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Climate change is directly impacting energy consumption, water availability, and agricultural production.
Among the global efforts to address the root causes of carbon emissions, numerous emerging
technologies have been proposed to accelerate sustainable development for achieving carbon
neutrality. While science-based discovery for emerging technologies, such as the development of novel
materials, may help enhance sustainable development, analyzing the system design and economic
viability is imperative for assessing the feasibility of the technology for upscaling and successful
commercialization. Herein, we demonstrate the crucial importance of process modeling and techno-
economic analysis by evaluating three emerging technologies at the water-energy nexus: direct
seawater electrolysis, salinity gradient energy harvesting, and membrane-based thermal desalination. We
show that the synergistic combination of techno-economic analysis and process modeling can
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effectively assess the potential feasibility of the emerging technologies at the early development stage.
We further discuss the challenges of the three emerging technologies in their current states, indicating

DOI: 10.1039/d2ee03271f that they are not economically viable compared to the existing state-of-art technologies. Our study

highlights the urgent need for an improved techno-economic approach—coupling process modeling

rsc.li/ees and economic analysis—for the development of emerging technologies at the energy-water nexus.

Broader context

Climate change is one of the most urgent global challenges of our time, affecting the lives of billions of people. The indiscriminate use of fossil fuels is the
primary cause of climate change, threatening human and environmental health, and altering ecosystem composition and function. Achieving ‘carbon
neutrality by 2050”7, which is a state of net-zero carbon emissions, is therefore a critical global mission. Many emerging technologies are being explored for
sustainable development and to phase out fossil fuels, but studies of innovative system design, process evaluation, and economic feasibility are rarely
conducted. Techno-economic analysis combined with process modeling can assess the economic viability of emerging technology and provide guidelines for
the most impactful directions for research and development to support decarbonization. Through analysis of three well-studied emerging technologies at the
water-energy nexus, this Opinion highlights the paramount importance of process modeling and techno-economic analysis for the development of sustainable
and economically viable technologies.

gas emissions, various emerging technologies have been stu-
died for enhancing energy efficiency, the use of renewable

Introduction

Decarbonizing our society will necessitate the development of
sustainable, energy-efficient technologies at the energy-food-
water nexus. With the increased pressure to reduce greenhouse
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energy and alternative fuels, and more efficient use and recy-
cling of materials. Extensive research has been done at the
water-energy nexus on water electrolysis for a green hydrogen
economy,' harvesting salinity gradient energy by mixing
ocean water with river water for renewable electricity
generation,”® and novel desalination technologies to reduce
energy consumption.”” These recent efforts have focused
mainly on the development of novel materials for the newly
proposed technologies and, to a lesser extent, on innovative
system designs to improve process efficiency. However, these
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studies, while scientifically exciting, have rarely analyzed the
economic viability of the proposed technologies and their
feasibility for upscaling and successful application.

Techno-economic analysis (TEA) combined with process
modeling is crucial for evaluating the feasibility of emerging
technologies for potential upscaling and commercialization.
Specifically, TEA can be a key enabler to providing meaningful
directions for research and development as well as identifying
important perspectives on the implementation of emerging
technologies as part of an innovative business model. For
example, the U.S. Department of Energy recently studied the
economics of variable-duration energy storage and flexible
power generation technologies for future national energy grids
with high penetration of renewables.® They established that the
most cost-effective storage choice depends on the length of storage,
and that one of the lowest-cost options is a novel application of an
existing technology. This type of innovative finding reinforces the
necessity of holistic assessments of novel technologies and system
designs. However, despite the importance of these analyses, the
assessment of the viability of emerging technologies has often been
overlooked, even when these tools can provide indispensable
insights into the feasibility of the proposed technology.

Herein, we analyze three emerging technologies at the water-
energy nexus to exemplify the critical importance of process
modeling and techno-economic analysis. The first example is
water electrolysis to produce hydrogen using seawater without
pretreatment or purification steps, a process referred to as
direct seawater electrolysis (DSE).>° The second example is
the harvesting of energy by the mixing of salty water (primarily
seawater) with fresh water (primarily river water), an active area
of research commonly referred to as salinity gradient energy
(SGE) or blue energy.'®"* The third process analyzed here is
membrane distillation (MD), an emerging thermal desalination
technology to convert saline waters to fresh water."*'* Through
our analysis, we demonstrate that these technologies are not
economically viable compared to existing, conventional tech-
nologies—an outcome that may be difficult to change because
of the inherent limitations of these technologies. Our results
underscore the critical importance of process modeling and
techno-economic analysis, which could help to redirect
resources for research on more promising technologies.

Direct seawater electrolysis for the
hydrogen energy economy

Water electrolysis is a process utilizing electricity to produce
hydrogen (H,) from water. Most commercially mature electro-
lysis technologies require the use of highly purified water,
typically provided from freshwater sources that are often trea-
ted and deionized before use. However, freshwater resources
may be limited for the widespread use of electrolysis, as these
sources are typically reserved for agricultural and potable use.
Considering the vast volume of water in oceans and seawaters,
direct seawater electrolysis (DSE) has been proposed as an
alternative to meet the increasing global H, demands."*"’
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Because of the complex ionic composition of seawater, such as
the presence of Cl ™, S0,>, Mgﬁ, and Ca*", many challenges must
be overcome for the development of the technology, some of which
are illustrated in Fig. 1.">™"” The oxygen evolution reaction (OER) is
a four-electron transfer process with an equilibrium potential of
1.23 V vs. reversible hydrogen electrode (RHE), while the chlorine
evolution reaction (CER) requires the transfer of two electrons with
an equilibrium potential of 1.36 V vs standard hydrogen electrode
(SHE), indicating OER is more thermodynamically favorable than
CER."®"'® However, because CER has faster kinetics, it prevails at
potentials above 1.36 V. Hence, the OER on the anode suffers from
competition from the more kinetically favorable CER. Further, the
production of chlorine in CER can corrode the steel of the bipolar
plates, resulting in system degradation and significant economic
and environmental damage.*® Chloride and other ions in seawater
can also poison platinum-based catalysts, or cause catalyst detach-
ment from the electrode."” The membrane itself is susceptible to
degradation from the corrosive nature of seawater, as well, and
may further suffer from suspended particles and sparingly soluble
salt ions in seawater precipitating or adhering to it.>' In addition,
both Cl, and O, may cross the membrane to the cathode, where
they can compete with the hydrogen evolution reaction, or even
react with evolved hydrogen.

The net impact of the reactions discussed above is a relatively
short lifespan of DSE as well as low performance and produc-
tion rates. Further, DSE would require expensive materials and
catalysts to overcome these challenges, which will significantly
increase the capital costs. Based on this discussion, it is clear
that commercialization of DSE would be significantly hampered
by the physically and chemically challenging problems arising
from the complexity of seawater components.

Economic motives are a key aspect of commercializing any
technology. DSE faces challenges in both operating costs and
capital costs. A comparison of the specific energy consumption
(SEC) by seawater desalination and conventional polymer electro-
lyte membrane water electrolysis (PEM WE) is presented in
Table 1. The SEC of seawater desalination to provide suitable
water accounts for a very small fraction (0.05-0.14%) of the total
SEC for H, production. A similar result can be expected for the
relative contribution to the operating costs and the levelized cost of
H, (LCOH), since electricity is the primary contributor to the
economic and environmental load of H, production.”® Further,
recent work has reported capital costs for DSE (ie., over
6000 $ kW~ '*"), which are more than double the capital costs
for conventional electrolyzers (i.e., 920-1725 USD kW™ for alka-
line water electrolysis, AWE, and 1610-2668 USD kW' for PEM
WE).>® As a result of the composition of seawater, DSE is also
capital intensive due to chlorine crossover and corrosion,* leading
to frequent replacements of membranes, catalysts, and system
components.

The primary conclusion that can be drawn from these process
and economic analyses is that DSE cannot compete with state-of-
the-art water purification and electrolysis technologies. It is
unclear if all these technical and economic challenges could be
overcome, even with significant research efforts and financial
investment. Even with major technological improvements, such
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Fig. 1 Schematic diagram of H, production from direct seawater electrolysis (DSE) using an anion exchange membrane and an alkaline electrolyte. A
DSE has two main half-reactions: hydrogen evolution reaction (HER) in the cathode and oxygen evolution reaction (OER) in the anode. Reactions 3-11

show the challenges encountered during seawater electrolysis due to the presence of common ions and substances in seawater.

as pretreatment, to address all the challenges, DSE would save only
~0.1% of the cost and energy usage over a combination of water
purification and conventional electrolyzers. Given the daunting
challenges in improving and commercializing DSE, and the extre-
mely limited benefit in using it, we conclude that sustainable H,
production from seawater in the future should be done by
coupling an industrially mature desalination technology, such as
reverse osmosis, with conventional water electrolysis.™

Salinity gradient energy for green
electricity generation

Salinity gradient energy (SGE) refers to the generation of
electricity from the chemical potential difference between

15,16,25

solutions with different salinities.*”** SGE has been studied
extensively in the past decade in terms of material advance-
ment, system innovation, and process mechanisms.***** The
harnessed energy in SGE technologies is a fraction of the Gibbs
free energy of mixing that is determined by thermodynamics
(Fig. 2A, see ESI,i Note S1, for details on the calculation of
extractable energy and Table S1 (ESIt) for summary of extrac-
table energies for each technology).>*?® The three main SGE
technologies—pressure-retarded osmosis (PRO), reverse elec-
trodialysis (RED), and nanopore-based or nanofluidic power
generation (NPG)—are membrane-based processes. Among the
SGE technologies, PRO and RED have reached a significantly
high technology readiness level."*” More recently, NPG has
attracted heightened research attention.'®™

Table 1 Comparison of specific energy consumption (SEC) by polymer electrolyte membrane water electrolysis (PEM WE) and seawater desalination.
The percentage energy is defined as the ratio of the specific energy consumption (SEC) of current seawater reverse osmosis plants to produce sufficient
water for 1 kg of H, production from PEM WE to the actual energy consumption by the PEM WE

Water demand

SEC of water demand via

SEC for H, generation Percentage energy for

Ref. (kg0 kg, ) desalination® (kW h kg, ') (kW h kg, ™) water demand (%)
Beswick et al.*® 9.0 0.03 63.97” 0.05
Lampert et al.>’ 25.7 0.09 63.97 0.14
Hydrogenics>® 11.126 0.04 74.54 0.05
Siemens®® 16.689 0.06 61.86 0.09

@ Calculated based on the energy consumption of 3.5 kW h m™ for seawater reverse osmosis plants.?®  Average specific energy consumption of

PEM water electrolysis®°
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Fig. 2 Analysis of harvesting salinity gradient energy. (A) Process sche-
matic for harnessing salinity gradient energy by controlling the mixing of
two streams with different salinities. Three processes are highlighted in this
analysis: pressure-retarded osmosis (PRO), reverse electrodialysis (RED),
and nanofluidic/nanopore-based power generation (NPG). (B) Compar-
ison of membrane coupon-scale power density of PRO,*~46 RED,*?>* and
NPG,%>~"! based on literature reported data. (C) Extractable energy as a
function of high salinity solution (brine) concentration. The extractable
energy is normalized by the total volume of the high salinity and low
salinity solutions. The volume (or flow rate) ratio of the low and high
concentration solution streams is assumed to be 1:1. The ideal extractable
energy (blue line) is based on the Gibbs free energy of mixing, while the
two realistic scenarios conceptually show the practical extractable energy
with an energy efficiency of 50% and 12.5%, respectively. The filled circles
represent literature reported extractable energy for PRO (purple), RED
(blue), and NPG (orange).3>36-516272 (D) Comparison of the levelized cost
of energy (LCOE) of processes for harvesting salinity gradient energy from
the mixing of seawater and river water (PRO,%>%° RED,>* and NPG),
renewable energy (solar®>>4=% and wind>®°%%%), and conventional energy
generation from coal and nuclear power plants.

In PRO, water molecules transport through a semipermeable
membrane from the low-salinity side to the pressurized high-
salinity side, converting hydraulic pressure to electric power by
driving a turbine.*®?*° RED relies on the selective transport of
counter-ions (i.e., the ions bearing the opposite charge to the
membrane) through respective ion exchange membranes
(IEMs), resulting in electrical current via redox reactions occur-
ring at the two end electrode plates.>*° In contrast to RED,
NPG utilizes one highly charged and ultrathin nanoporous

This journal is © The Royal Society of Chemistry 2023
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11,1241 The mechanisms of

membrane instead of two IEMs.
the current generation and energy harvesting, however, are
similar to RED.

The power density achieved by RED (i.e., 0.7-3.5 W m ™ %)*>*3
is generally smaller than that achieved by PRO
(i.e., 2-21 W m™?), based on laboratory-scale experiments with
small membrane coupons**™*° (Fig. 2B) - with further details
on power density for each technology provided in the ESI¥
(Table S2). The increased interest in developing NPG for
harnessing salinity gradient energy is primarily attributed to
the high-power density that NPG achieves. We note that a single
nanopore power generator usually reports the power density
normalized by the cross-sectional area of the nanopore, result-
ing in a power density on the order of 10° W m 2.*7*® The
power densities of NPG summarized here consider the area as
the projected area of the membrane coupon. Process modeling
is critically important to identify the limitations of power
density that the technology can achieve. For instance, process
modeling on the module scale demonstrates that reducing the
flow velocity in the channels of the RED module enhances the
power density,*® and that internal concentration polarization in
PRO is detrimental to achieving high power densities.”®
Recently, multiscale process modeling of NPG revealed that
the power density at a module-scale is dramatically reduced
from the coupon-scale due to concentration polarization and
varying salt concentrations along the module, casting doubt
about the usefulness of coupon-level power desnities.>"

Extractable energy is a critical performance metric that is
usually neglected by the research community.** Evaluating the
extractable energy is challenging, as bench-scale research with
membrane coupons cannot achieve mixing of the high and low
salinity solutions; that is, no mass transfer occurs between the
solutions. In this regard, process modeling represents a useful
tool to approximate the energy efficiency of the SGE technolo-
gies. In Fig. 2C, the Gibbs free energy of mixing represents the
ideal case, and the extracted energy is only a fraction of the
Gibbs free energy of mixing. Specifically, the energy efficiency
(i.e., the ratio of extractable energy to the Gibbs free energy of
mixing) is less than unity. Process modeling reveals that the
typical energy efficiencies of PRO and RED are ~60% and
~35%, respectively.*>®> A recent process modeling study
demonstrated that the maximum theoretical energy efficiency
for NPG is 50% (assuming monovalent salts) because only
cations migrate through the nano-porous membranes,”" ren-
dering the practical energy efficiency much lower than PRO
and RED.

The ultimate goal of developing SGE technologies is to
alleviate the energy crisis and possibly replace conventional
energy generation technologies. Since TEA requires a large-
scale implementation of the technologies, process modeling
can fill the gap between the lab research advancements and the
process scale. Specifically, process modeling evaluates the
power density and extractable energy under various operating
conditions and membrane properties. The output from process
modeling is the input to the TEA, enabling the analysis of
levelized cost of electricity (LCOE) over a wide range of
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conditions. The LCOEs of RED and PRO have been evaluated
mostly in this fashion, as they are emerging technologies with
only a few practical-scale testing.”>®' Both technologies typi-
cally show an LCOE > 1 $ kW h™' (Fig. 2D, see ESI,f Table S3,
for summary of LCOE for each technology). On the other hand,
the TEA of NPG—a relatively new process—is challenging, as it
utilizes an ultra-thin membrane that is not commercially avail-
able. Furthermore, the intrinsic low energy efficiency of NPG
leads to extremely small (Fig. 2C) or even net negative energy
generation due to energy losses from pretreatment and pump-
ing, casting doubt on the viability of NPG.”"** It is reasonable
to assume that the LCOE of NPG is at least double that of RED,
as the maximum energy efficiency of NPG is only half of the
Gibbs free energy of mixing.>!

Solar and wind power plants are two types of representative
renewable energy generation. The LCOE of these technologies
has dramatically dropped over the past decades, primarily due
to cost reduction of the energy generation unit (i.e., capital
expenditure). The LCOE of solar and wind are well below
1 $ kW h™',%*% rendering them promising alternatives to
conventional coal and nuclear power generation. It is critical
to note that SGE technologies cannot follow the successful cost
reduction pathway of solar and wind power generation, because
the viability of harvesting SGE is limited by the energy
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efficiency—a thermodynamic barrier that cannot be overcome.
Specifically, the maximum SGE from the mixing of seawater
and river water is the Gibbs free energy of mixing (ie.,
0.28 kW h m ). The practical extractable energy is only a fraction
of Gibbs free energy of mixing (Fig. 2C). To produce a meaningful
quantity of energy, large amounts of seawater and river water
must be pumped and pretreated, further reducing the net energy
generation. More importantly, the development of process opti-
mization and material advancement would not increase the
amount of extractable energy. Therefore, harvesting SGE would
never be economically feasible.

Desalination for sustainable water
production

Process modeling and TEA can also be used to assess the
competitiveness of state-of-the-art desalination technologies
and emerging desalination technologies for sustainable water
production from saline waters. In this study, we compared two
conventional technologies, reverse osmosis (RO) and mechan-
ical vapor compression (MVC), with an emerging desalination
technology, membrane distillation (MD). The working princi-
ples of the desalination technologies are shown in Fig. 3A. In
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Fig. 3 Systematic analysis of desalination processes. (A) Schematic illustrations of conventional and emerging desalination technologies, including
reverse osmosis (RO), mechanical vapor compression (MVC), and membrane distillation (MD). (B) Comparison of thermodynamic energy efficiency (TEE)
of the desalination technologies as a function of feed water salinity. Here, TEE is the theoretical minimum energy for freshwater production (i.e., Gibbs
free energy of separation) normalized by the actual specific energy consumption (SEC) for freshwater production. This metric enables a fair comparison
of different desalination technologies with varied feed salinities, water recoveries, and product water qualities. (C) Comparison of the levelized cost of
water (LCOW) as a function of feed salinity. Here, LCOW is the average cost to produce a unit volume of fresh water over the lifetime of a desalination
facility. This metric can be used as an economic indicator of the viability of a desalination technology because both the capital cost and operation cost are
included in the calculation. All data points in panels (B) and (C) were acquired from literature.”4~82
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RO, fresh water is produced by forcing the pressurized saline
feed to permeate through a semi-permeable RO membrane.”
In MVC, fresh water is produced from saline feed water
evaporation, and the required energy is provided by mechani-
cally compressing the generated vapor.”® In MD, a microporous
hydrophobic membrane is used to separate a hot saline feed
stream and a cold fresh distillate stream, and as the membrane
allows the transport of vapor while prohibiting the permeation
of salt, fresh water is produced from the temperature-
difference-induced feed evaporation.”

As an emerging desalination technology, MD has attracted
heightened attention in the past decades.**® Tremendous
research efforts have been devoted to the development of novel
membrane materials and/or configurations, aiming at facilitat-
ing the practical application of MD technology.®>®® For
instance, novel MD membranes with ultrahigh vapor perme-
abilities have been fabricated using covalent organic frame-
works or ultrathin nanoporous graphene,®”*® and solar or
electricity driven MD systems have been developed to improve
the energy efficiency.®°° Despite these technological innova-
tions, MD is still an emerging technology under lab-scale
development.®® Therefore, to assess the future of MD technol-
ogy, the energy efficiency and economic feasibility of MD need
to be compared with those of the state-of-the-art desalination
technologies (i.e., RO and MVC) using process modeling and
TEA analysis.

Through process modeling, the energy efficiency of the
desalination technologies can be compared using thermody-
namic energy efficiency (TEE) (Fig. 3B) — with further details
on the calculation of the thermodynamic energy efficiency
provided in the ESI{ (Note S2).*' For seawater desalination,
RO has a substantially higher TEE than MD or MVC. As
desalination technologies involving phase change of water,
MD and MVC have large SEC, thereby leading to low TEE.”*
For hypersaline brine desalination, MVC has a larger TEE than
MD. The relatively large TEE of MVC can be ascribed to the
efficient latent heat recovery which reduces SEC.”> From the
TEE comparison, in terms of energy efficiency, the state-of-the-
art desalination technologies (i.e., RO and MVC) significantly
outperform the emerging MD desalination technology.

By performing TEA, the economic feasibility of the desalination
technologies can be compared using the levelized cost of water
(LCOW) (Fig. 3C).°> In Fig. 3C, the trend of LCOW for the
desalination technologies is opposite to that of TEE (Fig. 3B).
Specifically, RO has the lowest LCOW, whereas MD has the highest
LCOW. The negative correlation between LCOW and TEE can be
explained by SEC: a larger TEE indicates a smaller SEC, and
thereby corresponds to a lower LCOW. Notably, compared with
RO and MVC, although MD does not require high-pressure pumps
or high-temperature equipment, its capital cost can still be high
due to the large membrane area required for operation and/or the
use of heat exchangers.****** Based on the LCOW comparison, we
conclude that MD is not an economically viable desalination
technology.

Using process modeling and TEA, we demonstrate that the
emerging desalination technology of MD cannot compete with

This journal is © The Royal Society of Chemistry 2023
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the state-of-the-art desalination technologies (i.e., RO and
MVC) on both energy efficiency and economic feasibility.
Notably, for off-grid and small-scale desalination purposes,
MD could be more attractive than RO and MVC as it might
require lower capital costs and be able to use solar energy, but
in most scenarios, RO and MVC still dominate the desalination
field. Therefore, for sustainable desalination, future research
work should focus on improving the performance of state-of-
the-art desalination technologies instead of overcoming the
potential challenges of emerging desalination technologies,
which are inherently limited by thermodynamics. Furthermore,
process modeling and TEA can provide important guidance for
the improvement of state-of-the-art desalination technologies.
For instance, process modeling indicates that one of the keys to
improving the performance of RO is to develop membranes
with enhanced permselectivity.”® Additionally, TEA suggests
that the most effective way to reduce the cost of MVC is to
develop inexpensive materials for system construction.’®

Perspective and outlook

In this work, we demonstrate the critical importance of process
modeling and techno-economic analysis to the development of
new technologies for water and energy applications. Significant
research and capital investment are required for direct seawater
electrolysis to be cost-competitive, but it offers virtually no
potential to improve the economic or energetic performance
over conventional technologies. Through process modeling, it
has been demonstrated that the extractable energy from salinity
gradients is too low to be a practically or energetically viable
source of energy for the future. Techno-economic analysis and
process modeling establish that membrane distillation is out-
performed both economically and energetically by existing
commercial desalination technologies. These findings illus-
trate how the use of analysis tools can provide valuable data
about the real potential, or lack thereof, of emerging technol-
ogies at the water-energy nexus.

Our work strongly suggests that the economic, energetic,
and environmental viability of new technologies must be
considered early in the development cycle, particularly in the
context of their suggested application. New technologies need
to be evaluated for these viabilities just as early as they are for
their thermodynamic efficiency or scientific merit. Each tech-
nology will have a slightly different ideal use case, but for
technologies where the ideal use is extremely niche, the real
value shrinks. For example, direct seawater electrolysis may be
useful in situations where space is extremely limited for water
purification and seawater is widely available, such as on a ship
or submarine, but conventional water purification and electro-
lysis are still preferable in nearly every other case.

We further suggest that these analyses should be considered
for the optimal allocation of research funding for specific
research areas. If new technologies require large capital, time,
and research investments to offer only marginal improvements
over existing technologies, those funds may be better directed
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to alternative technologies or research areas. Research funds
should be targeted to those technologies which can make the
greatest impact in the field of interest. Further, those technol-
ogies which are not currently economically viable but could be
viable with sufficient investment would benefit from govern-
ment subsidies in the short term to help offset costs. These
subsidies are particularly useful for technologies where a major
cost barrier is the scale-up of production, or production
improvements, such as government subsidies for electric
vehicles.

The global challenges of water scarcity, climate change, and
energy insecurity must be addressed quickly and efficiently by
the research community. Process and economic analyses pro-
vide the opportunity to target investments in technologies that
may have the most impact in solving these challenges. We
suggest these analyses should be used as a fundamental tool for
evaluating new technologies to understand the real benefits
which they can provide now and projected benefits in the
future. Further, such analyses should be revisited regularly to
understand how the landscape of technical and economic
viability may shift with improvements in technology and
changes in cost. The ultimate goal of research on new technol-
ogies is to develop cheaper, more efficient, more environmen-
tally friendly, and better technologies. Using these analysis
tools would ensure that this goal is achieved effectively.
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