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Abstract

A cost analysis reveals that hybridisation of electrodialysis with reverse osmosis is only justified if the cost
of water from the reverse osmosis unit is less than 40% of that from a standalone electrodialysis system. In
such cases the additional reverse osmosis costs justify the electrodialysis cost savings brought about by shifting
salt removal to higher salinity, where current densities are higher and equipment costs lower. Furthermore, the
analysis suggests that a simple hybrid configuration is more cost effective than a recirculated hybrid, a simple
hybrid being one where the reverse osmosis concentrate is fed to the electrodialysis stack and the products from
both units are blended, and a recirculated being one hybrid involving recirculation of the electrodialysis product
back to the reverse osmosis unit. The underlying rationale is that simple hybridisation shifts salt removal away
from the lowest salinity zone of operation, where salt removal is most expensive. Further shifts in the salinity
at which salt is removed, brought about by recirculation, do not justify the associated increased costs of reverse

0SMOSis.
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1. Introduction

Based on a comparison of the cost of water, we
establish guidelines for choosing between standalone
electrodialysis (ED) and hybrid electrodialysis-reverse
osmosis (ED-RO) systems. By modelling the energy
and equipment costs of electrodialysis as a function
of product salinity we demonstrate the opportunity to
reduce costs by shifting salt removal to higher salin-
ity. Hybridisation of electrodialysis with reverse os-
mosis allows such a shift. Therefore, we model hy-
brid electrodialysis-reverse osmosis systems to estab-
lish when the benefits of hybridisation outweigh the
costs of the reverse osmosis unit. We frame our models
such that the decision between hybrid and standalone
systems is based upon a cost ratio between reverse 0s-
mosis and electrodialysis systems, and consider this as
a variable in our analysis.

Our interest in hybrid ED-RO systems is to further
minimise the environmental impact and economic cost
of brackish desalination, of which the latter has grown
at an estimated annualised rate of 12% over the past
10 years [1] (see Appendix A). Brackish desalination
involves the treatment of waters of slight (1,000-3,000
ppm total dissolved solids, TDS) to moderate salinity
(3,000-10,000 ppm TDS) [2] present in naturally saline
inland aquifers or coastal aquifers that have become
subject to the intrusion of seawater [3] (see Fig. 1).

Email addresses: mcgov@alum.mit.edu (Ronan K.
McGovern), lienhard@mit.edu (John H. Lienhard V)

Preprint submitted to Journal of Membrane Science

secondary
recharge ~/ A

/ L

brackish
desalination
plant

product to end user
—

brine
disposal

water
withdrawal

natural
recharge

seawater
intrusion

Figure 1: The supply of freshwater and mitigation of seawater intru-
sion with brackish desalination and secondary recharge. Based on
an aquifer management system proposed by Koussis et al. [4].
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From environmental and cost perspectives, the ra-
tio of water recovered to that withdrawn, known as the
recovery ratio, RR, is an important consideration. A
higher recovery ratio allows the following benefits: a
reduction in the size of the desalination plant intake;
a reduction in the volume of brine produced, which
requires disposal to the sea, surface waters or con-
fined aquifers below the aquifer from which water is
withdrawn [5]; and a reduction in the rate of aquifer
recharge required, which might be done continuously
with treated waste water [4] or periodically with water
sourced from another location during periods of low
demand [6]. Conversely, a higher recovery ratio results
in the production of higher salinity brine, which, de-
pending upon the degree of dispersion and/or dilution
employed at the point of disposal, can have adverse ef-
fects on plant and animal life [7]. We focus on scenar-
ios where the benefits of reduced volumes outweigh
those of increased salinity and consider technologies
offering high recovery ratios.

Electrodialysis is well suited to applications requir-
ing high recovery ratios for at least three reasons.
Firstly, electrodialysis is a salt removal rather than a
water removal technology, and so the majority of the
feed water is easily recovered as a product. This is
in contrast to reverse osmosis, where high recovery
ratios require multiple stages in a continuous process
(Fig. 2a) or longer process times in a semi-batch (or
batch) process [8]. Secondly, electrodialysis is capa-
ble of reaching brine concentrations above 10% total
dissolved solids (TDS), which is beyond the osmotic
pressures reachable by current reverse osmosis sys-
tems [9, 10]. Thirdly, seeded precipitation of scalants
in the ED process can in some cases circumvent the
barrier on water recovery imposed by the solubility of
feedwater solutes; this has been demonstrated by recir-
culating the electrodialysis concentrate loop through a
crystalliser [9, 11, 12] or a combination of a crystalliser
and an ultrafiltration unit [10].

Although ED enjoys the advantage of high water
recovery, costs increase with the amount of salt re-
moval required (Fig. 2b). This is particularly true at
low salinity where salt removal rates, which scale with
the electrical current, are limited by the rate of dif-
fusion of ions to the membrane surface. This phe-
nomenon, known as the limiting current density, as
well as the high electrical resistance of solutions at
low concentrations, increase the costs of electrodial-
ysis at low salinity. Thus, it is the synergy of ED
providing high recovery and RO providing final high
product purity that gave rise to analyses of hybrid ED-
RO systems. The technical feasibility of these systems
has already been demonstrated [10, 12-16], but there
are a limited number of studies benchmarking hybrid
ED-RO systems against other technologies. To date,
one study has compared hybrid ED-RO to a reverse-
osmosis-mechanical-vapour-compression system and
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Figure 3: Standalone and hybrid ED configurations. The relative size
of electrodialysis (ED) and reverse osmosis (RO) units is intended to
illustrate the relative quantities of membrane area required in each,
assuming the final product flow rate from all systems is the same.

concluded that the hybrid system has lower upfront
capital costs and lower operational costs [13].

In summary, electrodialysis can offer the benefit of
higher recovery relative to reverse osmosis systems.
Although the cost of water from a reverse osmosis sys-
tem operating at lower recovery may be smaller, when
brine disposal costs are taken into account, electrodial-
ysis can be more cost effective [17]. In this manuscript
we focus on scenarios where, overall, ED is more cost
effective than RO and analysis the question of when it
is preferable to hybridise electrodialysis with reverse
osmosis rather than operate with electrodialysis alone.
We also compare simple hybrid and recirculated hybrid
system configurations.

2. The rationale for hybridising electrodialysis
with reverse osmosis

The rationale for hybridising electrodialysis with re-
verse osmosis is to relax the product purity require-
ments on the electrodialysis unit. Later, we will
demonstrate how these requirements can be relaxed by
comparing simple hybrid and recirculated hybrid de-
signs to a standalone ED system, Fig. 3. First, to un-
derstand why the relaxation of product purity require-
ments can reduce ED costs, we focus on the standalone
ED system and consider the dependence of the specific
cost of water on product purity.

We consider a steady-state 1-dimensional model for
the performance and cost of a standalone electrodial-
ysis system. The total system area is divided, in the
direction of the flow, into twenty stacks within which
salt and water transport are approximated as uniform.
These stacks serve the numerical purpose of discreti-
sation and do not relate to the number of stacks within
areal system. The key salt, water and charge transport
equations, which are based on the approach of Fidaleo
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Figure 2: The ability of electrodialysis to achieve high recovery and reverse osmosis to achieve high purity points towards an opportunity for

hybridisation.

and Moresi [18], and McGovern et al. [19] are then ap-
plied to each stack. Membrane properties, flow rates
and cell pair parameters are also taken from Fidaleo
and Moresi [18] and are provided in Appendix B. The
process is designed and costed according to the follow-
ing specifications and assumptions:

1. the feed is aqueous NaCl;

2. the concentrate concentration within each sub-
region is determined by the net rates of salt and
water transport across the membranes;

3. the system is operated at voltage of 0.8 V which
corresponds to just above 70% of the limiting cur-
rent density [20] (see Appendix B.2);

4. equipment and stack energy costs are considered
but pumping power is neglected (see Appendix
G);

5. equipment is costed on the basis of membrane
area at $1500/m? of cell pair area (see Appendix
C), amortised at 10% over 20 years;

6. energy costs are computed on the basis of stack
power consumption (see Appendix D for valida-
tion of results) and a 0.065 $/kWh cost of elec-
tricity; and

7. the product flow rate is set at 1,000 m3/day.

Specifying the feed salinity along with the product
salinity and flow rate, these equations are solved si-
multaneously using a non-linear equation solver [21]
to compute concentrate concentration, total membrane
area, energy consumption, specific equipment costs,
specific energy costs, and specific water costs.

Figure 4a illustrates the dependence of the specific
cost of water C upon the product salinity Sp while
Fig 4b illustrates the dependence of the marginal cost,

MC=_— ey

upon the local diluate salinity S,, the low salinity
stream within an ED process (as opposed to the high
salinity recirculated concentrate stream). These figures
show that the marginal cost of salt removal decreases
with increasing diluate salinity. The marginal cost of
equipment falls since the current density increases with
salinity and more salt is removed per unit of mem-
brane area. The marginal cost of energy per unit of
salt removed equals the power density (current den-
sity times cell pair voltage iV?) divided by the rate of
salt removal (which scales with the current density 7).
Therefore the marginal cost of energy is approximately
constant and proportional to the cell pair voltage V<.
Fig 4b illustrates an important opportunity to reduce
ED costs by shifting salt removal to higher salinity.

Figure 5 illustrates the impact of shifting salt re-
moval to higher salinity. In a standalone ED system
salt is removed over a range from 3,000 ppm (the feed
salinity) to 350 ppm (the product salinity). If, via hy-
bridisation, salt could be removed at 3,000 ppm the
specific cost of water would be represented by the rect-
angular area in Fig. 5 rather than the total area un-
der the marginal cost curve. Figure 5 also shows that
savings diminish as salt removal shifts to higher and
higher salinity. This allows us to conclude that the per-
centage cost reduction in ED achieved through hybridi-
sation:

1. is greatest when salt removal occurs at low salin-
ity, e.g. when feed and product salinity are low

2. is smallest when salt removal occurs at high salin-
ity, e.g. when feed salinity is high and especially
when both feed and product salinity are high.



0.50

E‘ Feed salinity, S = 6,000 ppm
#,0.40
(@] total
W e
8 0.30 \ equipment
T \
< 0.20 AS
= ~
L S
5 0.10 T
g’-)_ energy ™

0.00

0 1,000 2,000 3,000 4,000 5,000 6,000

Product salinity, Sp [ppm]

(a) Specific water cost

o 250
=
= 200
S
= |
tota
g ‘= 150
s g equipment
5 E 100
% B
gL
= 50 energy T~ — __
L | e — = e ———
(=2}
(3~
g 0

0 1,000 2,000 3,000 4,000 5,000 6,000
Local diluate salinity, Sy [ppm]

(b) Marginal cost of salt removal

Figure 4: The falling marginal cost of salt removal with increasing local diluate salinity points to an opportunity to shift salt removal to higher

salinities via hybridisation.
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Figure 5: Cost savings can

be achieved by shifting electrodialysis

salt removal to higher salinity.

3. Reasons to prefer
figuration

One way to shift salt

a simple ED-RO hybrid con-

removal to higher salinity is via

the simple hybrid ED-RO configuration [12] illustrated
in Fig. 3. This configuration has two benefits over

a standalone electrodi

alysis system: the total mem-

brane area (or number of stacks required) is reduced as
higher rates of salt removal (current densities) are pos-
sible at higher salinities; and electrodialysis product re-

quirements are relaxed

since the final product consists

of a blend of high purity RO permeate and the electro-
dialysis product. In practise, the recovery ratio of the

reverse oSmosis unit in

the simple hybrid configuration

would be a design variable. Increasing the recovery ra-
tio leads to increasing reverse osmosis costs due to:

1. increased risks of
centrations;

scaling due to higher brine con-

2. higher energy costs due to an increasing osmotic
pressure;

3. the need for a 2nd stage of reverse osmosis if re-
coveries above 50% are required [8].

Increasing recovery ratios would also lead to reduced
salt removal costs in the ED unit as the cost of salt re-
moval falls at higher diluate salinities (see Fig. 5). This
means that the recovery ratio would be set by a trade-
off between reverse osmosis and electrodialysis costs.
Furthermore, since, according to Fig. 5, there are di-
minishing returns as the ED feed salinity is increased
the optimal recovery ratio is likely to be low if the sys-
tem feed salinity is low and high if the system feed
salinity is high. We leave the optimisation of the re-
verse osmosis recovery ratio to future work and, in this
analysis, focus upon hybrid designs involving a sin-
gle stage reverse osmosis unit treating feed streams of
3,000 ppm TDS and operating at 50% recovery. This
puts the feed salinity to the ED unit at 6,000 ppm TDS,
a point at which the change in salt removal costs with
diluate salinity is already weak (Fig. 5).

To guide a decision between a standalone ED sys-
tem and a simple ED-RO hybrid we require a measure
of the relative cost of water from reverse osmosis and
electrodialysis. In practise, one can envision costing
a single-stage reverse osmosis unit operating at 50%
recovery for a given feedwater flow rate and salinity.
One can also envision costing (as we have done) water
from a standalone electrodialysis system operating at
a desired recovery ratio. Hence, in defining the cost
ratio CR, we consider the the cost of water from a
single-stage RO unit to that from a standalone ED unit.
Specifically, the cost ratio is defined as the cost of wa-
ter from an RO unit operating at 50% recovery Cpoy’
divided by the cost of water from an ED unit treating
the same feedwater down to a desired product salinity,
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Applying equations describing the continuity of
mass at the point of blending and across the reverse
osmosis unit in Fig 5, and making the assumptions of:

o feed water at 3,000 ppm TDS,

e a recovery ratio of 50% in the reverse osmosis
unit, and

e areverse osmosis product salinity of 50 ppm

we can compute value of CR at which the cost of wa-
ter from a standalone ED and simple ED-RO hybrid
systems are the same, which we define as the critical
cost ratio CR*. Detailed calculations are shown in Ap-
pendix E. Importantly, the overall recovery of feed
water as product water from both the simple hybrid and
the standalone ED systems are almost the same. This is
because similar amounts of water cross from the dilu-
ate to the concentrate stream via osmosis or electro-
osmosis in the ED unit of both systems (see Appendix
F). Differences in volumes of waste brines produced
by both systems are therefore ignored.

Figure 6 shows that when high product purity is re-
quired (Sp = 50 ppm TDS) a simple hybrid ED-RO
configuration is preferred when the cost of water from
a single-stage RO unit is less than 70% of the cost of
water from a standalone ED system. If potable water
purity (500 ppm TDS) is required the relative cost of
water from a single-stage RO system would have to
be 65% of that from standalone ED to justify hybridi-
sation. If product water requirements are even more
relaxed (1,000 ppm TDS) the cost savings are smaller
and it is even less likely for a hybrid to be preferred.

The dependence of the critical cost ratio CR* upon
product salinity, for the simple-hybrid, may be ex-
plained through consideration of the following equa-
tion equating the cost of a standalone and a simple hy-
brid system:

soloy,; _ ~hybridy hybrid
Cep Ve =Cgy Veppr+Cry  Vrors 3)

or, given a reverse osmosis recovery ratio of 50%:

1 ri bri
Cyy ~ = (Crp™ + Cro™) @)
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where C3%°, Cg’gﬁd and Cﬁ?;rid are the specific costs
of water from electrodialysis units operating in stan-
dalone and hybrid configurations, and from the reverse
osmosis unit in the hybrid configuration. Vp, Vgp p and
VRO’P are the volume flow rates of water from entire
standalone or hybrid systems, from the ED unit within
the hybrid and from the RO unit within the hybrid, re-
spectively. Rearranging the above equation and intro-
ducing the critical cost ratio CR* = C;yobr’d/ Cil, we
see that the critical price ratio increases when the ratio
of water costs from ED in the hybrid to the standalone

system decreases:

hybrid
Y _ . _ ED
CR VRO’P - VP Csolo
ED
hybrid
CR ~2- L2 (6)
Csolo
ED

VED,P (5)

Comparing ED units operating in stand-alone and
simple-hybrid configurations, the ED unit within a
stand-alone configuration will always have to desali-
nate the feed down to higher purity. Thus, consider-
ing Fig. 4b, the marginal cost of reducing ED product
salinity will always be higher for the standalone sys-
tem. This effect tends to decrease the cost ratio of ED
in a simple-hybrid to a standalone ED unit, and thus
increase the critical cost ratio CR*. However, at low
system product salinities an opposing effect becomes
important. Due to the 50% recovery ratio of the RO
unit, a marginal decrease in the system product salin-
ity results in approximately double that decrease in the
ED product salinity in the hybrid configuration, since:

0.5(Sro,p +SEDP) = Sp. @)

Therefore, at low system product salinity, where ED
product salinities S3%% and § Z’Z)’”d are close, and thus
their marginal costs of salt removal (in Fig. 4b) are
close, the ratio of C"%" Cg‘}l)" begins to rise and hence

ED
CR” begins to fall.

While the critical price ratio by and large increases
as system product salinity falls, there is a further reason
why a simple hybrid system is likely to be preferred for
high product purity. As product purity increases, ED
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system can therefore be justified as the cost ratio falls below the
critical cost ratio CR* while at higher product salinities a standalone
ED system is preferable.

costs will increase (according to Fig. 4a) and, as a con-
sequence, increase relative to the cost of a single-stage
RO system, resulting in a greater chance that CR will
fall below CR*. This is shown in Fig. 7 where the cost
ratio is shown for a case where reverse osmosis wa-
ter costs are $0.20/m> (a reasonable value for brackish
reverse osmosis [22]). In this scenario a simple hy-
brid would be preferred if product water salinity below
approximately 300 ppm is required while a standalone
ED system would be preferred for higher product salin-
1ties.

4. Reasons to prefer a recirculated hybrid ED-RO
system

While the simple hybrid configuration of Fig. 3 can
shift salt removal to higher salinities, the hybrid config-
uration [10, 13—16] that incorporates recirculation can
furthermore facilitate salt removal within a narrower
band of higher salinity (closer to what is illustrated in
Fig. 5). The effect of hybridising with recirculation is
thus to cut down more drastically on ED costs than in
the simple hybrid configuration, but at the expense of
greater reverse 0smosis costs, since a majority of prod-
uct now comes from the reverse osmosis unit. As done
for the simple hybrid system, by applying equations
describing the continuity of mass at the point of blend-
ing and across the reverse osmosis unit in Fig. 6, and
making the assumptions of

o feed water at 3,000 ppm TDS,

e a recovery ratio of 50% in the reverse osmosis
unit(s), and

e areverse osmosis product salinity of 50 ppm,

we can illustrate in Fig. 6 the value of CR* at which
the cost of water from standalone ED and recirculated
ED-RO hybrid systems are the same.

As with the simple hybrid system, the recirculated
hybrid system is more strongly preferred over a stan-
dalone ED system when high product purities are re-
quired. However, regardless of product purity require-
ments, the recirculated system is inferior to the simple
hybrid system, as indicated by a lower value of CR*. In
other words, if moving from a simple to a recirculated
hybrid, the additional reverse osmosis costs do not jus-
tify the additional ED savings brought about by further
shifting salt removal to higher salinity. One way to ex-
plain this is that, returning to Fig. 5, the greatest sav-
ings are made by shifting salt removal away from the
lowest salinities and a simple ED-RO hybrid achieves
just this. The reduced savings, achieved by further in-
creasing the concentration at which salt is removed, do
not justify the additional reverse osmosis investment
involved in a recirculated hybrid.

4.1. Implications of scaling and fouling on the selec-
tion of standalone versus hybrid systems

In addition to the preceding analysis, an assessment
of the risks of membrane fouling and scaling are essen-
tial in guiding choice between standalone and hybrid
systems.

In moving from a standalone ED system to a hybrid
with reverse osmosis, pre-treatment will have to be ad-
justed to meet the requirements of reverse osmosis; the
more sensitive of the two. Reverse osmosis feed re-
quirements typically limit the Silt Density Index (SDI)
to a maximum of 5 and the free chlorine content to
a maximum of 0.1 ppm in the feed water [23]. Elec-
trodialysis, by comparison, can tolerate an SDI of 10
and a free chlorine content of 0.5 ppm, as well as fluc-
tuations up to an SDI of 15 and free chlorine of 30
ppm [24].

In the simple hybrid configuration, the concentration
of non-ionic and weakly-ionised species will be almost
unchanged between the feed to the system and the final
product; since weakly-ionised compounds are poorly
removed by electrodialysis. The suitability of the sim-
ple hybrid will then depend upon whether such species
can be tolerated in the product or cost effectively re-
moved after the process. In moving from a simple
ED-RO hybrid to a recirculated configuration, weakly-
ionised species in the feed would build up within the
recirculation loop where their primary means of escape
is via the RO bypass, Fig. 5. If such species are low in
solubility (e.g. silica [10]) they can potentially precipi-
tate within the electrodialysis or reverse osmosis units.
In some cases, species may be encouraged to dissoci-
ate into ionic form by pH adjustment [25] which would
then allow their removal via electrodialysis. The costs
associated with this pH adjustment would have a bear-
ing on the decision of whether to hybridise or not.



Since considerations of scaling and fouling tend to
act in favour of standalone electrodialysis systems, the
effective cost ratio that single-stage RO systems must
reach to make hybridisation viable, in particular with
recirculation, is likely to be lower than those suggested
by the present analysis.

5. Sensitivity analysis

Table 1 provides the sensitivity of the critical cost
ratio, CR", to key input parameters for a simple hybrid
system operating with a feed of 3,000 ppm, a product
stream of 500 ppm and an applied voltage per cell pair
corresponding to 70% of the limiting current density at
350 ppm. The sensitivity to each input parameter, X, is
calculated according to:

_ X OCR
T CR* 80X

®

CR* is more sensitive to percentage changes in the
feed salinity S than to percentage changes in the
product salinity Sp. This is because, for the condi-
tions at which these sensitivities are evaluated, the feed
salinity is almost one order of magnitude greater than
the product salinity. A 1% change in feed salinity will
therefore affect the total salt removal required almost
ten times as much as a 1% change in product salinity.

The sensitivity of CR* to the specific cost of equip-
ment, Ky, and the specific cost of energy, Kr, may be
understood via Fig. 4a. Since capital costs dominate
energy costs at low product salinity, CR* is more sen-
sitive to K than Kg.

Finally, to understand the sensitivity of CR* to cell
pair voltage, V.,, we can consider the effect of cell
pair voltage upon the marginal cost of salt removal.
Three voltages are considered in Fig. § that correspond
to 50%, 70% and 90% of the limiting current density
at a point in the system where the diluate salinity is
350 ppm (see Appendix B.2). The effect of increas-
ing the cell pair voltage is to increase energy costs but
to decrease capital costs, because the current drawn is
higher. This results in a flattening of the marginal cost
curve as the energy cost component becomes more sig-
nificant (see Fig. 4b). Due to the opposing effects of
rising energy costs and falling equipment costs with
voltage only a small change in the marginal cost curves
is seen in Fig. 8, meaning that, over this range of volt-
ages and for the chosen cost parameters, CR* is weakly
affected.

Figure 8 also helps explain the effect of changing
specific equipment and electricity prices on CR*. For
the chosen set of cost parameters, Fig. 8 suggests that
the optimal strategy is close to 90% of limiting cur-
rent density. Were specific equipment costs (in $/m? of
cell pair area) to decrease relative to the cost of elec-
tricity (in $/kWh) then the marginal cost curve would

\ i=50% i,

i=70% iy

i290% iy,

[$/m?3 ppm]

Marginal cost of salt removal, MC

0 1,000 2,000 3,000 4,000 5,000 6,000
Local diluate salinity, Sy [ppm]

Figure 8: Illustration of the sensitivity of the marginal cost of salt
removal to cell pair voltage.

tend to flatten, thus weakening the benefit of shifting
salt removal to higher salinity. However, this flatten-
ing would, to some extent, be mitigated since the opti-
mal voltage would be driven down, serving to increase
equipment relative to energy costs.

Table 1: Sensitivity of the critical cost ratio

Perturbed Variable Sensitivity X
Sr 0.65
Ko 0.42
Vep 0.19
Kg 0.14
Sp 0.10

6. Conclusion

Hybrid ED-RO systems will be preferred over stan-
dalone ED systems where a high purity product is re-
quired and provided the cost of water from RO is low
relative to ED. The break-even point between a hybrid
ED-RO and a standalone ED system occurs when the
cost of water from a single stage RO system, operating
at 50% recovery, is between about 60-70% of the cost
of water from a standalone ED system. At break-even,
the savings in ED costs, brought about by the elimina-
tion of low salinity stages in a hybrid, justify the added
costs of RO. The lower the product salinity required,
the greater the potential reduction in ED costs through
hybridisation, and hence the higher the break-even cost
ratio (cost of water from single stage RO relative to
standalone ED).
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Nomenclature

Acronyms

ED
ppm

RO

electrodialysis

parts per million, mg solute per kg solu-
tion

reverse 0smosis

Roman Symbols

A
C

area, m>

cost/concentration, $/m>/ mol/m>



D diffusion coefficient, m?/s

E potential, V

F Faraday’s constant, C/mol

h channel height, m

i current density, A/m?

J molar flux, mol/m?-s

Kg specific cost of electricity, $/kWh
Ko specific cost of equipment, $/m?
L, permeability to water, mol/m?”-s-bar
MC marginal Cost, $/m3-ppm

m mass flow rate, kg/s

r rate of return on capital, -

Re Reynolds number, -

r area resistance, Qm?

p power density, -

CR cost ratio, -

S salinity, kg salt/kg solution

Sc Schmidt number, -

Sh Sherwood number, -

t solution transport number, -

T, membrane salt transport number, -
T, membrane water transport number, -
T integral ion transport number, -
\% flow velocity, m/s

Vep cell pair voltage, V

1% volume flow rate, m3/s

w water

X mole fraction, -

X input parameter, various

Greek Symbols

A difference

A molar conductivity, Sm?/mol

U chemical potential, J/mol

v viscosity, -

T osmotic pressure, bar

0 density, kg/m?

)y sensitivity, -

T time, years

Subscripts

am anion exchange membrane

BP bypass

c concentrate

cm cation exchange membrane

cu counter ion

d diluate

ED electrodialysis

F feed

m at membrane surface

i counting index

I associated with current

pump pump

P product

RO reverse 0smosis

s salt

w water

Superscripts

hyb hybrid

solo standalone

* optimal

50% operating at 50% recovery

Appendix A. Estimation of the growth of world
brackish water desalination

Annualised growth in brackish desalination over the
past ten years was calculated by considering the online
capacity in the years 2003 and 2013. Data for new ca-
pacity brought online in each of the years 1993 until
2013 was obtained by summing together the new ca-
pacity online of ‘River or low concentrated saline wa-
ter (TDS 500 ppm - 3,000 ppm)’ and ‘Brackish water
or inland water (TDS 3,000 - 20,000 ppm)’ of plants
tracked by Desaldata [1]. Online capacity in 2003
was then computed by summing together new capacity
brought online in the years from 1993 to 2003, while
online capacity in 2013 was computed by summing to-
gether new capacity brought online in the years 1993
to 2013.

Appendix B. Electrodialysis model details

Appendix B.l. Electrodialysis transport model

The total area of the electrodialysis system is bro-
ken into a series of cell-pair stacks. The diluate stream
flows through these stacks in series. The concentrate
streams are recirculated within each stack. To keep
constant the volume of concentrate within each stack,
a portion is bled off. The concentrate concentration in
each stack is determined by the relative salt and water
flux from diluate to concentrate:

— ]S
T+ J,

(B.1)

Xe

where x,. is the mole fraction of salt in the concentrate,
J, is the net salt molar flux and J,, the net water molar
flux from diluate to concentrate in a cell pair. The com-
bination of the bleed streams from all stacks allows the
computation of the outlet concentrate salinity from the
ED system and the recovery ratio.

Salt, water and charge transport are modelled based
upon the approach taken in previous work [19, 26].
Salt transport is modelled by a combination of migra-
tion and diffusion:

I T
s = F

- Ls (Cs,c,m - C.v,d,m) (BZ)

and water transport by a combination of migration
(electro-osmosis) and osmosis:
T:Fi
W
F

Jy = + Ly (e — Tam) (B.3)



Ts" and T,’ are the overall salt and water transport
numbers for the cell pair, L; and L,, are the overall salt
and water permeabilities of the cell pair and all four
quantites are considered independent of diluate and
concentrate salinity. C denotes concentration in moles
per unit volume and 7 osmotic pressure (calculated em-
ploying osmotic coefficients for aqueous NaCl from
Robinson and Stokes [27]). F is Faraday’s constant
and the subscripts s, ¢, d and m denote salt, the con-
centrate stream, the diluate stream and the membrane-
solution interface. The difference between bulk and
membrane wall concentrations and osmotic pressures
is accounted for by a convection-diffusion model of
concentration polarisation:

(Tcu - tcu) i 2h
A= Fsn B4
where D is the solute diffusivity (distance squared per
unit time), 4 is the channel height and ¢, is the counter-
ion transport number in the diluate and concentrate so-
Iutions and is approximated as 0.5 for both anions and
cations. T, is the integral counter-ion transport num-
ber in the membrane that accounts for both migration
and diffusion. T, is the integral counter-ion transport
number in the membrane that accounts for both migra-

tion and diffusion.

(B.5)

This expression would be exact were diffusion within
the membrane to be negligible and the counter-ion
transport number to be equal in anion and cation ex-
change membranes. Sh, the Sherwood number is
computed using the correlation obtained by Kuroda et
al. [28] for spacer A in their analysis:

Sh = 0.5Re!/?5¢!'/3 (B.6)

where Sc is the Schmidt number, calculated using the
limiting diffusivity of NaCl in water [27] and the kine-
matic viscosity of pure water v [29], both at 25°C. Re
is the Reynolds number defined as:

_aw
- v

Re (B.7)

where V is the mass averaged velocity in the channel.

The cell pair voltage, is represented as the sum of
ohmic terms and membrane potentials:

hy he

VP = i|Fym + e+ —— + ——
an o T g AyCy - oAC,

) +E,,+ E.,
(B.8)
where A is the molar conductivity, itself a function of

concentration [30, 31], & denotes channel height and
o denotes the spacer shadow factor. Membrane sur-
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face resistances, denoted 7, are considered to be inde-
pendent of salinity. Junction potentials associated with
concentration polarisation are neglected, while the sum
of the anion and cation membrane potentials E,,, + E,
is computed considering quasi-equilibrium migration
of salt and water across the membranes (based on the
approach of Prentice [32]):

b 1 b 1
Eupn+E = T;pf(ﬂs,c,m - ,us,d,m) + Tvcupf(,uw,c,m - #w,d,m)
(B.9)

where u; denotes the chemical potential of salt and y,,
the chemical potential of water; both calculated em-
ploying osmotic coefficients and NaCl activity coeffi-
cient data from Robinson and Stokes [27].

Knowing the inlet and outlet salinities from each
stack, the salt flux, water flux and cell pair voltage al-
low the computation of energy, area and concentrate
salinity for each stack.

Appendix B.2. Evaluation of the stack voltage

The cell pair voltage is set such that the ratio of
the current density to the theoretical limiting current
density is approximately equal to 70% throughout the
stack. This is done by considering a reference point in
the system where the salinity is 350 ppm. The limiting
current density at this point is calculated using:

D Sh
ilim = —= —FCy.

—_— B.10
Tcu —leu 2h ( )

Given this limiting current density the cell pair volt-
age VE,?"" P™ is solved for by setting i = 0.7i};, within
Eq (B.8). This cell pair voltage is then employed
across the entire system. Employing the same cell pair
voltage across the entire system approximately main-
tains the same ratio of i/ij, throughout. This is be-
cause both the current density and the limiting current
density both scale approximately with the diluate con-
centration. At higher diluate concentrations this ap-
proximation breaks down as the cell pair resistance no
longer scales with the diluate resistance when mem-
brane resistances become important.

Appendix B.3. Electrodialysis cost model

The standalone electrodialysis system and the elec-
trodialysis subsystem are costed on the basis of system
size, represented by membrane area, and energy con-
sumption. Equipment costs are assumed to scale with
membrane area and are costed employing an equip-
ment cost per unit cell pair area Ko [20, 33]. The
equipment costs are amortised considering a plant life
7 and an annualised cost of capital of 7:

Co = 1 Kg2XiA;
0= T 7
Ry

(B.11)



where A, is the area of a single-stage and V,,, is the vol-
ume flow-rate of diluate out of the final ED stage. En-
ergy costs are computed by taking the product of stack
power consumption and the cost of electricity K:

Z chiiAi

i

Kg
Vd 0

Cr = (B.12)

where i; is the current density in stage i. Energy re-
quired for pumping power is neglected as it may be
shown to be negligible relative to energy required to
drive desalination (Appendix G). The combination of
equipment and energy costs:

CZCQ+CE (B.13)
gives the specific cost of water C. A summary of the
membrane (validated experimentally by Fidaleo and
Moresi [18]), cell-pair geometry and financial parame-
ters employed are provided in Table B.2.

Appendix C. Estimation of specific equipment
costs

Sajtar and Bagley [38] reviewed the capital costs of
electrodialysis plants removing between 0 and 2,000
mg/L of total dissolved solids from a feed stream. They
found capital costs to scale approximately linearly with
product flow rate such that the capital cost per unit of
production rate was $568/(m3/day).

Running the model of Appendix B, with a feed
salinity of 2,350 ppm, a product salinity of 350 ppm
(e.g. approximately 2,000 mg/L of TDS removal), and
the voltage set such that the current density is 70%
of its limiting value in the final stage (0.8 V per cell
pair), yields an area requirement of 0.39 m? of cell pair
area/(m>/day).

The combination of this information on capital cost
from Sajtar and Bagley [38] with the area requirements
predicted by the model results in estimated specific
equipment costs of approximately $1500/m? cell pair
area.

Appendix D. Validation of energy consumption

Sajtar and Bagley [38] reviewed the energy con-
sumption of electrodialysis plants removing between
0 and 2,000 mg/L of total dissolved solids from a feed
stream. Though there is a positive correlation between
salt removal and electrical consumption there is sig-
nificant scatter in the data at these levels of TDS re-
moval, with energy consumption varying between 0.1
and 1 kWh/m>. The ED model, run with the conditions
described in Appendix C, predicts energy consump-
tion of 0.79 kWh/m?, which falls between these limits.
Of course, energy consumption will depend upon stack
design parameters such as diluate channel height, the
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Symbol Value \ Ref.
Membrane Performance Parameters
T, 0.97 [18]
T, 10 [18]
L, 1.4x10~* mol/bar-m2-s [18]
Ly 1.4x107% m/s [18]
Fams Tem 2.8 Qcm? [18]
Solution Properties
D 1.61x107° m?/s [27]
tey 0.5 [34]
v 8.9x1077 m?/s [29]
o 9.97x10? kg/m® [35]
Flow Properties/Geometry
h 0.4 mm [18, 20]¢
v 0.05 m/s [201
o 0.7 [26]
N 20 -
Re 44.8 calc.
Sh 27.5 calc.
Cost Parameters
Ko 1,500 $/m? cell pair Appendix C
T 20 yr -¢
r 10% [36]
Kg 0.065 $/kWh [37]1¢
Operational Conditions
SF 3,000 ppm -
ver 0.8V [20]

¢ Lee et al. [20] suggest 0.65 mm, while Fidaleo et
al. [18] employ 0.7 mm;
b Lee et al. [20] suggest 0.075 m/s
¢ increased from Lee et al. [20] and Tsiakis et
al.’s [33] suggestion of a 6 year plant life
4 Returns on an entire project are assumed to be twice
the 4.78% rate paid on bonds issued to finance the
Carlsbad desalination plant [36].
¢ based on conventional combined cycle natural gas
plants coming online in 2018 at 0.067 $/kWh

Table B.2: Electrodialysis Model Parameters

spacer shadow factor and the voltage applied per cell
pair.

Appendix E. Hybrid model details

Similar equations apply for the computation of
masses and salinities within the simple and recircu-
lated hybrid systems (Fig. E.9). The conservation of
total mass and salt mass at the points of product blend-
ing,

(E.1)
(E2)

Hgo,p + Mep,p = Hip

S ro.plitro,p + S Ep,PHED.P = S plilp,



and on the RO units,

(E.3)
(E.4)

go,p + MEp F = MRo,F

S ro,ptitgo,p + S Ep,Fitep,F = S RO,FIRO,F»

are the same for both hybrids, as is the consideration
of the recovery ratio of the RO system,

tgo,p(1 = Sro,p) = 50% X o r(1 = Sgor). (E.S5)

The main difference arising is that the determination
of masses and salinities is fully specified by the above
equations in the case of the recirculated hybrid system
whereas the simple hybrid system requires the above
equations to be simultaneously solved with the set of
coupled non-linear equations describing the ED sys-
tem, which may be written as:

mgpp = Gigp r, Sep,F\. S ED,P)- (E.6)

For both hybrid systems and the standalone ED system
the specific cost of water (based on the ED diluate out-
let flow rate) is available from the ED model and may
be written:

Cep = tnGitep,r, SEp.F> S ED.P) (E.7
The overall sd})eciﬁc water cost for the either hybrid
system Cf,?;” and for a standalone ED system, C39%,
are then equated:

cplo = = bt ZEDE oy cpy 20T (EB.8)

pPpP PED.P PRO.P
and divided across by C37% to yield:

. Chybridm W

Te_ Zep PP crTROT (R9)

pp CepPED.P PRO.P

where CR* is the quantity of interest, the critical cost
ratio of water from the single-stage RO system to the
standalone ED system.

Appendix F. Analysis of the recovery ratio from
standalone, simple hybrid and recir-
culated hybrid systems

The recovery ratio, RR, defined as the ratio of the
mass flow rate of water in the product stream from a
system to the mass flow rate of water in the feed stream
to a system, is plotted as a function of system product
salinity in Fig. F.10, employing operating conditions
identical to those in Fig. 6. There is little difference be-
tween the recovery ratios achieved with the three sys-
tems. Increases in the desired product water salinity
cause the recovery ratio to increase, but only to a small
extent. Recovery ratios are high because, in all three
systems, water is only lost from the feed stream due
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Figure E.9: Simple and recirculated hybrid systems with streams
labelled

to electro-osmosis or osmosis. Water loss via electro-
osmosis is almost identical in all three systems since
the volume of water transported by electro-osmosis de-
pends upon the rate of salt removal from the feed, and
the rate of salt removal is almost identical in all three
systems since they are compared considering the same
feed and product salinities. The level of water trans-
port by osmosis in each system is dictated by the con-
centration difference between the diluate and concen-
trate streams, which drives diffusion, and also the to-
tal membrane area over which osmosis can occur. The
ED unit within the recirculated hybrid is most compact
as it operates at the highest diluate salinities (higher
current densities) and thus exhibits the lowest level of
osmosis and the highest recovery ratio. Conversely,
the standalone ED system is the least compact, as the
range of diluate salinities over which it removes salt is
the lowest (low current densities), and thus osmosis is
higher and recovery lower. In all three cases, recovery
ratios increase with product salinity as the ED units be-
come more compact, thus reducing water losses via 0s-
mosis. These recovery ratios provide an approximate
upper bound on what is achievable in a real system. In
practise, recovery ratios may be reduced by blending a
portion of the feed stream to each electrodialysis unit
with the concentrate stream in order to slow the pre-
cipitation of supersaturated salts in the concentrate.

Appendix G. Assessment of electrodialysis power
requirements for pumping

The power consumption associated with drawing a
current and pumping fluid through the channels may
be compared on the basis of unit cell pair area. Power
consumption associated with salt removal,

Pr = chi7 (Gl)
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Figure F.10: System recovery ratios

where V., is the cell pair voltage and i is the cur-
rent density, is minimum in the final ED stack where
the diluate salinity is lowest (350 ppm), the resistance
highest and thus, for a constant cell pair voltage, the
current density lowest. Power consumption associated
with pumping may be quantified by considering vis-
cous dissipation per unit cell pair area:

AP
Ppump = 2VhT (G.2)

where the factor of 2 accounts for viscous dissipation
in the diluate and concentrate channels, the product
Vh is the volumetric flow rate per unit channel width
through a cell pair and % is the pressure drop per unit
length, which may be found via the friction factor, de-
fined as:

AP

I = 05t

(G.3)

where p, the fluid density, is approximated by the den-
sity of pure water [35]. A friction factor correlation,
such as that obtained by Kuroda et al. [28] for spacer
A in their analysis,

f =9.6Re”"2, (G.4)

allows the computation of p,,. Given the parameters
of Table B.2, the power associated with drawing cur-
rent at 350 ppm TDS is over 620 times that associated
with viscous dissipation.
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