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ARTICLE INFO ABSTRACT

Keywords: This study presents the pareto-optimal design of a domestic point-of-use batch electrodialysis (ED) system.
Electrodialysis Specifically, the optimal geometry, flow-rates, and applied voltage for total cost minimization were explored for
Optimization varying production rate (9-15L/h) and product concentration (100-300 mg/L) requirements, while feed con-
Brackish

centration and recovery ratio were maintained at 2000 mg/L and 90%, respectively. Capital cost dominated over
energetic cost; hence, optimal designs maximized current density. Capital cost was significantly higher for
100 mg/L systems, than 200 and 300 mg/L: $141 vs. $93 and $79, at 12 + 0.5 L/h of production. Pumps were an
important consideration, contributing up to 46% of the total cost. Large membrane length-to-width aspect ratios
(3.5:1 to 6:1) and thin channels (0.30-0.33 mm) promoted high current densities, and 11-21 cm/s velocities
optimized mass transfer against pressure drop. Optimal voltages were 0.9-1.3 V/cell-pair at 9 L/h, and decreased
at higher rates. Lastly, higher production was obtained primarily by increasing cell-pair area rather than number
of cell-pairs (36—46). It was additionally observed that active area increased linearly with feed concentration
(1500-2500 mg/L), while recovery (60-90%) minimally affected design. This work also suggests that voltage
control during the batch process, and less expensive pumps, can further reduce cost.

Point-of-use
Cost

1. Introduction to point-of-use (POU) systems that typically produce 8-15L/h of
drinking water, store 7-10L, weigh 8-11kg, and are usually wall-

Domestic reverse osmosis (RO) systems are widely used in Indian mounted or placed on kitchen counters in individual homes [3,4]. Since
homes to desalinate groundwater to a total dissolved salt (TDS) content the market for POU RO devices at this scale is forecast to grow at a
that is suitable for drinking (less than 500 mg/L [1]), but they recover compound annual growth rate of 18.2% between 2016 and 2024 [5],
only 25-40% [2] of the feed. The domestic scale addressed here refers there is also a commercial incentive for developing more efficient
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desalination solutions that operate at the same scale.

Given that the concentration of the groundwater underlying a ma-
jority of India is under 2000 mg/L, electrodialysis (ED) can provide a
higher recovery and more energy-efficient desalination compared to RO
for this domestic application [6,7]. Similarly, growing concern over
water scarcity and the need for more energy-efficient desalination has
also recently revived an interest in the possibility of using ED for
brackish water desalination and tap-water softening in European ci-
ties [8].

Despite the interest surrounding the use of ED for domestic pur-
poses, little work has been performed to characterize the design of an
appropriate ED system for the application. Pilat developed and piloted
more than 200 domestic ED units before 2001, but little information
regarding cost or the design of the system was provided [9]. More re-
cently, Thampy et al. investigated a hybrid approach whereby ED was
used to initially desalinate 2000-4000 mg/L water to 500 mg/L and
further desalination to 120 mg/L or lower thereafter was achieved using
RO [10]. Given that their small-scale system operated in a continuous
process, without the recirculation of product water, only 50-60% of the
feed supply was recovered. Instead, Nayar et al. showed that it was
feasible to implement ED solely in a batch architecture (Fig. 1), where
product water is recirculated, to desalinate from 3000 mg/L to 350 mg/
L, at a competitive production rate of 12 L/h while providing 80% re-
covery [11]. However, their system was not designed to minimize ca-
pital cost which was an estimated $206 for the entire system, $138 of
which was attributed to the ED stack and pumps.

While Nayar et al. have demonstrated that batch ED is a viable
technology for satisfying household desalination needs, further cost
reduction is required to be competitive with existing RO devices which
are priced between $200-$300. Therefore, in this work we investigated
the pareto-optimal design of the proposed domestic batch ED system
considering production rate, product water concentration, and cost
using simulation. In particular, we aimed to address the following:

1. How should a domestic ED system be designed to minimize cost?

. How do water quality and production requirements affect the de-
sign?

. What are the primary contributors to cost?

. What developments are necessary for further cost reduction?

Prior design and optimization work has been performed for large-
scale systems which are typically operated in a continuous archi-
tecture [12] for industrial applications. For these systems, the pump
cost and energy consumption are often neglected because they are low
relative to cost of the ED stack and the energy consumed by desalina-
tion [13,14]. Optimization at the domestic scale presents a different
scenario where the pumps were found to strongly affect the cost, energy
consumption, and performance of the ED system.

In addition, minimization of operating costs is often the most
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Fig. 1. Schematic of proposed domestic ED system operating in batch mode.
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important consideration in industrial applications whereby the energy
consumption can not be neglected [15]. In the present study, it was
found that capital cost was the dominant factor affecting the afford-
ability of the domestic system.

2. System description

The batch ED system (Fig. 1) proposed by Nayar et al. [11] and
analyzed here consists of two primary flow circuits: one for the diluate,
and the other for the concentrate. At the start of each batch process,
both tanks hold feedwater at the same concentration. The relative vo-
lume of water in the diluate versus the concentrate circuits governs the
recovery ratio of the process. During desalination, a voltage is applied
and fluid is recirculated through the stack until the desired con-
centration is achieved in the diluate tank. The voltage and recirculation
flowrates are held constant during this batch process, which is con-
sistent with the work of others, both in simulation and practice [16-19],
and would facilitate the simplest commercial product.

An additional circuit may be required for the electrode rinse stream;
however, its design is not considered here because it is not expected to
strongly affect desalination performance. Furthermore, for the hybrid
ED-RO system investigated by Thampy et al., the RO reject was used to
rinse the ED electrodes [10]. It may therefore be possible to integrate
the rinse with the concentrate circuit to eliminate a third pump.

3. Models

The models used in this analysis have been thoroughly described
and validated by Wright et al. [20]. However, a brief overview of the
theory relevant to this optimization problem is presented herein to fa-
cilitate the reader's understanding of the work. For a more detailed
description of the mass transfer processes in electrodialysis, Ortiz
et al. [19], Strathmann [21], and Tanaka [22] also are recommended.

Following common practice, this work models desalination as-
suming a sodium-chloride solution. While production rates may vary
for other ions, design insights obtained through this analysis are ex-
pected to remain relevant [20].

3.1. Mass transfer

Mass transfer was modeled using a similar approach as Ortiz
et al. [19]. The full details are spared here. Instead, an analogous circuit
(Fig. 2) is used to facilitate a discussion surrounding the principal terms
affecting ion movement from the diluate to the concentrate channels.

An applied voltage V drives the movement of ions, represented by
an equivalent current density i [A/m?], through a series of diluate and
concentrate channels separated by alternating cation (CEM) and anion
(AEM) exchange membranes with static resistances Rcgy and Ragy [Q2-
m?], respectively. Other ohmic resistance terms are associated with the

x N Cell Pairs

RCEM ECEM EAEM RAEM

RCO]’IC

i 1%

Fig. 2. ED is represented by an analogous circuit whereby ion transport is
modeled by a current i due to the application of a voltage V over N cell-pairs.
Exchange membranes (AEM and CEM) and channels (diluate and concentrate)
are modeled using effective resistances R and back-potentials E.
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Fig. 3. Ion transfer number differences in the bulk solution and membrane
produces a polarization effect, hence the concentration at the wall C*® differs
from the bulk C** under an applied current density i (top). The limiting current

density iy, produces a zero Cji#", and is a function of C4% (bottom).

diluate and concentrate streams (Rgj and Rconc). They increase with
solution resistivity p; [2-m] and channel height h [m] as per

R =ph. ¢

Finally, a back-potential develops across the membranes due to
salinity differences in alternating channels and concentration polar-
ization (Fig. 3). These terms (Ecgy and Eagy) [V] are each modeled as

RT
—1In s

assuming perfect ion-selective membranes, where R is the gas constant
(J/mol-K), F is Faraday's constant [C/mol], T [K] is the temperature of
the solution, and the activities agy"®" and oV are related to the
wall concentrations.

The dominant impedance in brackish water desalination using ED is
the resistance of the diluate channels because the resistivity increases
sharply at low concentrations (Fig. 4). In addition, the high membrane
potential and low limiting current were expected to drastically increase
the cost of designs targeted at achieving the lowest product water

concentrations.

wall
conc

wall
Adil

a,

Emem =

(2)

3.2. Limiting current density

A concentration boundary layer evolves at the interface between the
fluid in the channels and the membranes when a voltage is applied. As a
result, the maximum rate of ion transport is bounded by a current
density which produces a zero ion concentration at the membrane
surface in the diluate channel (Fig. 3). This limiting current density iy,
[A/m?], which plays an important role in the design of an ED stack, is
estimated using

Cai" 2Fk

lim = B
Tmem -t

3
where z is the valence of the ion, Tyen, is the transport number of the
ion in the membrane, and ¢ is the transport number of the ion in the
bulk solution where its concentration is C}4. The boundary-layer mass
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Fig. 4. Resistivity of a NaCl solution modeled using Faalkenhaagen equation
[23].

transfer coefficient k [m/s] is dependent on hydrodynamic factors such
as the flow-velocity, which in-turn is affected by the geometry of the ED
stack and the choice of pump.

3.3. Coupling mass transfer to flow

By definition, the Sherwood Number Sh is related to k by

_ ShD

k=——.
dy

@
D is the diffusion coefficient of the solution, and the hydraulic diameter
dj, defined by Pawlowski et al. [24] is

4e

dp=—
2/h + (1 — €)(8/h)

(5)
The void fraction ¢ is the fraction of the channel that is not occupied by
the flow-spacer (Eqn. 15). The mass transfer is then correlated to the
flow properties via

Sh = 0.29Ref>Sc03 [24], 6)

where the Schmidt Number Sc is a material-dependent, non-dimen-
sional quantity, and the Reynolds Number Res which characterizes the
flow is defined as

d
Red=M,

@)
where p [kg/m?] is the density of the solution, u [Pa-s] is the viscosity of
the solution, and the velocity in the spacer-filled channel u, is calcu-
lated using Eq. (14).

From Egs. (3)—(7), it is evident that a high linear flow velocity in the
channels will produce an increase in the mass transfer coefficient and a
corresponding increase in the limiting current density. Using optimi-
zation, we sought to balance these benefits against costs associated with
larger pressure drops.

3.4. Pressure drop

A model derived from the computational fluid dynamics (CFD) si-
mulations conducted by Ponzio et al. [25] was used to predict the
pressure drop for each ED system permutation. This was the only
model, among those evaluated by Wright et al. [20], that captured the
nonlinear variation of friction factor at high velocities. Here it is suf-
ficient to recognize that the dominant source of pressure loss is the flow
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through the channels, modeled as

_ o AL

Ap =G ah

’ ®

where C, = 3 is a fitting coefficient to accommodate the difference
between Ponzio et al. ’s predictions, and the pressure drop measured on
a bench-scale stack [20] of similar size and proportions to the designs
generated for the present application. L [cm] is the length of the
channel's active area, and the void channel (without spacer) velocity u,
[ecm/s] is related to the volumetric flow in each circuit Q [L/ h] by

Q

Uy = ———,
WhN

©)]
where W [cm] is the width of the active area and N is the number of
cell-pairs. Then, using an alternative Reynolds Number Re definition
based on the void channel velocity,

_ 2pu‘,h
u

Re

5

(10)

the friction factor f is approximated from the results of Ponzio
et al. [25] using the correlations

f = 1400/Re for Re < 61,and

f=104.5/Re*3 for Re>61. 11D

3.5. Flow spacer

In addition to inducing a greater pressure drop, a thinner spacer will
also provide a lower area for ion transport because its filaments tend to
be more closely woven. This effect is accommodated by adjusting the
area by a porosity value n or ‘shadow factor’, calculated as

_ G -4
(1p?
assuming an orthogonal arrangement of filaments (Fig. 5). The spacing

[fmm] and the diameter d//[mm] of filaments are related to the height
of each channel (spacer thickness) by

12)

lf = 1.5h, and
Gyt
2¢f 13)

using a compaction factor cf of 0.946 [26]. A conservative factor of 1.5
in Eq. (13) was applied after surveying the product offerings from
manufacturers of woven meshes [27,28].

Due to the presence of a flow-spacer, the actual linear flow velocity
u.p, in the spacer is approximated from the void channel flow velocity
(Eq. (9)) using

-
T a4
where the void fraction ¢ is defined as
2
I
2lch (15)

We acknowledge that accurate prediction of the pressure drop and
mass transfer requires consideration of several other variables including
the spacer orientation, spacing and angle between filaments, and
whether they are woven or not. This level of detail was not deemed
necessary for this analysis, but several studies have aimed to char-
acterize these relationships [26,29-32]. Their results could be im-
plemented for more detailed design deliberation in the future.

4. Optimization

The optimization problem of identifying the geometry and
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Fig. 5. Detail view of woven mesh which is often used as a spacer and turbu-
lence promoter in the flow channels.

operating parameters which provided the lowest-cost system is pre-
sented in the following section. In the primary investigation described
in Sections 4.1-4.5, the feed concentration and recovery ratio are
maintained at 2000 mg/L and 90%, respectively. The sensitivity to
these parameters is then explored separately in a second problem for-
mulation, which is described thereafter in Section 4.6.

4.1. Problem formulation

Using standard notation, the multi-objective optimization problem
is denoted as

min J(X, p)
X

st. gx,p) <0
hx,p) =0

Xp S X S Xubs (16)

where x is the design vector to be optimized, p is the vector of constant
model parameters, J(x) is the vector of objective functions, and g(x)
and h(x) are the inequality and equality constraints respectively. In this
study, the design vector is bounded from below and above by x; , and
Xy b, Fespectively.

4.2. Variables and bounds

Each design permutation is defined by a design vector x consisting
of the six individual variables listed in Table 1 and illustrated in Fig. 6.
The bounds for dimensional variables (L, W, and N) ensure that the
proposed system could be packaged within the same envelope as ex-
isting domestic RO systems.

Channel heights (h) could vary within the size range of commonly
available flow spacers. While thinner mesh thicknesses are available,
they are expected to produce pressures (> 2atm) that exceed the
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Table 1 Table 2
Design variables and respective bounds. Unit cost of ED stack components.
Variable Symbol Bounds Component Cost Reference
Length of active area L 2-30cm Electrodes $2000/m> [34]
Width of active area w 2-20 cm CEMs $45/m? [35]
Number of cell pairs N 10-50 AEMs $41/m? [35]
Channel height h 0.30-1.00 mm Spacers $3/m? [36]
Flow rate Q 10-300L/h
Voltage v 5-100V
OC = VYErg (18)

capacity of commercially available small-scale pumps in the desired
range of flow-rates.

Following the industry-standard operating procedure, equal flow-
rates (Q) were prescribed for the diluate and concentrate circuits so that
the effects of transmembrane pressure differences could be neglected in
this analysis. Then, for equal diluate and concentrate channel dimen-
sions, identical pumps could be used for both streams.

Pumps were not treated as variables. Instead, a pressure drop was
calculated for each design iteration. Then, the pump (among the se-
lection provided in Appendix A) that most closely provided the desired
flow-rate served as a reference for power and cost estimation.

All variables, including the number of cell-pairs, were treated as
continuous due to the limitations of the algorithm implementation (see
Section 4.7). In practice, the number of cell-pairs would be rounded up
to the closest integer from the value recommended by the optimizer.

4.3. Objective function

In this multi-objective optimization problem, the first objective in
J = [J; J»] was to minimize the total cost of ownership for the proposed
domestic ED system. Therefore, J; was defined as the total cost TC of
the system, given by

J=TC=CC+ OC a17)

where CC is the capital cost, and OC is the operating cost. While the
quoted unit costs of materials assumed in this analysis likely included a
profit-margin for the suppliers, the final vendor's mark-up on manu-
facturing cost was not considered because it is affected by commercial
factors that may vary one market to another.

Since ED systems are not widely used for domestic desalination, the
fouling characteristics and associated maintenance costs are not well-
understood. For this reason, the operating cost considered here is only a
function of the energy consumption, and given by

CONCENTRATE

where V [L] is the total volume desalinated water produced over the
assumed product lifetime of 7 years, E; [J/L] is the specific energy
consumption calculated for each design permutation, and the specific
cost of electrical energy rg is approximated at $0.10/kWh [33].

The capital cost is calculated using the rates provided in Table 2.
These rates were obtained from wholesale suppliers in order to best
estimate the cost at large-scale production. The capital cost for all
pumps considered in this optimization study are provided in
Appendix A.

We intended to capture the minimum active area that satisfied the
target production rate and concentration performance. Therefore, the
material forming the sealed perimeter (Fig. 6), which isolates the dil-
uate and concentrate streams and prevents leakage, was not factored
into the cost because the thickness of the seal is affected by other design
and manufacturing considerations. For example, placing the tie-rods
externally to the membranes may allow a thinner seal to be used.

The second objective J5 is to maximize the rate of desalinated water
production Q, [L/h], calculated from

JZ = _Qp = -

ty (19)

where V3 [L] is the volume in the diluate tank for each batch, r is the
recovery ratio, and t;, [h] is the time to process each batch. The negative
sign reflects the desire to maximize production rate.

For most simulations, the product water concentration was treated
as a fixed parameter for calculating production rates of design permu-
tations. However, some additional runs were also performed with the
product concentration treated as a third objective where
I= Cprod: (20)

in order to draw generalizations regarding the effect of product water
concentration Cyr,q [mg/L] on cost-optimal design.
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Fig. 6. Schematic of complete ED Stack (left) and individual flow-spacer (right) indicating variables considered for optimization in bold font.
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4.4. Constraints

During the batch simulation, the duration t;;,, over which the ap-
plied current density exceeded 90% (safety factor) of the instantaneous
limiting current density was tracked. To ensure that designs operated
under the limiting current density, the first inequality constraint in
g = [g1 g2 831 = 0 to be imposed is

Bim .02
o (21)

& =
implying that the safety factor-adjusted limiting current density could
not be exceeded for more than 2% of the batch period.

Existing domestic RO products have set expectations for the pro-
duction rate of desalinated water. As such, we were interested in ex-
ploring ED system designs that provided similar production rates (Qp) in
the range of 9-15L/ h[3,4]. Therefore,

g =9L/Mh - Q, and
g =Q,—15L/h. (22)

Lastly, no equality constraints h were required in this formulation,
making the problem easier to solve numerically.

4.5. Parameters

Parameters pertaining to the model are provided in Wright
et al. [20]. Others corresponding to the cost of components and energy
have been provided in Table 2. In Table 3, we provide the remaining
parameters relevant to simulation.

The relative sizes of the diluate and concentrate tanks were selected
to yield a recovery ratio of 90%, while the actual volumes allowed them
to be packaged within the envelope of existing RO systems. The re-
covery ratio is maintained at 90% in the primary investigation because
the purpose of the proposed device is to conserve water; however, the
sensitivity to varying the recovery ratio between 60-90% is also in-
dependently explored (Section 4.6).

Solution resistivity was demonstrated to be highly sensitive to
concentration changes below approximately 500 mg/L (Fig. 4); there-
fore, it was anticipated that the design of an ED system would be more
affected by the product water requirements than the feed water con-
centration. As such, the feed concentration is held fixed at 2000 mg/L,
based on the salinity of Indian groundwater [6], while the product
concentration target is varied from 100 to 300 mg/L in the primary
investigation. The latter range not only satisfies the specifications for
water considered suitable for drinking according to the Bureau of In-
dian Standards [1], but also conforms to the palette of those who are
accustomed to drinking RO-filtered water [10]. We then explore the
sensitivity to the feed-water concentration separately while main-
taining the product concentration at the mid-range value of 200 mg/L
(Section 4.6).

V is calculated over the assumed product ownership lifetime of
seven years, based on existing domestic RO device usage, at an average
daily drinking water consumption rate of 3 L/day per person [37] for a
household of five members.

Table 3

Simulation parameters for primary investigation, results in Section 5.
Parameter Value
Feed concentration, Creeq 2000 mg/L

Product concentration, Cprod
Recovery ratio, r

100-300 mg/L
90%

Diluate tank volume, Vg 3.6L
Concentrate tank volume, Veonc 04L
Total volume produced, VY 38,325L
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Table 4
Simulation parameters for sensitivity analysis, results in Section 6.

Parameter Value

Feed concentration, Creeq 1500-2500 mg/L

Product concentration, Cprod 200 mg/L
Recovery ratio, Vqii 60-90%
Diluate tank volume, Vg 3.6L
Concentrate tank volume, Veonc 2.4-04L
Total volume produced, ¥ 38,325L

4.6. Sensitivity analysis

Sensitivity to the feed concentration and recovery was additionally
investigated over a range of 1500-2500 mg/L and 60-90%, respec-
tively. Here, the product water concentration was maintained at
200 mg/L with a targeted production rate of 12 + 0.5L/ h. The ob-
jective and constraint functions expressed in Egs. (19) and (22) were
correspondingly modified such that

Jr = —Creeds (23)
g =115 L/h — Q,, and
g =Q,—125L/h. (24)

To model the changing recovery ratio, the concentrate tank volume
was increased from 0.4 L at a recovery of 90%, to 2.4 L at a recovery of
60%, while the diluate tank volume was maintained at 3.6 L in all cases
(Table 4).

4.7. Simulation and optimizer

The block diagram in Fig. 7 approximates the optimization process,
which was implemented in MATLAB [38]. Conventional gradient-based
algorithms could not be applied with this formulation because the
discrete selection of pumps caused the solution to converge at local
minima. Instead, the problem described above was solved using a multi-
objective genetic algorithm, specifically the modified NSGA-II algo-
rithm [39] implementation in MATLAB. The solution is a set of non-
dominated Pareto optimal solutions with respect to the problem ob-
jective functions. The difference between the original NSGA-II [40,41]
and the modified version is that the modified version adds an extra
tuning parameter, Pareto Fraction (PFe (0,1)), to control the number of
elite members in each population that progress to the next generation.
By testing different PFs, we determined that values between 0.5 to 0.75
provided non-dominated solutions without sacrificing convergence
speed.

5. Results and discussion

In this section, cost-optimal designs obtained for varying production
rate and product concentration requirements are first discussed at a
fixed feed concentration and recovery ratio of 2000 mg/L and 90%,
respectively.

5.1. Capital cost vs total cost

Optimal designs that minimized total cost were similar in cost and
design to those that minimized capital cost. For example, Fig. 8 com-
pares the total cost for designs which produce 200 mg/L product water
at varying production rates, optimized either for minimum total cost or
for minimum capital cost. The former objective function did indeed
provide a lower total cost compared to the latter, but the difference of
~$5 was negligible.

This result is explained by comparing the contributions from the
operating and the capital cost (Fig. 9). The operating cost is sig-
nificantly lower than the capital cost because the cost of electrical
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Fig. 7. Block diagram indicating the flow of design variables between models to calculate the objective function for optimization.
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Fig. 8. Designs optimized for minimum capital cost (CC) had similar total costs
to those optimized for minimum total cost (TC) for varying production rates at
200 mg/L product concentration.
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Fig. 9. The operating cost (OC) is lower than the capital cost (CC) for designs
optimized for producing 200 mg/L product water at varying production rates.
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energy is small compared to equipment costs, and the system is utilized
infrequently. In domestic applications, the system will only be used for
1-2 hours per day depending on the drinking water requirements of the
household.

The design of an affordable domestic ED system is therefore con-
cerned with capital cost minimization. The reader is reminded that this
result was obtained even without the inclusion of a mark-up on the
capital cost of the system.

5.2. Current density

The increasing capital cost, and decreasing operating cost, with
production rate (Fig. 9) are explained by examining the current density
during the operation of the cost-optimized designs.

5.2.1. Maximization of current density

It was established in Section 3 that in brackish water electrodialysis,
the dominant resistance is associated with diluate channels. Since this
term is ohmic in nature, the power consumption at a fixed ion removal
rate is expected to increase approximately with i%, where i is the current
density. Subsequently, to the first order

oC a i (25)

However, the required cross-sectional area at the same ion removal rate
decreases as

CC a 1/i. (26)

Since it has been established that the capital cost - which scales
primarily with active area (Table 2) - is the dominant term in the total
cost, optimal domestic ED designs are therefore expected to maximize
current density. To verify this hypothesis, we examined the ratio of the
applied current density to the limiting current density (adjusted by the
safety factor ny = 0.9) when the desired product water concentration
was achieved (Fig. 10). This ratio approaches 1 for all optimal designs
over the range of product water concentrations (100-300mg/L),
thereby confirming the aforementioned expectation.

These results agree with McGovern et al. and Chehayeb et al.’s
findings that maximization of current density is cost-optimal for
brackish water ED desalination at high equipment-to-energy cost ratios
[12,42].

5.2.2. Limiting current density implications

Maximizing the current density is cost-optimal, but there is an upper
bound based on the instantaneous diluate concentration and the flow
properties (Section 3.2). Fig. 10 demonstrates that the applied current
density approaches this limit at the end of each batch; however, it is also
useful to examine the full duration.

For example, the optimal current trajectories during desalination for
producing 100 mg/L and 200 mg/L product water at a rate of 10 L/h are
compared in Fig. 11. Since the limiting current density trajectories
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through desalination for designs optimized to produce 200 and 100 mg/L water
at 10L/h.

(solid lines) are similar and mostly dependent on the instantaneous
diluate concentration, it is inferred that differences in flow character-
istics play a small role here. These upper bounds are only approached at
the end of the batch, but application of a constant voltage constrains the
full applied current trajectory. Therefore, as is evident in Fig. 11, re-
laxation of the product water requirements allows designs to operate at
higher current densities for the full batch process.

To further understand the implications of this behavior on cost
(Fig. 12), we examined the time-averaged applied current densities {
during the operation of optimal designs. The following insights were
obtained:

1. With the exception of a few outliers, optimized designs agree with
the approximate scaling relationships for the capital cost CC and
operating cost OC presented in Egs. (25) and (26). The y-intercept
for the OC trend-line approximates the energetic cost of pumping.

2. By extrapolating the CC and OC trend-lines beyond the optimization
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data, it is speculated that a time-averaged current density i of ap-
proximately 235 A/m? will yield an absolute minimum total cost,
which in turn is a function of the specific material and energy costs.

. Despite the use of optimization, designs targeted at the product
concentrations of 100-300 mg/L, at the production rates of interest,
lie in the capital cost-dominated region. Hence, the absolute
minimum cost could be achieved by relaxing the product water
concentration requirements.

. Due to the upper bound on i imposed by ij;,, designs targeted at
lower concentrations Cpyoq are further from the absolute minimum
cost. Therefore, relaxing the product water requirements allows
operation at higher current densities, hence lowering total cost.

. Scatter in the data about the trend-lines represents varying pro-
duction rate requirements. The gradient indicates that increasing
the production rate requirements Q, from 9 to 15L/h also forces
operation at lower i, albeit to a lesser extent than decreasing the
product water concentration requirement from 300 to 100 mg/L. As
a result, achieving higher production rates also requires an increase
in cell-pair area, thereby increasing capital cost. This increase in
capital cost exceeds the decrease in operating cost obtained by op-
erating at a lower current density; therefore total cost increases with
production rate.

. The ability to produce low product water concentrations that are
comparable to RO (100 mg/L) comes at a significant economic cost.
It may be worthwhile to investigate if users would accept product
water at higher salinities of 200 to 300 mg/L, which is still suitable
for drinking but decreases the system cost significantly.

. In order to further improve affordability of the proposed batch do-
mestic ED system, the two options are to decrease the unit cost of
the components (shifting the CC line down), or to find methods for
operating at higher time-averaged current densities (shifting points
to the right).

By analyzing Figs. 11 and 12, we discovered that i can be increased
with time-varying voltage regulation based on measured conductivity
of the diluate stream. A high voltage can be applied at the start of the
batch process and be gradually decreased to maintain an instantaneous
current density that is just under the limiting current density (see
Fig. 11). Since this strategy has the potential to provide significant cost
reductions, it is an avenue of ongoing work for our team.

5.3. Optimal design characterization

In order to minimize capital and total cost of a domestic ED system,
it has been shown that the optimal strategy is to maximize the applied
current density. We explored how this strategy affected the choice of
variable values in order to provide design guidance.

5.3.1. Linear flow velocity, u.

The linear velocity is reported instead of the volumetric flow rate
because it is more directly applicable to design, and comparable be-
tween different scales of production. Optimal designs operated at
18-21 cm/s for 300 mg/L, 15-18 cm/s for 200 mg/L, and 11-16 cm/s
for 100 mg/L product water (Fig. 13a). These results exceed typical
values used by others in both experimental and theoretical studies,
including Lee et al. (7.5cm/s) [14], Tanaka (10 cm/s) [16], and Kim
et al. (4.24 cm/s) [43]. However, they agree well with Chehayeb et al.
who calculated an optimum velocity of 16-18 cm/s for ED desalination
from 3000 mg/L to 350 mg/L in a continuous system. We postulate that
the suggested high linear velocities are not implemented in practice,
because the resulting pressures may be difficult to manage for larger
systems. Furthermore, a lower velocity may be desirable for continuous
systems in order to increase the residence time of the solution and
provide greater concentration reduction. As a result, little work has
been performed to understand the effect of high flow velocities on
desalination performance, fouling behavior, and membrane durability.
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respectively. Desalination was simulated for 2000 mg/L feed at 90% recovery.

This work suggests that the development of domestic ED systems may
benefit from characterization of these effects.

The decrease in the linear flow velocity with the production rate is
explained by the increase in the cell-pair area. The volume flow-rate per
cell pair remained approximately constant at 5.1 + 0.1L/h for the
200/300 mg/L and 6.0 + 0.2L/h for 100 mg/L, utilizing the maximum
capacity of the small-scale pumps used in this investigation. Then, as
the width of the active area grew to satisfy higher production rates, the
linear velocity decreased.

5.3.2. Voltage, V

In order to avoid exceeding the the limiting current density at the
end of the batch, the applied voltage was smaller for designs that tar-
geted lower product water concentrations (Fig. 13b). Furthermore, the
decrease in the applied voltage observed at higher production rates is
explained by the decreasing linear flow velocities. Optimal voltage
values, ranging between 0.7-1.3V per cell-pair, agreed with other
studies and manufacturer recommendations for concentration ranges
similar to those investigated here [11,16,19,44].

5.3.3. Cell-pair area, LW

Larger cell-pair area is required to provide the required salt removal
rate while compensating for the decrease in the applied voltage (and
associated current) at lower concentrations and higher production rates
(Fig. 13c). Both length and width increased with production rate, but
the former increased at a faster rate. Inspection of the aspect ratio,
defined as L/W (Fig. 13d), indicates that leaner designs are better-
performing because they supply a higher linear flow velocity for a given
cell-pair area, thereby facilitating operation at higher current densities,
provided that the pumps can sustain the resulting pressure drop. For the
100 mg/L case, a decrease in the aspect ratio was observed after 12 L/h
because the length was prevented from exceeding the upper bound of
30 cm.

Recall that the membrane and spacer material contribution to the
seal is not factored into the cost. In practice, implementation of a thick
seal will decrease the optimum L/W aspect ratio.

5.3.4. Capital cost, CC

Capital cost of optimal systems increased nonlinearly with de-
creasing product water concentration. The difference between 200 mg/
L and 100 mg/L systems was greater than from 300 mg/L to 200 mg/L
(Fig. 13f). The sharp increase in the diluate resistance paired with the

206

decrease in the limiting current density with decreasing concentration
explains this result. Thus, ED stack architectures targeted at low pro-
duct concentrations are forced to operate at low current densities ap-
plied over larger surface areas to maintain the desired rate of salt re-
moval. These results agree with other work that has found ED to be
expensive process for producing ultra-pure water [42,45].

5.3.5. Number of cell-pairs, N

Implementing more cell-pairs to achieve a higher production rate is
not necessarily cost-optimal at the domestic scale (Fig. 13e). Instead, it
was found that the optimal number of cell-pairs was determined by the
capacity of the selected pumps and the required linear flow velocity in
the channels.

5.3.6. Channel heights, h

Smaller intermembrane channel heights decrease the electrical re-
sistance of the channels (Eq. (1)) and increase the mass transfer coef-
ficient (Egs. (4)—(6)). Optimum heights approached the lower bound of
the variable, ranging between 0.30 —0.33 mm for the full spectrum of
production rates and concentrations analyzed in this study, and agrees
with the channel height minimization observed by Chehayeb et al. in
their optimization study [12], which also acknowledges the important
role of pumping in brackish water ED. This result signifies that the
enhanced mass transport provided by thin channels justified the cost of
greater pressure drop over the design space and range of operation
considered for this application.

5.4. Cost & energy breakdown

Fig. 14 distributes the capital cost of optimal systems providing
between 11.5 and 12.5L/h of production into average contributions
from components. Pumps accounted for a significant fraction, particu-
larly at 200 and 300 mg/L. The remainder was balanced between
electrodes and membranes.

Comparison across the concentrations indicates that there is a sig-
nificant economic penalty for producing water at the lowest salinity of
100 mg/L. Again, this observation suggests that it may be prudent to
reassess user's reception toward 300 mg/L water and whether their
preference for 100 mg/L justifies the significant cost addition.

A similar breakdown is provided for energy consumption due to
desalination and pumping (Fig. 14). Here, pumps accounted for as high
as 83% of the total energy consumption. In addition, the contribution
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Fig. 13. Optimal selection of the design variables as a function of the production rate and concentration requirements (a—e). Pareto-optimal capital cost versus

production rate for varying product water concentrations (f).

from desalination did not vary significantly with product concentration,
hence mirroring the slow growth of OC with i in Fig. 12.

Overall, this work has indicated that the development of low-cost
and energy efficient pumps that are suitable for flow-rates ranging
between 200 and 300 L/ h, while sustaining pressures up to 2 bar, will
assist the commercialization of domestic ED systems. In addition, a
more detailed investigation surrounding the optimal geometry of flow-
spacers may provide similar or better mass transfer behavior at a lower
pressure drop, thereby also reducing the pumping expense.

6. Sensitivity to feed concentration & recovery ratio

In the previous section, the detailed design of an ED stack is

investigated for a fixed feed concentration and recovery ratio of
2000 mg/L and 90%, respectively. Now we consider how the optimal
design is affected when the feed concentration and recovery ratio are
varied while the product concentration and production rate are main-
tained at 200 mg/L and within 12 + 0.5L/ h, respectively.

6.1. Total cost, TC

Between 60-90 % range, recovery ratio was evaluated to have a
minimal effect on total cost (Fig. 15), because the diluate resistance is
the dominant impedance in brackish water ED desalination, and is in-
dependent of recovery ratio (Section 3.1). Instead, the small maximum
cost difference of $9, between 60 and 90% recovery at 2250 mg/L feed,
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Fig. 16. Optimal active area, LW, plotted against feed concentration for varying
recovery ratios. Desalination was simulated for a fixed product concentration of
200 mg/L and production rates of 12 + 0.5L/h.

is attributed to the membrane back-potential term. This term grows as a
consequence of the ratio of concentrate to diluate concentration in-
creasing with recovery ratio (Eq. (2)).

6.2. Active area, LW

The cell-pair area required for desalination increased linearly with
feed concentration (Fig. 16), thereby explaining the rising total cost.
Note that increasing the feed concentration has a similar effect to in-
creasing the production rate in the primary investigation (Fig. 13c)
because it requires a greater quantity of salt is to be extracted without
changing the product concentration target.

6.3. Voltage per cell-pair, V/N

The reader is reminded that the maximum applied voltage is con-
strained by the product concentration in a conventional constant-vol-
tage batch process (Section 5.2.2). Therefore, optimal voltages across
different feed concentrations and recoveries are expected to remain
comparable to the optimal ~1 V/cell-pair value obtained previously
when the product water concentration was 200 mg/L (Fig. 13b). The
sensitivity results matched expectations, where optimal voltages ranged
between 0.93-1.06 V/cell-pair for the simulated range of feed con-
centrations (Fig. 17).

6.4. Linear flow velocity, u.,

The optimal voltage decreased with increasing feed concentration,
because the linear flow velocity decreases as the cell-pair area increases
(Fig. 18). The resulting velocities of 14-19 cm/s still exceed most
comparisons drawn from other literature (Section 5.3.1). Furthermore,
the occurrence of the same high flow velocities at other feed con-
centrations and recoveries reinforces the need for characterizing the
impact of high flow velocities on membrane performance.

6.5. Aspect ratio, L/W, & channel height, h

Optimal length-to-width (L/W) aspect ratios ranged between
3.9-5.1 for all recovery ratios and feed concentrations. These values
agree with the 3.5-6 range previously calculated for desalinating from a
fixed feed of 2000 mg/L to 100-300 mg/L at 9-15L/ h(Fig. 13d). Si-
milarly, optimal channel heights of 0.30-0.35mm in this sensitivity



S.R. Shah et al.
1.2
>
5 1.1
=~
o Ly °
5 ™
= 0.9}
[«b]
O
g 08| e 90%
o,
o o 380%
£ 07} 70%
§ 60%
0.6 : ;
1500 2000 2500

Feed Concentration, Cfeq [mg/L]

Fig. 17. Optimal applied voltage per cell-pair, V/N, plotted against feed con-
centration for varying recovery ratios. Desalination was simulated for a fixed
product concentration of 200 mg/L and production rates of 12 = 0.5L/h.

20
=
5 ‘o’ .
L18 t °
5
=
16 +
G
- 14 L ‘4
g 60%
= 70%
2125 o 80%
£ e 90%
= 10
1500 2000 2500

Feed Concentration, Ceeq [mg/L]
Fig. 18. Linear flow velocity, u., plotted against feed concentration for varying

recovery ratios. Desalination was simulated for a fixed product concentration of
200 mg/L and production rates of 12 = 0.5L/h.

analysis also approached the lower limit of 0.30 mm. Together, these
results provide useful design guidance: large L/W cell-pair aspect ratios

Appendix A. Pump selection
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of 3-6, and thin channels approaching 0.35mm or lower in height,
provide a cost-optimal arrangement for domestic ED desalination over a
broad range of brackish water feeds, recovery ratios, and product
concentrations.

7. Conclusions

Cost-optimal designs of batch ED systems targeted at production
rates of 9-15L/h and product concentrations of 100-300 mg/L, from a
fixed feed concentration of 2000 mg/L at 90% recovery, were first in-
vestigated. Voltage and flow-rates were held constant during the batch
desalination process for each design.

In all cases, capital cost was found to dominate over the operating
cost due to the upper-bound on the ion removal rate imposed by the
limiting current density. Furthermore, capital cost was found to be
sensitive to the target product water concentration such that while
batch ED can be used to produce 100 mg/L water, the respective op-
timal designs were significantly more expensive than alternatives tar-
geted at 200 and 300 mg/L.

Thin channels (0.30-0.33 mm), high aspect ratios (3.5 - 6), and cell-
pair numbers that varied from 36 to 46 were recommended to minimize
cost. Voltages applied to larger systems were found to be applicable at
the domestic scale; however, optimal flow velocities (11-21 cm/s) were
greater than reported in other literature.

Evaluating the sensitivity of the cost-optimal parameters at a fixed
200 mg/L product and 12 * 0.5L/h production rate, it was found that
the active area scaled linearly with feed concentration (1500-2500 mg/
L) while recovery ratio (60-90%) had minimal effect on the design and
total cost.

By analyzing the limits of the optimized designs we have also
identified three directions that can further increase affordability to fa-
cilitate commercialization: voltage regulation during the batch process,
development of inexpensive pumps suited to this application, and a
detailed investigation on optimal spacer geometry.

The primary limitation of this work is the exclusion of membrane
replacement expenses in the operating cost. Since the cost-optimal ap-
proach was to minimize cell-pair area, the corresponding membrane
replacement cost would also be therefore minimized. However, oper-
ating at the suggested high linear flow velocities may negatively impact
membrane life, and subsequently increase replacement frequency.
Therefore, further experimental work to characterize membrane per-
formance is also recommended.
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A system pressure-flow curve was produced for each design iteration and compared to 13 DC pump curves (Fig. A.19). With the exception of a-d
which are centrifugal pumps, the remainder are diaphragm pumps. The pump, whose intersection point with the system curve most closely provided
the design flow-rate, was used for estimating the cost and energy consumption. The pumps were assumed to be operating at their rated power

consumption through the full batch duration.
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Table A.5
Cost and power specifications for pumps.

# Manufacturer Model Power Cost
[(w] [$]
a Topsflo B10H-B12 11 18
b Topsflo B04H 20 19
c Topsflo B10-B24 31 19
d Topsflo C01-B24 48 45
e Singflo 100GRO 24 14
f Singflo FL-2401 22 16
g Singflo FL-2403 24 16
h Singflo FL-2402A 31 18
i Ronda DP-150 40 54
j Ronda DP-130 15 53
k Singflo FL-31 36 33
1 Singflo FL-34 60 34
m Singflo FL-44 134 35
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