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to decarbonize nontraditional water treatment

Akanksha K. Menon,’?4 Mingxin Jia,”3* Sumanjeet Kaur,” Chris Dames,>* and Ravi S. Prasher?3*

SUMMARY

Desalination using renewable energy offers a route to transform our incumbent
linear consumption model to a circular one. This transition will also shift desalina-
tion from large-scale centralized coastal facilities toward modular distributed
inland plants. This new scale of desalination can be satisfied using solar energy
to decarbonize water production, but additional considerations, such as storage
and inland brine management, become important. Here, we evaluate the level-
ized cost of water for 16 solar desalination system configurations at 2 different
salinities. For fossil fuel-driven plants, we find that zero-liquid discharge is
economically favorable to inland brine disposal. For renewable desalination, we
discover that solar-thermal energy is superior to photovoltaics due to low
thermal storage cost and that energy storage, despite being expensive, outper-
forms water storage as the latter has a low utilization factor. The analysis also
yields a promising outlook for solar desalination by 2030 as solar generation
and storage costs decrease.

INTRODUCTION

Global population growth and economic development have led to rising water demands, which when
coupled with dwindling freshwater reserves due to climate change, is exacerbating water scarcity.” Pro-
jections indicate that over half the global population will experience severe water stress by the end of this
decade, thus necessitating the use of desalination technologies to close the gap between water demand
and supply.”* Although desalination has the potential to provide more reliable and climate-independent
freshwater, its broader adoption is limited by the large energy footprint and associated treatment cost.”
Specifically, energy alone accounts for 30-50% of the total water cost, which is currently dominated by fossil
fuel-driven purification of seawater.®” This carbon footprint is expected to become significant (1-10 kg CO,
per cubic meter of freshwater produced) as the global desalination capacity increases to 200 million m*/day
by the end of this decade, thus suggesting a critical need to decarbonize water treatment and produce
clean water sustainably.? "% In this context, the overlap between regions with water stress and a good solar
resource makes solar desalination an attractive technology option,'" as shown in Figure 1. For example,
sun-rich and water-scarce regions such as Spain, Australia, and the southwestern United States are devel-
oping solar desalination systems, while hydrocarbon-rich nations in the Middle East are adopting solar
energy to limit the carbon footprint of desalination.'”

Despite this potential, renewable desalination as a whole accounts for only 1% of the global installed
capacity.'” This can be attributed to the higher current cost of solar energy generation, resource intermit-
tency, and the higher desalination capital cost at smaller scales. However, these trends are expected to
change with the global transition to a decarbonized electric grid resulting in a rapid decrease in the
cost of solar technologies—for example, the U.S. Energy Information Administration estimates that elec-
tricity from photovoltaics (PV) is now competitive with new natural gas combined cycle power plants and
will be even cheaper by 2030,'® while solar-thermal (ST) process heat has the potential to replace natural
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Figure 1. Potential for solar-driven desalination

(A) Projected water stress by country in 2040 (adapted from the World Resources Institute).'”
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(B) Solar resource in terms of the daily and annual global horizontal irradiation (adapted from The World Bank Group and Solargis).'* The strong correlation

between the two maps indicates the potential for solar-driven desalination across different regions of the world.

Another trend that is expected to favor solar desalination is the shift toward decentralized or distributed
desalination.” Conventional seawater desalination benefits from economies of scale, which has led to
the establishment of large treatment facilities (capacities of over 50,000 m*/day) along the coastline accom-
panied with massive distribution systems that transport seawater to the centralized plant and deliver prod-
uct water to end users.” Recent estimates suggest that water conveyance costs can even exceed treatment
costs—for example, the electricity cost for pumping alone can account for up to 40% of the desalinated
water cost in water-stressed regions like Central Asia.'” Concomitantly, with close to 60% of the global
population located away from coastal regions, beneficial reuse of nontraditional water sources (e.g.,
brackish groundwater, agricultural drainage, and industrial discharges) is increasingly of interest.”-?%!
Furthermore, as the energy sector continues to decarbonize, there will be additional nontraditional sour-
ces, including wastewater from battery materials mining and carbon sequestration. These are in predom-
inantly inland locations, have a smaller volume (~1,000 m3/day) due to their distributed nature, and have a

range of salinities as shown in Figure 2,%2%2%27.28
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Figure 2. Salinity ranges of nontraditional water sources for distributed desalination

Nontraditional water sources are grouped into different sectors—brackish groundwater and agriculture,” resource
extraction,”>?* and power generation.”>® The broad salinity range is represented in terms of two scenarios for
desalination: low salinity (2,000 mg/L) and high salinity (35,000 mg/L).

The emergence of distributed desalination also brings an often-overlooked component to the forefront—
the cost of brine (a byproduct of desalination) management and/or disposal. A recent study showed that
global brine production exceeds clean water production by about 50% owing to low water recoveries.”
While this is not a challenge for seawater facilities that discharge brine into the ocean, inland locations
face restrictions with surface discharge due to the environmental impact of hypersaline brine
(>50,000 mg/L) while deep-well injection has geographic limitations as well as economic and environ-
mental costs.®?” There is thus a strong driver to pursue zero liquid discharge (ZLD) or minimal liquid
discharge technologies as a brine management strategy for desalination of these nontraditional sour-
ces.’®?! Furthermore, ZLD can have other positive impacts, such as resource recovery and/or valorizing
the solids produced.?

The foregoing trends set a new paradigm for solar-driven desalination system at a distributed scale of
~1000 m?/day with storage and brine management, which is markedly different from centralized desalina-
tion of seawater.'”**3* This requires a new system design and technoeconomic framework that is not
covered in the existing literature—for example, although there are comprehensive reviews on the integra-
tion of solar energy with seawater desalination,®® these analyses use grid back-up®*~*® or cogeneration
39742 to minimize intermittent operation and evaluate large-scale systems with treatment capac-
ities >10,000 m*/day. On the other hand, there are reports on small-scale solar evaporation-based desali-
=17 energy storage, but these are at capacities <1 m®/day. Furthermore, there is
little literature on solar-driven ZLD—a recent analysis by Panagopoulos showed that brine treatment has
the potential to be economically viable compared to brine disposal, but this was for a small-scale system
of <50 m%/day.”® There is thus the need to establish the potential of a holistic distributed desalination
system with storage and brine management.

schemes

nation with*® and without

In this perspective, we evaluate the levelized cost of water (LCOW) for various solar desalination systems
(~1000 m*/day capacity) comprising different combinations of energy source (electricity and heat), storage
(battery, thermal storage, and water storage), desalination plant (membrane and thermal), and brine
management (disposal or ZLD). These systems are benchmarked against conventional fossil fuel-driven
desalination, and cost projections are made for 2030 based on renewable energy generation/storage tar-
gets setby the U.S. Department of Energy. The framework is then utilized to answer the following important
questions for distributed desalination: (i) how does the integration of energy storage to address solar inter-
mittency affect the water cost? (ii) what is the economic viability of adopting ZLD as a brine management
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strategy for inland facilities? (iii) what are the research gaps that can drive down the future cost of solar
desalination to achieve parity with fossil fuels?

Technology options and system design

A holistic system design for solar desalination (with a daily freshwater production capacity of 1000 m®) com-
prises four main subsystems: energy generation/source, desalination plant, storage unit, and brine
management. To account for the broad range of nontraditional water salinities” shown in Figure 2, two
different water source scenarios are considered: 2,000 mg/L (low-salinity) and 35,000 mg/L (high-salinity).
These values also correspond to commercially available desalination technology options for brackish
groundwater and seawater, respectively, thus allowing for reasonable cost estimates from mature technol-
ogies. In addition, it is assumed that the desalination plant and the brine concentration subsystem (when
present) rely on distributed solar energy resources that are self-sufficient (i.e., without grid backup) under a
direct normal irradiance (DNI) of 6 kWh/m? (typical value for water-stressed regions, as shown in Figure 1).%9
As a result, no net power exchanges with the grid are required,” unlike previous analyses in the literature.

For the energy source, three different technologies can be used: PV electricity, solar-thermal electricity
(STE, with optical concentrators to produce high-temperature heat ~400°C that is converted into electricity
with a turbine, i.e., concentrated solar power), and solar-thermal heat (STH, with non-tracking collectors to
achieve temperatures ~150°C that are used as heat). An in-depth review of the different solar generation
technologies can be found elsewhere.®® For the desalination plant, two processes are considered that
comprise over 90% of installed capacity:®* membrane-based reverse osmosis (RO) driven by electricity
and multi-effect distillation (MED) driven primarily with heat and a small electricity input. Intermittent oper-
ation of these processes has been shown to exacerbate membrane degradation and/or heat exchanger
scaling and can also lead to complex ramp up/ramp down procedures.”’? We thus argue that the desa-
lination plant should run continuously, i.e., at a capacity factor (CF) close to unity. This is achieved using a
storage subsystem comprising either battery energy storage (BES) or thermal energy storage (TES) to mini-
mize fluctuations in solar energy. TES is further classified into low-temperature storage (LTTES—e.g., hot
water or pressurized hot water) used directly as heat for STH and high-temperature storage (HTTES—e.g.,
molten salts) for conversion to electricity in STE.

An alternative to energy storage is water storage (WS) in a large tank. In this case, however, the desalination
plant must be oversized to produce water while operating only during solar hours, i.e., CF = 0.25. WS not
only results in technical limitations with intermittent desalination plant operation but also does not offer
any economic advantage over energy storage as we show later. Finally, since the desalination plant has
a limited recovery ratio (RR) (set by pressure limits of polymer membranes in RO and boiling point elevation
in MED),%*? the resulting brine must be further treated or disposed. Here, we consider two options for
inland facilities: brine disposal by deep-well injection (DWI) in underground reservoirs (other disposal
options are not suitable for hypersaline water)**>° and brine concentration to ZLD via mechanical vapor
compression (MVC) using electricity (state-of-the-art brine concentrator commonly used in ZLD
schemes).*#¢>¢%0 Overall, these different energy source-storage-desalination-brine management
options result in 16 system configurations, which are divided into four categories as shown in Figure 3:
systems with energy storage and brine disposal, energy storage and brine concentration, water storage
and brine disposal, and water storage and brine concentration.

For brevity, only 8 representative configurations that correspond to the most cost-competitive options are
dicussed in the main text as shown in Table 1. Additional details of all other system configurations consid-
eredin this study are in the Methods section and in Table ST and Figure S1 of the Supplemental Information
section. The subsystem power consumptions and the subsystem sizes are also presented in Tables S7 and
S8, respectively.

To benchmark these solar desalination systems against state-of-the-art desalination powered by fossil
fuels, 4 baseline system configurations are also analyzed (see Table S2 and Figure S1). A key difference
is that energy or water storage is not required in these baseline cases, and the configurations include com-
bined cycle gas turbine electricity (CCGTE)-RO with DWI brine disposal, natural gas heat (NGH)-MED also
with DWI, CCGTE-RO with MVC to achieve ZLD, and NGH-MED also with MVC. Electricity demands of both
MED and MVC are fulfilled by CCGTE.

4 iScience 26, 105966, February 17, 2023
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Figure 3. Schematic overview of distributed solar desalination systems

Each system comprises choices about the energy generation, desalination plant, energy or water storage, and brine
management (brine disposal or ZLD). The lower half of the schematic corresponds to systems with water storage, which
are operated intermittently (CF = 0.25) with an oversized desalination plant and brine concentration unit. The system
boundary is shown by the dashed line; the energy source is represented as a levelized energy cost (electricity or heat); the
brine disposal process is treated as an additional cost per unit volume of brine disposed, while all other subsystems are
explicitly modeled by their capital costs in this analysis. Figure ST shows the 16 different system configurations, all of which
are special cases of this overview figure.

Technoeconomic modeling framework—LCOW

To compare the system configurations shown in Table 1 for distributed solar desalination, we present a lev-
elized cost framework that accounts for capital costs, energy (or fuel) costs, fixed and variable operations
and maintenance costs, financing costs, and utilization rates or CFs. Specifically, we introduce a compre-
hensive LCOW metric that includes storage and brine management/ZLD costs, which were not captured

in previous technoeconomic analyses:*''~*

CAPEX; X Size; X %
+r)" -
Lcow = ZCF X (Sizequmm + Sizenp) X 365 " O EXi + OPEXow + OPEX.or

i = desalination plant, storage (battery, thermal, or water storage), ZLD unit (when present)
(Equation 1)

Each term in Equation 1 and the associated input assumptions are described in detail in the Methods sec-
tion, in Note S3, and the input values (with units) are shown in Table S3. Briefly, in the first term of Equation 1,
the numerator is the amortized installed capital expenditures (CAPEX) of the desalination plant, storage
unit, and ZLD subsystem (when present). The CAPEX ($/(m3/day)) is amortized over the entire 30-year sys-
tem lifetime for all subsystems except batteries, for which CAPEX is amortized over a 10-year lifespan
(Ndesals NTES, Nws, Nzip = 30 years, nges = 10 years). This amortized cost is divided by the total freshwater
production in a year from the desalination plant and ZLD unit (when present). The OPEXg;, term ($/m3) rep-
resents the fixed operations and maintenance expenditures, OPEX;ep ($/m3) accounts for the replacement
costs of components that have a shorter lifetime than the system lifetime, and OPEXpw ($/m°) represents
the cost of brine disposal through deep-well injection for system configurations without ZLD.”> The final
term, OPEX,,, ($/m?), is the variable operational cost, which is dominated by the cost of energy required
for the desalination unit and ZLD unit (when present). This is expressed as the product of the levelized
cost of energy and the specific energy consumption (SEC) of desalination and ZLD (when present). For
PV and STE, the energy cost is given by the levelized cost of electricity (LCOE), while we calculate the
cost of thermal energy associated with STH as the levelized cost of heat (LCOH) as shown in the Methods
section. Overall, the solar energy generation subsystem is represented in terms of a levelized energy cost
(as electricity or heat), and the brine disposal subsystem is treated as an additional cost per unit volume of
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Table 1. Down-selected system configurations for distributed solar desalination with storage and brine management® ® <

Desalination Configuration Name Electricity Thermal Energy Electricity Thermal Desalination Brine
System with: (and Config. # in the SI) Source Source Storage  Storage Plant Management
Energy Storage and Brine PV — RO with BES and PV - BES - RO DWI (brine
Disposal (45% recovery) DWI (Config. 1) disposal)

STH — MED with LTTES STE STH HTTES LTTES MED

and DWI (Config 3a)

STE — RO with HTTES STE - HTTES - RO

and DWI (Config. 4)
Water Storage and Brine PV — RO with WS and PV - - - RO
Disposal (45% recovery) DWI (Config. 5) (4x oversized)
Energy Storage and PV - RO with BES and PV - BES - RO MVC (zero-liquid
Brine Concentration MVC (Config. 9) discharge)
(95% recovery) STH — MED with LTTES STE STH HTTES LTTES MED

and MVC (Config. 11a)

STE - RO with HTTES STE - HTTES - RO

and MVC (Config. 12)
Water Storage and PV — RO with WS PV - - - RO MvC
Brine Concentration and MVC (Config. 13) (4x oversized)  (4x oversized)

(95% recovery)

PV, photovoltaics; STE, solar-thermal electricity; STH, solar-thermal heat; BES, battery energy storage; TES, thermal energy storage; HTTES, high-temperature
TES; LTTES, low-temperature TES; WS, water storage; RO, reverse osmosis; MED, multi-effect distillation; MVC, mechanical vapor compressor; DWI, deep-well
injection.

?See Table ST and in Figure S1 for the full set of 16 configurations analyzed.

EThis represents the high-salinity scenario, while the low-salinity scenario does not include any thermal desalination configurations, as described later (also see
Table S9).

“Configurations with energy storage operate at a capacity factor of 1. Water storage results in a capacity factor of 0.25, owing to which the desalination plant (and
brine concentration unit, when present) is oversized.

brine disposed, while all other subsystems (desalination, storage, and ZLD) are explicitly modeled using
their capital costs (see Note S3).

RESULTS AND DISCUSSION

Using the framework described above and the input assumptions given in Table S3, the LCOW
values for different solar desalination system configurations are calculated. We find the overall trends
are similar for the low- and high-salinity scenarios (see Figures S2 and S5), and thus we focus on the
high-salinity results for brevity, followed by a brief discussion on low salinity.

Fossil fuel-based desalination—Technology baselines

The LCOW of fossil fuel-based desalination baselines is shown in Figure 4A. We note that the exact LCOW
depends on financing and energy costs, leading to variations of ~25% or more based on the region. Here
we use values typically seen in the United States, but the trends and conclusions can be extended to other
parts of the world using this technoeconomic framework. For the CCGTE-RO and NGH-MED baselines with
45% water recovery, when we ignore the DWI brine disposal costs (dark brown component of the bars), the
LCOW approaches $1/m?> which is consistent with seawater desalination followed by ocean discharge.®>*
However, when the brine disposal cost is included, the LCOW increases by a factor of 3x. This significant
cost increase reveals the economic impact of desalination brine, making it a major challenge for inland
treatment facilities. This is further complicated by the fact that DWI is permitted only in certain locations
and has an adverse environmental impact that is not quantified in this analysis. These limitations motivate
the use of brine concentration technologies that increase water recovery to 95% (ZLD). Now comparing the
CCGTE-RO and NGH-MED baselines with an MVC brine concentrator for achieving ZLD in Figure 4A, we
find that the cost of water produced is double (~$2/m°) that of conventional seawater desalination with
ocean discharge. However, when the DWI disposal cost is included, the two baselines with MVC have a
lower LCOW. This suggests that for fossil fuel-driven inland desalination systems, the benefit of not having
to dispose a large volume of brine through DWI outweighs the MVC capital and electricity costs for

6 iScience 26, 105966, February 17, 2023
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Figure 4. LCOW for different distributed desalination system configurations with brine management showing
the current cost breakdown (solid bars) and 2030-projected costs (dashed bars) with a desalination input salinity
of ~35,000 mg/L

(A) Fossil fuel (natural gas)-driven desalination baseline systems with 45% water recovery followed by DWI brine disposal
and 95% water recovery using MVC.

(B) Solar desalination systems with energy and/or water storage achieving 45% water recovery followed by DWI brine
disposal.

(C) Solar desalination systems with energy and/or water storage achieving 95% water recovery using an MVC brine
concentrator. All configurations and baselines are specified in Note S1.

achieving ZLD. This is the first quantification of the economic advantage of ZLD over brine disposal for
distributed desalination, and it underscores the feasibility of transitioning to a circular water economy.
We also note that DWI costs can vary from $0.33-2.64/m? (the chosen value of $1.5/m?is the average) owing
to differences in the depth and diameter of the well for different volumes.>*>> Reducing the DWI cost to
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$0.5/m?* changes the conclusion about ZLD being more cost-effective than brine disposal (see Note S7 and
Figure S4). However, cost is not the only consideration for DWI as it has adverse environmental impacts, in
addition to geologic and regulatory restrictions that serve as drivers to pursue ZLD in inland locations.*®

Solar desalination with brine disposal (45% water recovery)

The LCOW for solar desalination with 45% water recovery followed by DWI brine disposal is shown in Fig-
ure 4B. When PV-generated electricity is used to drive an RO plant (PV-RO with BES and DWI), the LCOW is
higher than the corresponding baseline (CCGTE-RO with DWI), primarily due to the high CAPEX of battery
storage for continuous operation. Even if the LCOE for utility-scale rather than commercial-scale PV is
used—uwhich is currently competitive with natural gas prices—the LCOW remains nearly unchanged. Alter-
nately, STH can be used to drive an MED plant with LTTES (STH-MED with LTTES and DWI). The relatively
small electricity consumption of MED can be supplied either by PV with BES or by STE with HTTES, with the
latter being the cheaper option (see Note S4). For this configuration then, the LCOW is higher than that of
the corresponding baseline (NGH-MED with DWI) owing to the higher current cost of solar heat. However,
this LCOW is lower than the PV-RO configuration, due to the low cost of thermal energy storage. A third
option in Figure 4B is to use STE with HTTES to power an RO plant (STE-RO with HTTES and DWI) which
yields the lowest LCOW of 3.5 $/m® by combining inexpensive thermal storage with energy-efficient
membrane desalination. A comparison of these three systems reveals that despite the low cost of PV,
solar-thermal generation (either as STE or STH) is the more economical energy source for desalination.

The integration of energy storage allows these configurations to run around the clock, i.e., CF = 1. Alterna-
tively, the desalination plant can be operated only during solar hours (CF = 0.25), with water storage being
used to meet the daily production capacity (PV-RO with WS and DWI in Figure 4B). However, desalination
with energy storage outperforms systems with water storage from a cost standpoint, as shown in Figure 4B.
For example, in PV-RO with water storage, the high cost of battery storage is avoided, but this is offset by
the higher CAPEX of an oversized desalination plant with low utilization. Furthermore, as previously discussed,
desalination plants are designed to operate continuously, making water storage also impractical from a tech-
nology standpoint even though the storage tank cost itself is negligible. A similar trend has been reported in
the literature,* which suggests that investments in energy storage for desalination are necessary.

Recently, there has been a push toward widespread electrification to achieve a renewable grid at a low cost.
In this case, PV electricity can be used for resistive heating with LTTES to drive MED desalination. However,
this configuration has the highest cost among the 16 systems analyzed due to the high thermal energy con-
sumption of MED that is produced from renewable electricity and thus is omitted from Figure 4B (see Note
S4). Using this framework, we find that electrification of heat for desalination would only be favorable if the
LCOE of PV becomes lower than $0.01/kWhe,. In fact, even if resistive heating is replaced with a heat pump
that has a coefficient of performance (COP) of 3, the LCOW of PV-driven MED reduces to 4.3 $/m?3, which is
still higher than many of the other configurations. However, it is important to note that PV-driven industrial
heat pumps will be an important component for providing efficient and emission-free heat for emerging
thermal desalination processes (e.g., membrane distillation, humidification-dehumidification, etc.).?/%®

Solar desalination with brine concentration to ZLD (95% water recovery)

The solar desalination systems discussed thus far have limited water recovery and generate brine that
requires disposal. To concentrate the brine to ZLD, the same energy generation-storage-desalination units
can be used, but each system now includes an MVC unit (powered by either PV or STE during daytime and
by either BES or HTTES during nighttime) instead of brine disposal by DWI. In these cases, 95% water
recovery is achieved and the remaining slurry (high solids content) is disposed in a landfill at a negligible
cost. As shown in Figure 4C, the solar-driven ZLD is currently 1.5X% more expensive than the corresponding
brine disposal configurations of Figure 4B. In contrast, Figure 4A shows that for fossil fuel-driven desalina-
tion, ZLD is actually slightly cheaper than brine disposal. For PV-RO with BES and MVC, the higher LCOW is
dominated by the prohibitively high cost of battery storage to power both the RO plant and the MVC unit
during hours of low/no solar insolation. In comparison, solar-thermal configurations with thermal storage
(STH-MED with LTTES and MVC and STE-RO with HTTES and MVC) have lower costs, but the LCOW is
still high when compared with brine disposal configurations owing to the cost of STE to drive MVC. For so-
lar-ZLD to become competitive with its fossil fuel counterpart, our analysis suggests that the MVC energy
consum