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ABSTRACT: Desalination has become an essential toolset to
combat the worsening water stress resulting from population and
industrial growth and exacerbated by climate change. Various
technologies have been developed to desalinate feedwater with a
wide spectrum of salinity. While energy consumption is an important
consideration in many desalination studies, it is challenging to make
(intuitive) sense of energy efficiency due to the different mechanisms
of various desalination processes and the very different separations
achieved. This perspective aims to provide an intuitive, thermody-
namics-based interpretation of energy efficiency by illustrating how
energy consumption breaks down into minimum energy of
separation and the irreversible energy dissipation. The energy
efficiencies of different desalination processes are summarized and
rationalized based on their working mechanisms. Notably, a new

Pressure-driven (membrane)

e

Saline Fresh

Water Water
m._._._._u 0¥ T a
e &}\ < |*

W
|

— 4 Desal & O
|—

Thermal distillation

Electrochemical

concept called the minimum mean voltage is proposed as a convenient tool to evaluate the energy efficiency of electrochemical
desalination processes. Lastly, the intrinsic trade-off between energy efficiency and desalination rate and the relevance of energy

efficiency in different desalination applications are discussed.

B INTRODUCTION

Desalination has been extensively investigated and employed
for augmenting freshwater supply and reducing the environ-
mental impacts of saline industrial wastewater." A variety of
desalination technologies have been applied to feedwaters with
a wide range of salinity, from wastewater reclamation and
desalination of brackish groundwater to seawater desalination
to the treatment of hypersaline brine.” " While energy
consumption is not the only important consideration in
desalination practices, it is undoubtedly one of the most
investigated metrics in desalination research.””'" Because
energy consumption strongly depends on feed salinity and
the degree of salt removal, more fundamental insights can be
derived from energy eficiency that accounts for the intrinsic
“difficulty” of desalination processes.

This perspective aims to provide an overview and an
intuitive interpretation of the energy efficiency of mainstream
desalination processes that are driven by pressure, electric field,
and heat. After a brief description of the working mechanisms
of major desalination technologies, the definition of energy
efficiency is provided, and the energy efficiencies of major
desalination technologies are summarized and justified with
intuitive theoretical interpretations. While more rigorous and
in-depth theoretical analyses on specific desalination processes
are available elsewhere,""~"* the goal of this perspective is to
enable an intuitive understanding of the energy efliciency of
desalination processes without resorting to the formality of
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thermodynamics. Interested readers are referred to classic
literature for a rigorous treatment of desalination thermody-
namics,'* or holistic discussion of the energy issues in
desalination.’

B OVERVIEW OF MAINSTREAM TECHNOLOGIES

Most existing desalination technologies fall into three major
categories. The first category is pressure-driven desalination,
including reverse osmosis (RO) and nanofiltration (NF). In
pressure-driven desalination, hydraulic pressure is applied to
push the water in the feed solution through a semipermeable
membrane that rejects the solutes(Figure 1a).'> The applied
pressure must exceed the osmotic pressure difference between
the feedwater and the permeate to produce any water. RO
typically has near-perfect rejection for charged solutes and is
widely used in seawater and brackish water desalination. In
contrast, NF rejects solutes to variable extents depending on
the solute species, membrane properties, and operation
conditions.'®

The second category of desalination is driven by an applied
voltage, with representative examples being electrodialysis, ED,
and capacitive deionization, CDI (Figure 1b). In ED, ions are
removed from the feedwater as they transport across ion-
exchange membranes (IEMs) to the brine stream under an
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Figure 1. Schematic illustration of the three major categories of desalination processes: (a) Pressure driven desalination, such as RO or NF. (b)
Electric field-driven desalination (or electrochemical desalination), such as CDI or ED. (c) Thermally driven desalination, such as MED, MSF,
MVC, or membrane distillation (not shown here). All thermally driven processes involve liquid-to-vapor phase change, although the only form of

external energy source of MVC is electricity.
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Figure 2. (a) A “separation bar” defining a desalination process. Note that WR and SR can both be defined using the three concentrations on the
“separation bar”. (b) Product water-specific Gibbs free energy (in the unit of feedwater osmotic pressure) as a function of WR and SR, plotted
using eq 1. (c) Ion-specific Gibbs free energy (in the unit of kzT or meV per ion) as a function of WR and SR, plotted using eq 2. In three panels,
the feedwater is simplified as an ideal solution of a single-species strong electrolyte.

applied electric field. Consequently, the water in the product
water channels is deionized, and the feedwater in the brine
channels becomes concentrated.'”*® In CDI, ions are removed
from the feedwater via one of the two following mechanisms.
The first involves the formation of electrical double layers
(EDLs) on the surface of carbon electrodes with a large
specific area.'” The second involves the reaction of ions with
electrode materials or the intercalation of ions into the
electrode crystal lattice.”” Most CDI processes use film-
electrodes and comprise distinct charging and discharge steps,
although flow-electrodes have also been explored to enable
steady-state operation and higher salinity reduction.”"**

The third major category of desalination technology is
thermal distillation, which involves the vaporization of
feedwater and the subsequent condensation of the vapor to
obtain distilled water (Figure 1c).”> The three distillation-
based technologies adopted widely in practical applications are
multistage flash distillation (MSF), multieffect distillation
(MED), and mechanical vapor compression (MVC). In MSF
and MED, heat is the primary energy input, although electricity
is also consumed for flow circulation and maintaining a partial
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vacuum.”* While the detailed configurations of MSF and MED
differ, they are both designed to enhance the recovery of the
latent heat of condensation which is critical to achieving high
energy efficiency. In MVC, water vapor is mechanically
compressed to increase its temperature and pressure, and the
latent heat from condensing the compressed vapor is reused
for feed stream vaporization.25 Unlike MSF or MED, MVC
typically only consumes electricity and does not require an
external heat source. Membrane distillation, an emerging and
actively explored desalination technology based on partial
pressure-driven vapor transport through hydrophobic mem-
branes,*® also falls into this third category.

B GENERAL THERMODYNAMICS OF DESALINATION

For simplicity, all discussion in the following analysis is based
on a single-species ideal solution of a strong electrolyte. With
such an assumption, a desalination process can, in theory, be
described using the molar concentrations or salinities of the
feedwater (c,), brine (c), and deionized product water (cp).
Conceptually, a separation can be illustrated by a “separation
bar” shown in Figure 2a. The two other typical dimensionless
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Figure 3. (a) SECy, vs Agy, and (b) TEE vs Agy, for the major desalination technologies presented in Figure 1. In both panels, the dotted lines
represent general performance limits achievable only with thermodynamically reversible processes. Note that the data used for calculation here is
extracted from studies at different scales for technologies at different levels of maturity. Because the calculations only focus on the “separation step”
and minimizes the consideration of any energy consumption in auxiliary processes (e.g., pretreatments), SEC,y and TEE do not necessarily
represent plant-scale performance. Methodologies and references used to construct this figure are presented in SI S8.

parameters of desalination include salt rejection (SR) and
water recovery (WR), which can be expressed using the three
salinities (i.e., SR = 1 — ¢p/cy, and WR = (¢ — ¢p)/(cg — o),
see Supporting Information (SI) S1).

Thermodynamics of ideal solution suggests that any
separation requires a minimum amount of energy.27 As
desalination is typically an isothermal and isobaric separation
(defined based on the initial and final states), this minimum
energy is essentially the Gibbs free energy of separation, which
is consumed by any thermodynamically reversible desalination
process. Because the goal of desalination in most cases is to
produce deionized water, the product water-specific Gibbs free
energy, that is, the Gibbs free energy per volume of product
water (Ag,), is of particular interest. If we normalize Ag, by
the feed osmotic pressure, m, the result is simply a function of
SR and WR (see SI S2 for derivation):

1 — WR(1 — SR)
(1 = SR)(1 — WR)
(1)

Note that the impact of solution composition and
nonideality on Ag, can be accounted for by replacing
concentrations with activities as reported in literature.””

For electric field-driven desalination, such as ED and CDI,
where ions migrate in an electric field, the Gibbs free energy of
separation per ion, or the ion-specific Gibbs free energy, Agi,,,
provides additional insights. It can be obtained by dividing the
Gibbs free energy by the number of ions transferred from one
portion of the feedwater (that becomes the deionized water) to
another portion of the feedwater (that becomes the brine):

Ag,(WR, SR) k1
SR

Ag, :LIH[I — WR(1 —SR)]

- (1 = SR)In,
7, WR 1 - WR

Ag_(WR, SR) = -
0

)

where k is the Boltzmann constant, T is the absolute
temperature. Specifically, Ag,, represents the minimum energy
to transfer an ion in a given separation, regardless of its charge.
An interesting observation emerges from eq 1 and 2, that Ag,,
for ideal solutions is independent of feed salinity but only
dependent on the dimensionless metrics WR and SR. This
interesting observation is unsurprising though: as a heuristic
example, the Donnan potential across an IEM depends only on
the ratio between the concentrations of a charged species on
two sides of the IEM, not on the absolute concentrations.”’
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The presentation of Ag,, using the unit of milli-electronvolt,
meV (Figure 2c) is of fundamental significance. For separating

a general electrolyte = M, X, _ that dissociates into cations M”

and anions X , a new concept called the minimum mean voltage
for a reversible separation, AVx(WR,SR), can be defined (see
SI S3 for derivation):

. vAg (WR, SR) vAg (WR, SR)
AV, (WR, SR) = Sion = 8

Wt Z*le w™Z7le

©)

where v is the van’t Hoff factor for the solute (v = v* + v7). An
electrochemical desalination processes can only be energy-
efficient if the mean voltage, AV, is sufficiently close to
AV (WR,SR). In the ideal case with a perfect charge efficiency,
lv* Z* |AV  is simply the energy consumed to move one “ion
pair” from the feedwater to the brine. The concept of
minimum mean voltage facilitates convenient interpretations of
energy efficiency for electrochemical desalination. For example,
if a AV of 1 Vis applied for a separation that only requires a
AVx(WR,SR) below 80 mV (e.g., NaCl solution, WR = 80%,
SR = 80%), the energy efficiency cannot exceed 8% even with
perfect charge efficiency. The interpretation of energy
efficiency for CDI and ED will be further elaborated in later
discussion.

B THERMODYNAMIC EFFICIENCY OF
DESALINATION TECHNOLOGIES

The energy efficiency of any desalination process can be
quantified using thermodynamic energy efficiency, TEE, which
is also referred to in thermodynamics as second-law efliciency
or exergy efficiency.'* TEE is quantitatively defined as the ratio
between the specific Gibbs free energy and the specific energy
consumption (SEC). Similar to specific Gibbs free energy, SEC
can also be computed in two ways. The product water-specific
energy consumption, SEC,, is the energy consumed to
generate a unit volume of deionized water; whereas the ion-
specific energy consumption, SEC,,, is the energy consumed
to transport an ion. Using either definition, TEE can be
expressed as

Agw _ gion
SEC,  SEC,

on

TEE =

(4)
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Figure 4. (a) Breakdown of energy consumption in a single-stage, continuous-flow, constant-pressure RO process for seawater RO (SWRO, lower
WR) and brackish water RO (BWRO, higher WR). The red curve represents the osmotic pressure of the remaining brine after a certain fraction
(WR) of the feedwater has been recovered. The difference between the applied pressure, AP, and the brine osmotic pressure at a specific WR is the
local driving force. For a specific WR, the average height of the yellow region (bounded by that WR) is Agy. For SWRO, Agy, and SECy,
correspond to the average heights of the regions Al and A1+A3, respectively. For BWRO, Agy and SECyy correspond to the average heights of the
regions Al+A2 and A1+A2+A3+A4, respectively. (b) Breakdown of energy consumption in a two-stage, BWRO process. The energy-saving by a
two-stages RO process is illustrated by the area of the gray region. (c) Theoretical maximum TEE as a function of WR with for RO processes with
different stages, with (solid curves) and without (dash curves) energy recovery device. The detailed derivations and explanations of Figure 4 are

presented in the SI.

For thermal desalination with heat as the primary energy input,
the definition of SEC is not based on the primary heat energy
input but rather the equivalent work extractable from such heat
input assuming a perfect heat-to-work conversion with Carnot
efficiency.

The values of Ag,,SEC,, and TEE for different desalination
processes evaluated from the literature are summarized in
Figure 3. The data for CDI is mostly from a recent review
paper by Wang et al,,”” whereas the data for other desalination
processes are extracted from other papers (refer to the
methodologies in SI S8 for the assumptions made in data
extraction). While effort has been made to include as much
representative data as possible, this summary is not meant to
be exhaustive. In general, CDI has relatively low Ag, resulting
from partial desalination of low salinity feedwater. The
majority of Ag, for documented CDI processes ranges from
107* to 1072 kWh m™3, although CDI using intercalation
materials as electrodes has been applied for seawater
desalination with Ag, up to ~0.1 kWh m~3.*

In comparison, ED and RO reported in literature achieved
higher Ag,, ranging from ~0.02 to 0.48 kWh m™ for ED and
from ~0.02 to 1.45 kWh m™ for RO. As the state-of-the-art
desalination technology, RO has been applied for desalinating
feedwater with a wide range of salinity, including seawater,
brackish water, and treated wastewater. While a theoretical
analysis comparing RO and CDI has been performed in a
recent study,” > no sufficient experimental data could be
found in literature to calculate the TEE of RO for treating very
low-salinity feedwater typically treated by CDI. Thermal
desalination processes such as MED, MSF, and MVC are all
characterized by high Ag, that are typically above 1.0 kWh
m™ (up to 1.8 kWh m™3).

The summarized data suggests SEC,, positively correlates
with Ag, for pressure-driven and electrochemical desalination
(Figure 3a). The data points for RO are closer to the line
corresponding to thermodynamically reversible processes
(ie,SEC, = Ag,), suggesting that RO is generally more
energy efficient. The data in Figure 3a can be converted to a
figure showing TEE vs Ag,, (Figure 3b), which shows that TEE
also positively correlates with Ag, for nondistillation
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desalination processes, that is, it is generally easier to achieve
a higher TEE for “more difficult” separations with higher Ag,.

Overall, RO is currently the most energy-efficient desalina-
tion technology in terms of TEE, although the conclusion is
drawn from data in a limited range of relatively high Ag,. In
the similar range of Ag,, ED seems to be less efficient than RO.
Thermal distillation processes are relatively inefficient and only
applied to achieve separations with very high Ag,. The
available data for CDI suggests that CDI generally has low
TEE, but in exceptional cases with the highest Ag,, can also
achieve TEE comparable with that for RO and ED.

B INTUITIVE INTERPRETATION OF ENERGY
EFFICIENCY

The summary of TEE from experimental studies is only
empirically informative. It does not elucidate why some
desalination processes are more efficient than the others, nor
does it reveal the potential and strategies to enhance TEE.
Without resorting to detailed and rigorous process modeling,
simplified analyses of energy efficiency for individual
desalination processes are presented here to impart intuitive
interpretation of TEE.

Reverse Osmosis. Let us start with RO as it is a simple yet
currently the most energy-efficient desalination process. In the
simplified case with perfect salt rejection (i.e.,, SR = 100%), the
brine osmotic pressure is a simple function of WR and the feed
osmotic pressure, Z(WR) = 7,/(1 — WR) as shown in the red
curve of Figure 4a). A batch RO process can be performed
reversibly by applying a hydraulic pressure that is infinitesi-
mally higher than the trans-membrane osmotic pressure
difference. With such a reversible path, SECw is simply the
WR-weighted average brine osmotic pressure as represented by
the average height of the yellow region in Figure 4a.
Theoretical proof has been provided that SEC, of such a
reversible RO process exactly equals Ag,.”>*°

However, most practical RO processes are operated using a
continuous flow system with constant pressure (CP). For a
single-stage, constant-pressure, and continuous flow RO
process, SEC,, is simply the applied hydraulic pressure if a
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perfectly efficient energy recovery device (ERD) is employed
to recover the mechanical energy in the pressurized brine
stream. In this case, the theoretical maximum TEE, or TEE_,,

can be expressed as
( )
ln

The assumption of a perfect ERD is reasonable for state-of-the-
art seawater RO (SWRO). For brackish water RO (BWRO)
with high WR, ERD is not necessary because only a small
fraction of the feedwater is rejected as brine. When ERD is not
employed, the maximum TEE with “no recovery”, TEExg mao
becomes

_1-WR
WR

TEE

max

TEENR,max = (1 - WR)ln(ﬁ) (6)

The derivation of both eq 5 and 6 is presented in SI S4. In
both equations, the maximum TEE is achieved when the
lowest allowable pressure is applied to achieve a target WR
(i.e., AP = z(WR)). In practical RO processes, however, AP is
slightly higher than z(WR) to maintain finite driving force
throughout the module.

For SWRO that typically achieves a WR below 50%, TEE is
easily over 60% for the separation step assuming a perfect
ERD, as the “excess energy” for providing the driving force (A3
in Figure 4a) is relatively small compared to the minimum
energy for separation (Al in Figure 4a). Such “excess energy,”
which is essentially SEC,, — Ag,, results in entropy generation
and should be minimized for achieving a high TEE. TEE
becomes much lower for single-stage RO processes with very
high WR (e.g, BWRO) as the excess energy (A3+A4 in Figure
4a) becomes significant compared to Ag, (Al+A2 in Figure
4a), which is attributable to the rapid increase of 7(WR) with
increasing WR when WR approaches 100%.

A simple way to enhance the TEE of BWRO with high WR
is to implement staging to reduce the average driving force. For
example, if a BWRO process with WR = 80% is performed
using two stages each recovering product water at an equal
flow rate, the overall excess energy and SECw can be
significantly reduced (as quantified by the gray area in Figure
4b). Notably, staging saves energy with and without ERD
(Figure 4c, with derivation detailed in SI S4). Recent studies
have also examined batch or closed-circuit RO for ener
saving via creating more temporally uniform driving force.**™>”

Overall, the above analysis clearly illustrates why RO is
intrinsically energy efficient. The reversible path of RO
operation dictates that a relatively small fraction of energy is
consumed to provide the driving force which results in entropy
generation. This interpretation is valid as long as feed salinity is
not too low. When the feed salinity is so low that 7, becomes
negligible compared to the minimum pressure required to
overcome membrane resistance and hydraulic resistance along
the module, TEE of RO may become very low.

Electrochemical Desalination. Although both driven by
an applied voltage, ED and CDI have different distributions
between Ag,, (yellow regions in Figure Sa,b) and excess energy
(red regions in Figure Sa,b). For processes based on electric
field-driven ion transport, the analysis is most convenient by
showing the cell voltage against the amount of transferred
charge (in Coulomb or mole). For ED, the thermodynamically
reversible path is characterized by a variable cell voltage that
always equals the equilibrium voltage, that is, the sum of the
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Figure S. Breakdown of energy consumption in (a) a single-stage ED
process and (b) a CDI process with constant voltage charging and
zero voltage discharge (CV/ZV). In both cases, the red curves
represent the thermodynamically reversible paths, whereas Ag;,, and
SEC,,, correspond to the average height of the yellow regions and the
height of the blue rectangles, respectively. (c) Theoretical maximum
TEE as a function of WR and SR for a single-stage ED process. Here,
maximum TEE is achieved when the cell voltage equals the “final”
equilibrium voltage (i.e., driving force becomes zero at the exit of the
module). (d) Illustration of how constant current charging and
discharge improves TEE. (e) Illustration of how electrodes with
higher capacitance improve TEE even with CV/ZV operation mode.
The numerical values are deliberately omitted in panels (a), (b), (d),
and (e), as they are strongly case-dependent (details are given in SI
SS).

Donnan potentials across all IEMs. The Donnan potential
across an IEM, being a function of the ratio of ion
concentrations on both sides of the IEM, depends on the
extent of charge transfer. Such a reversible process can only be
achieved using a batch system with infinitesimal current
density. Single-stage, continuous-flow ED process only has a
single cell voltage, which must equal or exceed the “final”
equilibrium voltage (i.e., at the exit of the module)
corresponding to the extent of charge transfer required for
achieving a target separation. For a Z*: Z~ electrolyte, the final
equilibrium voltage for one pair of IEMs, Vg .,(WRSR),
depends only on WR and SR, following the equation below
(see SI S6 for derivation):

chen,eq(WR: SR) _ zt+ 2z
kT ztz”

1 — WR(1 — SR)
(1 “WR)(1 - sR)

(7)

The minimum mean voltage introduced in eq 3, AVx(WR,SR),
is equivalent to the average height of the yellow region in
Figure Sa. Consequently, TEE for a single-stage ED process
(assuming perfect current efficiency) is the ratio between
AVR(WR,SR) and the applied cell voltage, AV, which is
graphically the area ratio between the yellow region and the
rectangle with a height of AV, (Figure Sa). Maximum TEE
for a single-stage ED process achieving a specific separation is
attained when AV, equals V., (i.e, zero driving force at the
exist of the module). The theoretical maximum TEE for a
single-stage ED, being the ratio of TVR/VCEILQq, can easily
achieve a double-digit value regardless of WR and SR (Figure
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Sc). Contrary to single-stage RO, which has lower TEE at
higher WR, TEE of ED slightly improves with higher WR.
However, for seawater desalination which requires reducing
the salinity from 35 g L' by ~99%, ED (Figure Sc) is
intrinsically less efficient than RO with ERD (Figure 4c) unless
RO is pushed to achieve an ultrahigh WR. Notably, the
maximum TEE shown in Figure Sc are indeed the upper
bound when compared to ED with the highest TEE in
literature (Figure 3b).

The analysis of TEE for CDI has been presented in a recent
paper by Wang et al,*® and will be illustrated here using an
example where an CDI cell with activated carbon is charged at
constant voltage (1 V) and discharged by short-circuiting (i.e.,
0 V) to achieve the same separation characterized by a
thermodynamically reversible charging/discharge cycle high-
lighted in yellow in Figure Sb. Note that SEC,, of such a
reversible CDI cycle has been shown to be exactly Ag,**™* In
this case, TEE is the ratio between the area of the yellow cycle
and that of the rectangle encompassing the yellow cycle
(Figure Sb). Alternatively, we can also calculate the minimum
mean voltage, AV,(WR,SR) which is ~62 mV for separating a
1:1 electrolyte with WR = 50% and SR = 95%, according to eq
3. Note that 62 mV here is essentially the average height of the
yellow cycle in Figure Sb. If a CDI cell is charged at 1 V and
discharged at 0 V (i.e., CV/ZV mode), AV 4 is 1 V and TEE is
capped at ~6.2%. The two approaches of quantifying TEE, one
using the “area ratio” in Figure 5b, the other using the ratio
between AVx(WR,SR) and AV, are fundamentally equiv-
alent.

This intuitive interpretation of TEE sheds light on the
general strategies for making CDI more energy-efficient, as
illustrated here using two examples. In the first example, the
same separation as in Figure Sb is now achieved by constant
current charging and discharge.”* If the cell resistance and
current density are both low, and the energy released in
discharge can be fully recovered, the excess energy can be
significantly reduced (Figure Sd vs b). In the second example
where electrodes with high capacitance (e.g., more electrode
mass per area or electrode made of intercalation materials) are
used, the cell voltage rise can be much lower for storing the
same amount of charge (as required for achieving the same
separation). In this case, AV, can also be substantially
reduced even if the cell is operated in CV/ZV mode (Figure
Se). In both cases, a higher TEE is achieved because AV, is
reduced while AVyx(WR,SR) remains the same for a specific
separation.

Thermal Distillation. Thermal distillation is inherently
energy-intensive due to the presence of phase-change. The
vaporization enthalpy, H,,, is typically orders of magnitude
higher than Ag, of the resulting salt-water separation. TEE of a
general thermal distillation process can be quantified using the
following eq (SI S7 for detailed derivation)

1 1 1
—ln( ]ﬂOGOR = {r,GOR
WR 1 —WR

TEE =

(8)

H"aPr]Carnot

where GOR is the gained-output-ratio that roughly quantifies
how many times latent heat of condensation is reused,'®**
Neamot 18 the Carnot efficiency, and { is a coefficient that
integrates the H,,, Ncamov and the WR-dependent terms. A
simple analysis (SI S7) suggests that { has a relatively narrow
range of values in most practical situations, which contrasts 7,
and GOR that can vary in much larger ranges. With working
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temperatures of 80 and 20 °C, and a WR of 60%, { has a value
of around 0.014 m® kwh™".

For thermal distillation processes to achieve a high TEE,
they must be used to desalinate feedwater with high salinity
(i.e., large my) and achieve a high level of latent heat recovery
(i.e, high GOR). For example, with seawater (7% 0.76 kWh
m™) as the feedwater and a GOR of 10 (typical of large-scale
MSF and MED plants), a TEE of 10% can be achieved. Higher
TEE is expected for desalination of hypersaline brine.

B TRADEOFF BETWEEN ENERGY EFFICIENCY AND
DESALINATION RATE

An intrinsic trade-off exists between energy efficiency and
desalination rate, as it consumes more energy to drive faster
desalination. Typically, the desalination rate can be tuned by
adjusting the driving force for mass or charge transfer, such as
the excess pressure in RO (Figure 4a) and the excess voltage in
ED (Figure 5a) and CDI (Figure 5b,c,d)."”*™*" In MSF and
MED, the fundamental driving force is the partial vapor
pressure difference, and the proxy driving force is the
temperature difference.'” Adding more stages/effects without
changing the overall working temperatures enhances GOR and
TEE but at the cost of reducing the driving force (i.e., the
temperature difference per stage/effect) and thus the
desalination rate.

This universal trade-off suggests that one can always reduce
energy consumption at the cost of desalination rate, which can
be described by a trade-off curve plotting the inverse of SEC
(ie, SEC™') over a range of desalination rate for the same
separation (Figure 6;1).45_48 A trade-off curve represents a set
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Figure 6. (A) Illustration of the trade-off between energy efficiency
and desalination rate. The energy efficiency can be quantified by the
inverse of SEC (i.e.,, SEC™') and the definition of desalination rate is
highly system dependent (e.g. flux for membrane processes). (B) a
desalination system or operation is better if it results in a “higher”
trade-off curve corresponding to the same separation as achieved by
the system or operation being compared.

of coupled design and operation conditions with which the
target separation can be achieved. The presence of such a
trade-off also suggests that comparing the energy consumption
of two desalination processes is not truly meaningful unless
they have the same desalination rate. Practically, because a
lower desalination rate requires a larger system to achieve the
same production capacity, the technical trade-off between
energy efficiency and desalination rate can translate to an
economic trade-oft between energy cost and the system size-
dependent capital cost. Therefore, a trade-off curve can also
serve as the technical basis for process economic optimization.

Comparative assessment between two systems using the
same desalination technology may be performed by comparing
the positions of the corresponding trade-off curves (Figure
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6b)."*~* Comparison across technological platforms is
technically tricky because even the quantitative definitions of
desalination rate and system size vary between different
technologies. In this case, cross-technology comparison cannot
be conducted directly using performance trade-off curves but
should use the minimum levelized cost of water estimated from
these trade-oft curves via proper cost models.

B CONCLUDING REMARKS

Energy consumption is typically a major consideration in
desalination research. While specific energy consumption is of
direct practical relevance, TEE is a more fundamental metric
that accounts for the intrinsic “difficulty” of the separation. I
hope that the readers acquire an intuitive understanding of
TEE through the graphical illustrations of how energy
consumption in different desalination processes breaks down
to the energy intrinsically required for the separation and the
excess energy driving the mass transfer. For nonthermal
desalination processes, such a breakdown is primarily depend-
ent on the shape of the thermodynamic reversible path and the
operation mode.

In theory, all nonthermal desalination processes can be
energy efficient because they spend the energy directly on salt-
water separation instead of inducing phase-change. However,
due to the typically small Ag, and a large amount of energy
stored in the charging stage, attaining a high TEE for CDI with
activated carbon electrodes is practically challenging. Enhanc-
ing TEE of CDI requires reducing the excess voltage, which
may be achieved via using high capacitance electrode (e.g.,
more AC electrode mass per area, or electrodes made of
intercalation materials) and optimizing operation (e.g.,
reducing current density and maximizing energy recovery in
discharge). For thermal desalination to achieve a reasonable
TEE, latent heat recovery is critical, and the process must be
employed to desalinate high-salinity feedwater.

For seawater desalination which currently has the largest
market, RO is the most mature and competitive technology.
The evolvement of RO to become the leading seawater
desalination technology over the past decades has a rather
strong theoretical basis as illustrated in Figure 4a, and its
dominance in seawater desalination is unlikely challenged in
any near future. ED is not as widely adopted as RO in seawater
desalination not only because the cost of IEMs is substantially
higher than RO membranes but also because its intrinsic
energy efficiency cannot compete with RO. Due to the
inherent limitation in energy efliciency, thermal distillation
technologies have dwindled in the market of seawater
desalination over the past few decades.’

For desalinating low-salinity feedwater, such as brackish
groundwater and treated wastewater, energy efficiency
becomes less relevant, because the osmotic pressure of such
feedwaters, and thus the intrinsic energy for separation, are
typically quite small. Consequently, other technical and
practical aspects, such as selectivity, capital cost, reliability,
and compatibility with intermittent operation, may deserve
more considerations in future research. Notably, electro-
chemical desalination may have unique advantages and strong
potential for selective removal of contaminants.™ >’

In the opposite end of the salinity spectrum, the desalination
of hypersaline brine, as in zero liquid discharge or treating oil
and gas produced water, emerges to become a major challenge
in the field. In this regime, energy efficiency becomes far more
important. The current practice is mostly based on MVC,
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which is still energy-intensive due to the presence of phase
change.* Other nondistillation-based approaches are being
actively explored to reduce energy consumption. Notable
examples include osmotically mediated RO,>**> multipass low-
rejection R and low-temperature solvent extraction.”*
Future research in this area should either further explore

56,57
o,

nondistillation-based desalination processes to reduce energy
consumption or enable the use of low-grade thermal energy to
reduce energy cost.

It is a misconception to think that all desalination processes
are energy-intensive, as the energy consumption of desalination
strongly depends on feed salinity. Desalination of seawater (35
g/L TDS) is indeed more energy-intensive than conventional
freshwater treatment, but nonetheless still very small compared
to energy consumption in other human activities.” A rough
calculation suggests that supplying water using seawater RO to
the three most populated coastal cities in the U.S. (New York,
Los Angeles, and Houston, with a total population of ~14.7
million) requires only ~0.2% of the current U.S. energy
consumption. Given the societal importance of freshwater,
desalination is not prohibitively energy-intensive when and
where we run out of more economical means of water supply.
Lastly, while the scientific community tends to focus on
technical metrics, we must understand that the consideration
of energy in desalination is practically only relevant to the
overall cost of water treatment, and that the value proposition
for developing new desalination technologies should aim at
achieving a lower overall treatment cost, not just a higher
energy efliciency.
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