input.5,6 Furthermore,

H2 is typically transported by diesel-fueled tube trailers,
increasing CO2 emissions for hydrogen usage. The lack of a
robust network of distributed refueling stations and the
explosion hazards associated with large-volume hydrogen
storage also represent crucial bottlenecks.7 In addition to
these challenges, green H2 production also requires sources of
renewable energy and high-purity water to feed the electro-
lyzer. Renewable energy costs have become competitive with
those of fossil fuels,8 but significant supplies of renewables such
as solar and wind remain distributed, remote, or even
stranded.9 Considering the challenges of hydrogen distribution
and renewable energy transmission, near-point-of-use water
electrolysis could minimize the need for transportation of H2
to end-use sites while enabling utilization of local renewable
energy resources.
Efforts to produce H2 on a large scale have prioritized direct

seawater electrolysis, assuming that the inexhaustible supply of
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water from the ocean is needed to provide enough water for
future green hydrogen needs while avoiding competition with
freshwater resources.10−13 However, several recent studies
have reported that the energy required for seawater purification
is negligible (<0.1%) compared to the electrolysis energy
consumption,14−16 suggesting that coupling desalination with
high-purity water electrolysis is much more favorable
compared to technically challenging direct seawater electrol-
ysis.17 These results imply that the energy and costs of water
and wastewater treatment would be eclipsed by those of water
electrolysis, mitigating the water-energy trade-off. Therefore,
distributed point-of-use water electrolysis could potentially
utilize abundant local sources of wastewaters and other
nontraditional water sources. If the costs associated with
purification of these water sources are negligible, these waters
could be mined for decentralized water electrolysis to minimize
H2 transportation and renewable energy transmission bottle-
necks.
Herein, we evaluate opportunities for decentralized, near-

point-of-use hydrogen production from nontraditional water
sources. We consider several types of water sources (e.g.,
municipal wastewater, industrial wastewaters, and brackish
groundwater) and assess their capacity for H2 energy extraction
as well as the associated energy consumption and costs. Given
the opportunities to utilize these water sources for decentral-
ized water electrolysis, we analyze the economic and
environmental implications of a distributed hydrogen econo-
my. By quantifying the contributions of transportation distance
and economies of scale, we find that distributed water
electrolysis can significantly reduce costs and CO2 emissions
for green H2 production. Based on these results, we propose
opportunities to synergize distributed renewable energy,
wastewater sources, and hydrogen production to advance
decarbonization for energy storage and the chemical industry.
We conclude with a discussion of the challenges and
opportunities for a decentralized hydrogen economy. Overall,
our study suggests that distributed water electrolysis using
nontraditional water sources may facilitate the renewable
energy transition to mitigate climate change while also
bolstering resilience in energy and water infrastructure as we
adapt to life in a changing climate.

■ NONTRADITIONAL WATER SOURCES FOR WATER
ELECTROLYSIS

To ensure efficient operation (i.e., avoid potential interference
of side reactions, ionic poisoning, and cell corrosion), water
electrolysis requires the use of high purity water, with the

minimum recommended water quality standard typically being
American Society for Testing and Materials (ASTM) Type II
deionized water.16,18 ASTM Type II water can be produced by
passing water through reverse osmosis (RO) followed by an
additional polishing step (e.g., ion exchange or electro-
deionization), resulting in a product water resistivity of ≥1
MΩ cm and total organic carbon (TOC) of <50 ppb. Because
RO is a highly versatile treatment technology, capable of
producing consistently high-quality product water for a wide
range of feedwater conditions, numerous nontraditional water
sources can be considered as feed supply for electrolyzers.
In Table 1, we provide the typical flow rates of several

nontraditional waters that could prove valuable to realizing a
distributed hydrogen economy. We note that while there may
be significant variability in flow rates among different sites, we
estimate typical flow rates for water source sites in the United
States based on recent surveys and literature (cited in Table 1).
Among the evaluated source waters, household water,
municipal wastewater, and industrial wastewater are of
particular interest, as they are readily compatible with
decentralized water electrolysis. Additionally, with the number
of seawater desalination plants growing in response to water
scarcity, seawater is also a promising source water which can
provide relatively large flow rates for electrolyzers. Resource
extraction (i.e., upstream oil and gas, hydraulic fracturing
operations, and mining) and CO2 sequestration processes also
produce large volumes of water,19,20 providing opportunities
for the application of water electrolysis at such sites.
For each water source considered in Table 1, we estimate

the amount of hydrogen that can be produced based on the
common assumption that the generation of 1 kg of hydrogen
requires 10 L of water.21 We note that for each of the water
sources, the flow rate of water to the electrolysis step is based
on the assumption of 50% water recovery after water treatment
(i.e., half of the typical water flow rate per production site).
The produced hydrogen from the water electrolysis can then
be used for energy generation, with the most common
conversion processes involving combustion or electrochemical
fuel cells.22 Fuel cells have been investigated heavily as they
directly convert the chemical energy in hydrogen to electricity,
with pure water and small amounts of heat as the only
byproducts. Though fuel cells can theoretically generate
electrical energy up to the Gibbs free energy of formation of
water (i.e., 237.2 kJ mol−1),23 practical cells incur inevitable
irreversible losses, generally operating between 40% and 60%
efficiency.24,25 Hence, in Table 1, we present the potential H2
energy recovered for each source water according to this

Table 1. Summary of Nontraditional Source Waters and Corresponding Opportunities for Mining of H2

water source
typical water flow rate per site

(m3 yr−1)
H2 produced
(kg yr−1)a

H2 energy
(kWh yr−1)b

water purification cost
($ m−3)c

seawater 5.17 × 106 27,28 2.59 × 108 3.41−5.11 × 109 2.84
household water (public supply) 4.15 × 102 29 2.08 × 104 2.73−4.10 × 105 2.64
municipal wastewater 3.18 × 106 30,31 1.59 × 108 2.10−3.14 × 109 2.64
industrial/textile wastewater 3.36 × 106 32 1.68 × 108 2.21−3.32 × 109 2.67
industrial/concrete wastewater 5.30 × 105 33 2.65 × 107 3.49−5.23 × 108 2.65
industrial/semiconductor wastewater 5.53 × 106 34 2.77 × 108 3.64−5.47 × 109 2.64
CO2 geologic storage produced water 6.74 × 106 19 3.37 × 102 4.44−6.66 × 109 3.79
brackish groundwater 6.72 × 106 35 3.36 × 108 4.43−6.65 × 109 2.66
resource extraction wastewater 5.67 × 109 20 2.84 × 1011 3.73−5.60 × 1012 4.88
aAssuming conversion ratio of 10 L of water to 1 kg of H2.

bAssuming 40−60% fuel cell efficiency. cAssuming ASTM Type II water production via
reverse osmosis followed by ion-exchange resin, excluding pretreatment.
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efficiency range. To clearly illustrate the huge magnitude of
potential hydrogen energy that could be harvested from
relatively small volumes of water, we show several reference
energy consumptions for comparison in Figure 1A. For
example, the potential hydrogen energy that could be
generated from just one average industrial wastewater site is
greater than the annual energy consumed by all the vehicles in
the United States combined.
For the purpose of producing hydrogen for energy storage

using electrolysis, we must consider that both the electrolysis
process and the required feedwater treatment consume energy.
However, it is critical to note that the electrolysis process
consumes significantly more energy than the water treatment
step. We note that the energy consumption of water treatment
is assumed to be solely based on the RO desalination step�
which is the most energy-intensive part of the water treatment
process�with further details on the calculations provided in
the Supporting Information (Text S1). In accordance with the
energy consumption, the cost of water treatment (i.e., cost of
electricity and ion exchange resins) is also negligible compared
to the cost of the water electrolysis process (see Supporting
Information, Text S2, for details on cost estimation of water
treatment and water electrolysis). In Figure 1B, we show the
percentage contribution of the water treatment step to the
energy consumption and cost of the overall electrolysis
process. Even in the case of purifying seawater, which is
generally considered an energy-intensive process,26 the
contribution of the water treatment step is less than 0.3% of
the total energy consumption. When assessed in terms of cost,
the contribution is even more minor (<0.046%), as the capital
cost of electrolyzers greatly outweighs that of water purification
equipment (e.g., membrane module). Hence, Figure 1B
implies that the use of nontraditional source waters is both
economically and energetically viable.

■ ECONOMIC AND ENVIRONMENTAL BENEFITS OF
DISTRIBUTED WATER ELECTROLYSIS

Distributed water sources offer the opportunity for hydrogen
production through decentralized, small-scale electrolyzers
rather than through a large centralized production plant, as
has been the standard for many hydrogen production
facilities.36 Decentralized hydrogen production would enable

collocation of small-scale plants close to the hydrogen point of
use, minimizing hydrogen transport. Since hydrogen trans-
portation plays a key role in the economic feasibility and
environmental impact of hydrogen production, we evaluate the
influence of plant size and transportation distance on hydrogen
production cost and CO2 emissions using techno-economic
analysis (TEA) and life cycle assessment (LCA).
The impact of production plant size is estimated by

modeling the water purification and electrolysis processes
over a range of representative hydrogen production volumes,
from neighborhood-scale to industrial scale. The levelized cost
of the hydrogen produced is calculated based on economic and
mass flow modeling. To represent an increased service area as
the plant size increases, the transportation distance increases
linearly with the square root of plant size, where the hydrogen
use rate per unit area remains constant (Supporting
Information, eq S22). Renewable electricity is used to power
the system. The electrolyzer technology used in this work is a
pressurized polymer electrolyte membrane (PEM) electrolyzer,
and the water purification technology used is RO followed by
an ion exchange polishing process.
The LCA uses a cradle-to-gate system boundary and a

functional unit of 1 kg-H2 delivered. The produced hydrogen is
transported in diesel-powered tube trailers, and costs
associated with CO2 emissions are calculated using carbon
tax values from the World Bank. Detailed assumptions,
equations, and parameters used for the TEA as well as life
cycle inventory data can be found in the Supporting
Information (Texts S2 and S3). The results of this analysis
represent typical values based on the assumptions described in
the Supporting Information; results such as the optimal plant
size will vary based on specific geographic cases. We note that
the levelized cost of hydrogen (LCOH) obtained in this work
is higher than that of conventional fossil fuel-based hydrogen
production, although cost competitiveness can be achieved
through electrolyzer technology development, renewable
electricity cost reductions, and strict environmental policies.
The impact of hydrogen production scale on the LCOH is

shown in Figure 2. Hydrogen is least expensive to produce at
scales on the order of 105 kg per year. At smaller scales,
hydrogen is more expensive to produce due to the increase in
equipment costs relative to their throughput rate, which is the

Figure 1. (A) The potential H2 energy that can be harvested via water electrolysis using various source waters assuming a water recovery of 50%
and an H2 conversion efficiency of 40%. The horizontal dashed lines show several relevant energy consumptions to serve as reference values for
contextualizing the amount of H2 energy that can be harvested. (B) The contribution of water purification to the total energy consumption (orange
bars) and cost (blue bars) of the overall water electrolysis process among various source waters. For the cost and energy calculation of water
electrolysis, we assume a hydrogen production rate of 7.85 × 105 kg-H2 yr−1 and no carbon tax.
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inverse of the benefit of returns to scale. At larger production
volumes, the transportation distance increases, which causes an
increase in price. Additionally, accounting for the influence of a
carbon tax results in a further price increase, since a significant
amount of CO2 is produced by the trucks used to transport
hydrogen.
Figure 2 shows that including the cost of CO2 emissions

using a carbon tax raises the overall LCOH across all

production volumes, since CO2 is produced throughout the
life cycle even when renewable energy is used. The CO2 tax
contribution to the overall cost is smaller at lower production
volumes as the transportation distance is shorter, approx-
imately 0.70 USD per kg-H2, and increases (>1 USD per kg-
H2) as the production volume grows. The effect of these taxes
would be even greater if the CO2 production increased due to
the use of nonrenewable energy or more inefficient transport.
Since the high CO2 tax scenario uses the highest CO2 tax in
the world according to the World Bank, implementation of
current CO2 tax rates in other countries or states would result
in an LCOH within the shaded region on the figure.
The CO2 emissions associated with hydrogen production are

also shown in Figure 2 for varying transportation distances.
Green hydrogen production and distribution result in CO2
emissions between 5.1 and 7.7 kg-CO2-eq kg-H2−1. As
transportation distance increases, CO2 emissions also increase
due to the additional diesel fuel required to transport hydrogen
to the point of use.37 The costs due to CO2 taxes used in the
TEA are based on these CO2 emissions calculations. The
increase in the LCOH due to CO2 emissions considering the
high CO2 tax ranges from approximately 7.6% to 10.2% relative
to the no tax scenario.
The minimum LCOH is attained for small-to-moderate

plant sizes, demonstrating the benefit of a decentralized
approach to hydrogen production. The benefit of decentralized
production is further intensified by carbon taxes, albeit to a
relatively minor extent. For example, imposing a high carbon
tax reduces the optimal production rate from 2.59 × 105 kg-H2
per year to 2.36 × 105 kg-H2 per year. The transportation
distances for these optimal LCOH points are 24.6 km and 23.5
km for the no CO2 tax and high CO2 tax scenarios,
respectively. We note that the optimal LCOH is not at the
minimum transport distance, despite this being the point with
the minimum transport and carbon tax costs, due to the
economies of scale associated with increasing plant size.
However, this analysis does not consider potential capital cost
reductions from the mass production of smaller electrolyzers,
which is a likely consequence of increased adoption of

Figure 2. Levelized cost of hydrogen (LCOH) including taxes due to
CO2 (left axis) and CO2 emissions (right axis) as a function of
hydrogen production rate. The top axis represents the transportation
distance associated with the corresponding hydrogen production rate
on the bottom axis. The red line represents the LCOH with no CO2
tax, and the blue line corresponds to the LCOH with the highest
current CO2 tax price according to the World Bank, found in Sweden.
The shaded region bounded by these two curves corresponds to the
range of possible LCOH values depending on the CO2 tax price. The
circles correspond to the minimum LCOH for each scenario. The
dashed green line shows the CO2 emissions from hydrogen
production including transportation in a diesel-fueled tube trailer.

Figure 3. (A) A breakdown of the relative contributions to cost for hydrogen production at the minimum levelized cost of hydrogen for both the
“No CO2 Tax” and “High CO2 Tax” scenarios. Note that the RO energy consumption and RO plant CapEx are too small to be observed in the
chart. (B) Contributions to CO2 emissions associated with supplying green H2, including H2 production (1 MW PEM WE stack, PEM WE balance
of plant (BOP), water, and electricity for PEM WE), storage, and transportation (40.23 km). The contributions for PEM WE stack, PEM WE BOP,
and water (collectively represented as the small green section of the large pie chart, left) are enlarged to show the detailed contributions in the
smaller pie chart on the right. The functional unit is 1 kg-H2, and the system boundary is cradle-to-gate. The electricity for PEM electrolysis is 50%
solar photovoltaic-based and 50% onshore wind-based. The CO2 equivalent mass (kg-CO2-eq ) is calculated by multiplying the weight of the
greenhouse gas (e.g., methane, nitrous oxide) emitted during green H2 production and distribution by the global warming potential of the gas. The
carbon intensity of green H2 distribution for this transportation distance is 5.28 kg-CO2-eq kg-H2−1.
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decentralized production. Hence, it is possible that the optimal
size of the plant may even be smaller once these returns to
production scale are considered.
The breakdown of costs at the optimal LCOH for both tax

scenarios is shown in Figure 3A. The levelized cost is
dominated by the electricity used for electrolysis, making up
greater than two-thirds of the overall cost. The CO2 taxes
contribute almost as much to cost as the annualized capital
costs. Increasing production scale would increase the trans-
portation distance, which in turn increases the CO2 emissions
and therefore the carbon taxes, further demonstrating the
importance of small scale for minimizing costs. Note that
contributions of the RO plant to capital cost and energy are
too small to be visible on the chart.
Figure 3B shows the contributions to CO2 emissions from

electrolysis, hydrogen storage (pressurization to 350 bar), and
transportation for a sample data point with a hydrogen
transportation distance of 40.23 km (details in Supporting
Information, Tables S1 and S2). For this distance, hydrogen
transportation is the largest contributor to the environmental
impact (52.2%), followed by electricity for electrolysis.37 As
the transportation distance increases, the fraction of the total
CO2 emissions contributed by transportation continues to
increase, since the absolute CO2 emissions increase linearly
with transportation distance. Water purification for hydrogen
production makes up only 0.3% of the total CO2 emissions,
indicating that the contribution of water purification to CO2
emissions for the overall green hydrogen production process is
insignificant.

■ SYNERGIZING WATER, ENERGY, AND HYDROGEN
ECONOMIES

Transportation contributes significantly more to the overall
economic costs and CO2 emissions associated with H2
production than water treatment, regardless of water source.
The potential to advance the economic feasibility of a low-
carbon hydrogen economy by minimizing H2 transportation−
which also avoids the practical complexities of establishing a
hydrogen distribution network−suggests the favorability of on-
site green hydrogen production. This opportunity is reinforced
by the low returns to scale for water electrolysis. In addition to
avoiding H2 transportation inefficiencies, point-of-use elec-
trolysis could utilize local renewable energy sources, eluding
challenges associated with transitioning to a renewable energy
grid and minimizing energy losses that occur over long-
distance transmission.38 Since our analysis reveals that various
nontraditional water sources may be pretreated for use in water
electrolysis with negligible impact on the overall H2 production
energy, cost, and CO2 emissions, we exemplify opportunities
for near-point-of-use water electrolysis utilizing local nontradi-
tional water sources and renewable energy for H2 energy
storage and chemical feedstock applications.
To facilitate the use of local or stranded intermittent

renewable energy sources to power stationary industrial
processes, hydrogen may be used to provide energy storage.
Hydrogen energy storage may be particularly expedient for
industrial processes that require continuous energy supply over
long or frequent gaps in renewable energy availability, which
are challenging to manage using batteries due to their limited
ability to provide power over a prolonged time period. This

Figure 4. Schematic of synergistic opportunities for near-point-of-use distributed water purification and H2 production. Representative
opportunities illustrate utilization of local sources of renewable energy and water to produce H2 for energy storage (left) and chemical feedstock
(right) applications. (A) Reverse osmosis (RO) desalination plants may fully transition to renewable power by redirecting a fraction of permeate to
water electrolysis (WE), enabling long-term energy storage for continuous operation at times when renewable energy sources such as solar and
wind are not available. (B) Household greywater and municipal wastewater from wastewater treatment plants (WWTP) may be treated to feed
small-scale WE and produce H2 for refueling stations, supporting a hydrogen economy while minimizing CO2 emissions associated with long-
distance H2 transportation. (C) Onsite green H2 production for chemical synthesis processes can utilize nearby municipal and industrial wastewater
(WW) as well as stranded renewable energy. (D) Treatment of produced water and WW from oil and gas or other industrial sources for WE may
be combined with CO2 capture from the same point sources, enabling conversion of CO2 with H2 to produce chemicals and fuels. This scheme
accomplishes carbon-neutral storage of renewable energy while utilizing waste CO2 and water.
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energy storage strategy may be most immediately applicable to
processes dedicated to water purification. For example, an RO
desalination plant powered by solar or wind energy with short-
term battery storage may divert a proportion of treated water
to water electrolysis during peak energy availability, as
illustrated in Figure 4A. When energy harvesting declines,
stored H2 can be used to bridge long or frequent gaps in
energy source availability. This scheme capitalizes upon local
renewable energy sources and local seawater or brackish
groundwater to achieve low-carbon water purification. Similar
approaches could be employed for various industrial processes
that require continuous energy supplies, where H2 could
provide electrical power via fuel cells or thermal energy via
combustion. These stationary energy storage solutions could
facilitate the societal transition to low-carbon energy, ensuring
reliable power supplies for industrial processes before grid-level
renewable energy supply and storage can be achieved.
Since transportation accounts for the largest source of total

greenhouse gas emissions in the United States at 27%,39

electric vehicles powered by hydrogen fuel cells have been
suggested as a potential solution to reduce reliance on fossil
fuels, especially for heavy duty vehicles and fleet vehicles that
return to the same place for refueling.2 Adoption of hydrogen-
fueled vehicles requires a robust and convenient network of
refueling stations.40 However, supplying hydrogen to widely
distributed refueling stations from centralized production
facilities introduces substantial additional costs and CO2
emissions due to H2 transportation. Alternatively, neighbor-
hood-level water electrolyzers could supply refueling stations
to minimize H2 transportation costs (Figure 4B). Local
municipal wastewater could be treated for production of H2
to supply local refueling stations, and local renewable energy
sources could power the electrolyzers without the need for
long-distance transmission. On an even smaller scale, rooftop
solar energy and household greywater could be diverted to
generate H2, which could be used both for household energy
storage to promote energy independence and for vehicle
refueling. Due to the return to scale benefits for water
treatment, though, mining domestic wastewater for local
hydrogen fuel production likely would be more feasible at
the scale of a neighborhood or municipality rather than at the
household level.
While hydrogen energy storage may catalyze a future

transition to a low-carbon society, significant opportunities
for decarbonization exist based on replacing fossil fuel-based
H2 in chemical industrial processes such as petrochemical
refining, ammonia fertilizer synthesis, methanol synthesis, or
Fischer−Tropsch synthesis with green hydrogen. Currently,
global demand for hydrogen as a feedstock in chemical
industrial processes is 51 Mt-H2 yr−1, where 90% of this
demand is for ammonia and methanol synthesis.1 Replacing H2
derived from natural gas with green H2 could abate the
significant CO2 emissions associated with these processes,
around 9 kg-CO2-eq kg-H2−1.

41,42 Furthermore, production of
ammonia or methanol using green H2 could enable these
products to serve as sustainable nonfossil fuel-based liquid
fuels. As public and private stakeholders architect strategies to
decarbonize H2 for the chemical industry, exploitation of
nontraditional water sources for electrolysis may provide
opportunities to minimize H2 transportation and renewable
energy transmission inefficiencies, while promoting sustainable
circular resource economies.

In the United States, a majority of petrochemical and
ammonia plants are located in the West Central and South
Central regions of the country, such as in Louisiana and
Texas.43−45 Similarly, substantial current and planned wind
energy resources exist in the West Central region, and current
and planned solar energy projects are located in the South
Central region.46 These areas of the country also produce
significant volumes of wastewater from industrial and
municipal activities, as evidenced by their high density of
wastewater treatment plants.47,48 The convergence of renew-
able energy sources, wastewater sources, and chemical
manufacturing in these locations suggests that local water
electrolyzers could synergize these resource economies while
minimizing H2 transportation and energy transmission losses
(Figure 4C). Especially in land-locked locations in the Central
United States, harnessing nontraditional water sources to feed
electrolyzers could provide the missing link to utilizing
stranded wind energy for decarbonization of chemical
manufacturing.
Beyond H2 chemical feedstock demands in traditional

chemical industries, expanded green hydrogen production
from nontraditional water sources could promote future
opportunities for CO2 utilization strategies that hinge upon
the availability of green H2. For example, oil and gas activities
produce significant amounts of waste CO2 from refining and
methane flares,49 while also producing large amounts of
contaminated wastewaters from extraction activities such as
hydraulic fracturing and enhanced oil recovery.50,51 Given the
relatively low contribution of treating geologic produced water
and industrial wastewaters to the total energy and costs of
water electrolysis (Table 1 and Figure 1) and the relatively
high contribution of H2 transport to the overall costs and
process CO2 emissions (Figure 3), wastewaters produced by
oil and gas could be mined for H2 to enable CO2 utilization
(Figure 4D). For example, CO2 may be converted with H2 into
valuable products such as methanol for chemicals and fuels.52

Creation of these value streams from waste CO2 and industrial
wastewater may motivate repurposing of industrial waste
streams to promote sustainable resource economies. While
future chemical manufacturing may eventually utilize renew-
able resources rather than fossil fuel feedstocks, the CO2
emissions associated with current fossil fuel production may
be partially mitigated by interim CO2 utilization solutions
enabled by greater availability of green hydrogen.

■ CHALLENGES AND OPPORTUNITIES
Achieving low-carbon energy storage and chemicals manu-
facturing will require abundant availability of green H2. As we
demonstrate above, minimizing H2 transportation can
substantially reduce the overall costs and CO2 emissions for
green H2 supply. Near-point-of-use water electrolysis can
achieve these reductions and may be advantageous due to the
lack of returns to scale for electrolyzers. Since small-scale H2
production will require local sources of pure water, we identify
opportunities to utilize nontraditional water sources for water
electrolysis, where the additional energy and costs to treat
these waters for electrolysis account for less than 0.3% and
0.05% of the total energy and cost for electrolysis, respectively
(Figure 1B). In addition to advancing decarbonization via
green H2, mining waste and nontraditional water sources for
valuable hydrogen creates opportunities for bolstering water
security and reducing environmental contamination. In
particular, local treatment and reuse of nontraditional water
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sources can facilitate achievement of a circular water economy
and pipe parity.20

A distributed hydrogen economy (15−40 km between
production and end use sites, according to Figure 2) minimizes
economic costs and CO2 emissions. Decentralized hydrogen
generation introduces several practical challenges, though.
Onsite production may entail greater safety concerns and
require more extensive training of personnel compared to
onsite storage of hydrogen produced at central generation
facilities. However, onsite generation will also enable lower
volumes and pressures for hydrogen storage, reducing
explosion hazards and improving safety. Near-point-of-use
hydrogen generation (e.g., at an industrial site or serving a
neighborhood) would likely be favored over very small-scale
electrolysis (e.g., household level), due to the need for trained
personnel and safety concerns as well as favorable cost profiles
for midrange electrolyzers capable of producing ∼5 × 105 kg-
H2 yr−1. In the future, more widespread familiarity with
hydrogen handling and technology improvements leading to
greater ease of use for electrolyzers may encourage greater
adoption of near-point-of-use water electrolysis.
While H2 provides long-term storage of renewable energy for

applications that are not amenable to battery storage, it is
unlikely to replace batteries for short-term and light duty or
stationary energy storage. Growing renewable energy storage
needs may be challenging to meet using batteries alone due to
limited materials availability, battery lifetime limitations, and
recyclability challenges.53 PEM electrolyzers and fuel cells also
rely upon scarce materials for precious metal electrocatalysts
and advanced materials for membranes.54 Employing short-
term battery storage to supply stable electricity to electrolyzers
could enable other electrolyzer types that do not require
precious metal electrocatalysts to be employed for hydrogen
production, including alkaline water electrolysis, high-temper-
ature solid oxide water electrolysis, and anion exchange
membrane water electrolysis. For example, anion exchange
membrane water electrolyzers have the combined benefits of
the versatility and high performance of PEM electrolyzers (i.e.,
operation at higher current density due to the lower ohmic
resistance and improved safety with a nonporous polymeric
membrane) and the low cost of alkaline water electrolyzers, but
significant research and development is needed before anion
exchange membrane electrolysis can be commercialized.
Growth in water electrolysis and fuel cell industries at any
scale will require further advancements to lower precious metal
loadings and electrolyzer materials costs.
As climate change exacerbates extreme weather events that

lead to volatility in energy reliability, enhanced distributed
energy storage can build resilience into energy infrastructure.
Decentralized hydrogen generation provides opportunities to
promote energy security through infrastructure that is resilient
to grid-level outages as well as unpredictability in oil supply
and prices. Since hydrogen energy is intimately linked to water
availability, such energy resilience relies upon resilience in
water infrastructure. Especially during crises or in resource-
limited areas where the energy supply is unreliable, potable
water may also be scarce. These challenges highlight additional
advantages of sourcing nontraditional waters for hydrogen
generation: using nonpotable water sources to make hydrogen
can potentially mitigate this water-energy trade-off by avoiding
competition with drinking water sources.
Significant challenges remain to reduce the costs of green

hydrogen production. Even as technologies improve, the road

to a green hydrogen economy will involve many technical,
political, and social hurdles. The development of models to
determine the optimal hydrogen production plant size based
on case study parameters including geography, population
density, energy use density, transportation networks, and
availability of water sources will be valuable for designing
efficient distributed hydrogen infrastructure. Since electricity
price accounts for about 70−80% of the green hydrogen
production cost, future reductions in the price of renewable
electricity would significantly improve the economic feasibility
of green hydrogen production.55 The capital investments and
barriers to entry for small-scale water electrolyzers are lower
than those for new large-scale, centralized green hydrogen
production plants.56 Adoption of small-scale, near-point-of-use
water electrolyzers for distributed hydrogen production
therefore may ease the transition toward broader implementa-
tion and promote learning-by-doing. Development of a more
robust decentralized hydrogen economy, enabled by utilization
of nontraditional water sources, will in turn facilitate the
transition to renewable and circular economies for both energy
and water.
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