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Abstract
Improved solutions for water desalination are necessary in the urban Indian setting. Cur-
rently, a majority of point-of-use (POU) purifiers use reverse osmosis (RO) to desalinate
household water. However, RO purifiers waste up to 70% of the feed water when used in the
domestic context. Electrodialysis (ED) is a water-efficient alternative means of desalination
that preserves >80% of the feed as product water. Though it has been proposed previously
and is used in industrial processes, ED has not been successfully implemented for domestic
POU desalination in India or globally. This work aims to understand how ED systems can
be modified to the POU scale and, critically, how they can be made cost competitive to RO
systems. We do this by proposing and then validating a new, direct-flow continuous ED
architecture with differential flow rates (and pressures) between the diluate and concentrate
channels. This architecture is made possible by a small ED stack, which can withstand a flow
channel pressure imbalance. Using numerical system models, a system design was optimized
for minimum capital cost, informed by design requirements for a characteristic Indian usage
context. A prototype of this system was capable of a 37±6% reduction in feed water salinity
from (1500±20 to 940±140 mg/L) at �90% water recovery and incorporated electrodialysis
reversal and acid dosing as mechanisms to enhance reliability and prevent mineral scaling.
If realized as a commercial POU product, ED has the potential within the Indian market to
conserve >200 million liters of water per day if adopted in place of low-recovery RO purifiers
among even a small fraction of high-income Indian households.

Thesis Supervisor: Amos G. Winter, V
Title: Associate Professor of Mechanical Engineering
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Chapter 1

Introduction

1.1 Motivation

The objective of this work is to understand how electrodialysis (ED) systems can be de-

signed and optimized for point-of-use brackish water applications. Water scarcity is a global

concern and is particularly relevant in India, where the government rates only 63% of their

communities as having access to safe groundwater reserves [1]. To meet water demand

across the country, water sources of lower quality, including brackish groundwater (with

>3,000 mg/L total dissolved salts (TDS)) or biologically contaminated surface waters, are

frequently tapped to supplement or replace inconsistent municipal supplies. Desalination of

brackish groundwater to a potable salinity (<500 mg/L TDS) is necessary to meet World

Health Organization guidelines for safe drinking water [2].

The variable quality of water from different sources, and the need for desalination, results

in the broad installation of point-of-use (POU) water purifiers, particularly in urban Indian

households. Over 35% of new POU purifiers sold in India rely on reverse osmosis (RO) [3].

When used at a domestic scale, RO purifiers do not incorporate energy recovery or high

water recovery technology that is common for industrial implementations. As a result, the

water recovered from a supplied feed volume averages around 26% [4] and energy usage is
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significantly higher than large scale municipal desalination [5].

In 2018, Frost and Sullivan estimated only 4% of consumers in India owned a POU water

purifier; however, new POU purifier sales were predicted to grow at a rate of 15% per year

through 2023 [3]. This would result in over 8 million purifiers sold annually, 2.7 million of

which will be using RO. If just 10% of the top two socio-economic groups in India adopted

POU RO purification, over 234 million liters of water would be wasted every day due to

current systems’ low recovery [6]. These inefficiencies, combined with the water shortage

across the country and the growing purifier market, have led to proposed legislation from

the National Green Tribunal of India that would completely ban the use of RO POU devices

in low salinity applications and impose higher recovery requirements on all POU purification

[7].

Electrodialysis is an alternative method of desalination that can provide higher water

recovery and energetic efficiency than RO for brackish water desalination at the POU scale

[8]. ED is an established technology in industrial-scale applications with flow rates ex-

ceeding 1,000 m3 per day and diverse applications from food and wastewater processing to

manufacturing as well as drinking water [9, 10, 11, 12]. However, ED has not been success-

fully deployed at domestic scales, where daily water requirements are under 0.1 m3 per day.

Previous research has attempted to scale ED systems to POU size by either using batch

processing or by staging ED with RO [13, 14, 15], but neither architecture has been com-

mercially adopted. Additional architecture variations may provide ED systems that align

with market-driven requirements.

Applying ED in a domestic setting is also challenging because capital cost becomes equally

important to technical function. Domestic POU water purifiers are consumer items; there-

fore, the end user is highly sensitive to the purchase price. In their assessment of the Indian

market, Frost and Sullivan rate customer sensitivity to price at 9 out of 10 for POU purifiers

[3]. Capital cost reduction of the ED unit is critical to ensuring that customers will purchase

the product, and that the manufacturer of an ED POU system has the required profit margin

14



to make the product viable.

The key questions addressed in this study are:

1. What are the market-driven design requirements that could enable the success of a POU

ED water purifier with respect to cost competitiveness, reliability, and manufacturer

interest?

2. How can a parametric understanding of ED lead to previously unexplored POU system

architectures?

3. Can a new design be validated to meet the market-driven design requirements?

1.2 Design requirements

Through on-the-ground observation and a collaboration with Eureka Forbes Ltd, the market

leader in POU RO systems in India, we divided major design requirements of POU ED sys-

tems into 1) customer-facing production metrics, 2) environmental factors (water quality),

3) system operation limits, and 4) manufacturer-facing installation and fabrication factors.

Table 1.1 summarizes these efforts and quantifies the key requirements that an ED desali-

nation unit would need to meet in order to successfully integrate into the Indian domestic

purifier landscape.

The listed recovery ratio of 90% was selected to respond to the need to conserve resources,

described above, and to capture the new value proposition to customers of an ED-based

purifier that requires less input water. An evaluation of the willingness to pay of likely

consumers has shown that high water recovery is the most significant factor influencing a

consumer’s perceived utility of the purifier [6]. The impact was measured at 68% compared

to 12% for cost, 11% for power rating and 10% for annual maintenance.
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Table 1.1: Functional design requirements and constraints for a POU ED system for the
Indian market. Unless otherwise noted, these requirements were articulated by Eureka Forbes
Ltd, the market leader in Indian POU RO systems [16].

Variable Requirement Justification
Product water

Flow rate 12-15 L/h Typical of commercial POU RO systems in India
TDS reduction �90% (min

50 mg/L)
Comparable with bottled water in India [17]

Recovery ratio �90%
Feed water specifications

TDS 500-2000 mg/L See Table 1.2
Operational TDS
variability

±500 mg/L Day to day and seasonal variability

Alkalinity pH 7.4-7.8 Typical as observed by Eureka Forbes
System operation

Operational cost Unconstrained Unspecified as a constraint. Wattage of other household
appliances preferred [6]

ED-specific
component volume

6L Double the volume of RO components targeted for replace-
ment by ED in existing POU purifiers

Pressure drop 1 bar Targeting lower cost and lower power pumps than POU
RO systems

Voltage <24 V Typical power to POU RO systems
Manufacturing and installation

System component
count

Minimize Assembly process is manual and non technical

System component
type

Off-the-shelf
preferred

Leverage existing high-volume components with economies
of scale and existing supply chains

Module form Housing form factor
maintained

Wall-mounted housing exterior is the same injection mold
used in current RO systems. Interior changes only to ac-
commodate the new desalination system

Module to housing
integration

Clear electrical and
hydraulic
connections

More complicated assembly needs than current POU RO
devices would require retraining of current assembly work-
ers

Robust design Withstand transit Delivery chain is not temperature regulated or vibration
isolated. Components and connections (electric and hy-
draulic) must survive transit

Customer
installation

Straightforward Occurs in residential homes: should not require specialized
hardware, power, or training to the installation technicians

Functional similarity Single pass water
delivery

Same as POU RO units now

Operational
reliability

High reliability for
TDS and production
volume over a long
duration

Company reputation depends on reliability of the device.
Customers expect POU RO to last up to 15 years[6].

Hazardous chemicals Forbidden Consumer product in homes cannot have hazardous chem-
ical (including HCl)

Service interval �6 months Current schedule used on POU RO units
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Water quality standards and customer expectations drive target TDS reduction. An

understanding of the Indian market, as collected by Eureka Forbes and shown in Table 1.2,

informed the likely composition of the feed water. Though the specific feed water parameters

presented here were reported by Eureka Forbes, the ranges are comparable to those seen

globally for brackish water [18].

Table 1.2: Water supply salinity of potential customers of Eureka Forbes. A majority of
households tested to have under 400 mg/L total dissolved salts.

TDS Estimated Households
mg/L %
<400 76%
400-1000 20%
>1000 4%

While customers indicate a willingness to pay for a higher recovery POU purifier, a low

capital cost technology to achieve this is required for manufacturers to view this as a prof-

itable choice. Therefore, capital cost was used as the optimization objective in determining

the system design and is excluded from the design requirements listed in Table 1.1. By

contrast, the unconstrained specific energy consumption (and therefore operational cost) is

considered a design parameter but is not significant enough to final product viability to place

a threshold.

Eureka Forbes indicated that after capital cost, the second most important aspect of a

potential ED design would be how well the unit integrated into current production practices,

in service operation, and the maintenance framework of the company. The latter portion of

Table 1.1 lists the manufacturing and installations brought about by Eureka Forbes’ mar-

ket insights. Four significant themes emerged that provided insight into the difficulty of

implementing ED in POU applications including: 1) manufacturing line and maintenance

technician unfamiliarity with the water flow diagram and required inputs/outputs of an

ED system, 2) the brand recognition and consumer expectation for the exterior POU unit

size/integration into wall mounted purifiers, 3) the reliability of an ED system to provide
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consistent water quality without fouling or clogging, and 4) the ability to survive the rough

shipment and climate handling common for RO systems in use now. A design that is respon-

sive to these additional four considerations would have the highest likelihood for successful

uptake in the market.

The goal of incorporating market-derived constraints at the outset of the technical design

considerations was to avoid unexpected barriers to implementation and uptake at the initial

analysis stages for the design. For example, when considering reliability, fouling and clogging

are common concerns in RO systems that have analogous failure mechanisms in ED. Mineral

ions are abundant in groundwater (e.g. calcium and magnesium carbonates) and these ions

can cause harmful mineral scale deposits within ED systems [19]. Acid dosing is preferred

to chemical softening in ED systems, but POU systems are constrained further to use only

methods and chemicals that are safe for a domestic setting. Previous research assessing

POU ED system feasibility has, in large part, not considered the additional complications

of scale mitigation in the system design, cost and size [13, 14, 15, 20]. Requiring reliable

system performance in mineral containing water leads to additional costs and complexities

that inform which design is best matched for the POU application.

The overall cost of a POU ED system is calculated based on a summation of the capital

costs for the main functional components of the system as

CCtotal = CCfiltration + CCscale mitigation + CChydraulic,electrical + CCED stack. (1.1)

Having determined realistic constraints and bounds for this equation in the context of POU

ED, the remainder of this work seeks to determine the POU ED design that minimizes our

primary system objective, CCtotal.
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Chapter 2

ED behavior and size-scale insights

In this chapter we outline the key functional components of an ED system, describe the

mechanisms of desalination in ED, and use insights from this physics-based description to

propose a new architecture for an ED-based desalination system.

2.1 ED components

An ED unit is comprised of a stack containing the ion separation membranes and a voltage

supply that provides the driving potential for desalination (Fig. 2-1). In the presence of an

applied field, charged ions will flow towards the anion or cation of the stack system. The

ion exchange membranes (IEM) are selectively permeable to either cations (cation exchange

membranes, CEM) or anions (anion exchange membrane, AEM). Water flows between the

IEMs in a mesh spacer. As ions are pulled by the applied potential, the membranes block

ions of the opposite charge. By alternating a CEM and AEM around flow spacers, channels

of concentrate (reject) and diluate (product) water are created. One unit of AEM, CEM

and two spacers is known as a cell pair.

The rate of desalination within a stack is determined by the geometry and configuration

of the cell pairs. Changing flow path geometries (length L, width W , and height h) will affect

the linear flow velocity of water within the stack. This results in changes to the Reynolds
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Figure 2-1: Electrical detail of ion flow within stack of ED membranes and spacers. a.

Ions are subject to an applied current and separated by selectively permeable membranes.
A cell pair unit (dashed border) consists of an AEM and CEM. Saline feed at a cell pair
flow rate, Q, flows the length of the stack, L, and leaves the stack as concentrate and
diluate. b. Diffusion-limited transport at the fluid-membrane interface causes concentration
polarization. This phenomenon imposes a limiting current.

number and relative advective, viscous, and diffusive mixing within the channels [21]. The

number of cell pairs, N , will influence the overall power required for desalination, as each

channel and membrane acts as a resistive element in the circuit.

Desalination rate is limited by the diffusion and mixing of ions within the channels. As

the applied current density, i [A/m2], is increased, ions are removed from the boundary layers

of the diluate stream until they are removed faster than they can be replenished by either

diffusion or water mixing, as is shown in Fig. 2-1b. The limiting current density ilim, is the

current density at which the salt concentration at the IEM surface reaches zero. At ilim,

salt ions are no longer present to carry the ionic current that the applied voltage mandates.

Thus, water is hydrolized into H+ and OH� in the depleted regions near the membranes in

order to provide ions to carry the current. This water splitting causes pH changes of the

product water and an increased tendency for mineral scale deposits (primarily CaCO3) to

occur in basic regions. As mineral scale precipitates and accumulates in the system, the

20



IEMs may become ineffective (with reduced flow volume or reduced ion permeability).

2.2 Parametric equations for ED behavior

A number of parametric equations have been established to describe and assess ED perfor-

mance [22, 21]. Here we present a subset of these equations that are useful in considering

the success of potential new ED designs. To understand how we can minimize cost, we must

first consider the electrical description of an ED stack.

2.2.1 Electrical resistance and mass transfer

It is useful to consider the stack as a circuit, where each membrane and channel contributes a

resistance and the redox reactions at the electrodes and the IEMs contribute to an additional

voltage drop, Eel and Emem, respectively. When taken together, the total voltage, E, is

directly proportional to the number of cell pairs, N , per

E = Eel +N(Emem + i(Rd +Rc +Rmem)), (2.1)

where i [A/m2] is the local current density in the flow path. The total current flowing between

the electrodes Itotal, is the integral of i over the flow path area. The resistance of the diluate

and concentrate channels, Rd and Rc [⌦·m2], respectively, is proportional to the channel

height h and inversely proportional to the conductance, ⇤ [S· m2/mol], and concentration of

the channel in question, Cd/c [mol/m3], at the wall. This is given by

Rd/c =
h

⇤Cw
d/c

. (2.2)

The rate of change in the bulk concentration for a given volume of water (Vd
dCb

d
dt [mol/m3s])

is related to the area over which the current is applied. Converting i from [A/m2] to [mol
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e�] this becomes

Vd
dCb

d

dt
=

�i

zF
�LWN, (2.3)

where the ion valency, z, and the Faraday constant, F , are known electrical inputs. Note the

inclusion of �, the open-area fraction of the spacer mesh (in the direction of current flow) in

specifying the true area over which current can travel in the flow channels.

The maximum current that can be applied to a stack is limited by the diffusion of ions to

the membrane surface. This ‘limiting current density,’ ilim, relates the bulk concentration of

the diluate, Cb
d, to the wall concentration at the membrane, Cw

d , using a stack-specific mass

transfer coefficient k. For this relation we must include the ion transport number through

the bulk, t+,�, and counterion transport within the membranes, tAEM,CEM=1, to obtain

ilim =
Cb

dzFk

tAEM,CEM � t+,�
. (2.4)

Recalling that the ratio of convective mass transfer to diffusive mass transfer is the

dimensionless Sherwood number, Sh, it is observed that in the boundary layer k is given by

k =
ShDaq

dh
, where (2.5)

dh =
h✏

2 + 8(1� ✏)
. (2.6)

While the diffusivity, Daq, is a material property of water, the hydraulic diameter, dh, de-

pends on the mesh properties of channel height, h, and volume porosity of the spacer ,✏. Sh

further depends on both the mesh and hydrodynamic properties of the system. A number

of correlations have been empirically determined to connect Sh to the flow within woven

spacers [23, 24, 25]. These correlations relate mass transport, advection and diffusion in

woven spacers through the dimensionless quantities of Reynolds number

Re =
⇢aquchdh

µ
/ inertial forces

viscous forces
, (2.7)

22



and Schmidt number (a material property of water at a given temperature)

Sc / viscous forces
diffusive forces

, (2.8)

to produce a relation of the form

Sh = 0.29Re0.5Sc0.33. (2.9)

Equation 2.9 is presented with coefficients determined by Geraldes et al. [25]. In this

correlation, the velocity is the linear ‘channel’ velocity of the flow as it travels around the

spacer mesh uch = uv/✏, and uv is given by

uv =
Q

NWh
, (2.10)

where N , W , and h are the previously described cell pair number and flow path geometry,

and Q is the volumetric flow rate in the channel.

2.2.2 Parametric system characterization

Maintaining a pressure drop <1 bar is another important requirement defined for a POU

ED stack. Previous work by Wright et al. [21] has shown the pressure correlation developed

by Ponzio et al. [26] for flow through woven spacers provides good correlation in a range of

ED stack sizes. This correlation, described in Eq. 2.11, relies on the channel flow velocity

in the absence of any spacer (uv, Eq. 2.10), the system production rate, Qprod, the geometry

and configuration of the channels, and an empirically derived friction factor f . From these

it can be seen that pressure drop scales as 1/h3 given uv / 1/h and �P / u2
v/h.

�P =
⇢aqfLu2

v

4h
(2.11)
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As with any desalination process, energy is required to separate the salt from the feed

water. The specific energy consumption (SEC, �) is the total energy per unit flow product

(Qp) in units of kWh/m3. The two principal components of SEC are 1) the pumping power

�pump, and 2) the energy required for desalination (applied to the stack) �desal. Using the

earlier equations to calculate the total voltage and current applied to the stack (Etotal and

Itotal) we can produce the first term of SEC,

�desal =
EtotalItotal
Qprod

. (2.12)

Obtaining a relation for the pressure allows us to predict �pump assuming an assumed effi-

ciency (⌘pump) of the pump.

�pump =
(Qprod +Qreject)�P

⌘pumpQprod
(2.13)

In addition to the energetic implications of pressure, it is also useful to consider how

pressure influences the structural integrity of the stack. Of particular concern is damage

to the membranes that can arise from deflection due to pressure differences across them.

Though the channel spacers ensure that any deflection present is bounded by the mesh

thickness, to understand the impact of pressure on the spacers it is useful to approximate

a spacer in plane stress as a fixed-fixed beam with a distributed load, ! [N/m]. Assuming

the span is long compared to the channel height (W � h), and the membrane has a second

moment of area, I and Young’s modulus, E, the deflection is described as

�mem / W 4!

EI
. (2.14)

For a rectangular cross sections, I / Lt3 where t is this thickness of the membrane. Rear-

ranging the terms in Eq. 2.14, we see that W 4

�mem
/ Et3

P . Therefore, for a fixed membrane

material, thickness, and pressure, small decreases in the span, W , lead to large decreases in
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the deflection.

2.3 ED system architectures

2.3.1 Conventional architectures

In practice, the surrounding architecture of an ED stack directly dictates the overall per-

formance and function of a POU purifier. Enabling ED at a POU scale requires additional

consideration of this architecture for the water circulation system, as these components add

cost and volume that may result in a system’s inability to meet the design requirements of

Table 1.1.

The first circulation variant to consider is a batch water delivery system (Fig. 2-2a). In

this system, diluate and concentrate recirculate through parallel flow loops until the desired

salinity is achieved and then transferred to a storage tank (or disposed of) in one ‘batch’.

A tank and a pump are required for each flow stream in this configuration. By contrast,

Fig. 2-2b depicts an architecture that enables continuous water delivery in a feed-and-bleed

configuration. In this variant, the product tank is continuously filled when the system is

running. Concentrate is recirculated in a small amount (‘bled’ back to the system) in order

to achieve a recovery ratio >50%.

Both architectures depicted include valve networks to allow for reversal of the diluate

and concentrate streams (inset of Fig. 2-2). Electrodialysis reversal (EDR) is a common

tactic used to prolong the life of the membranes through periodically reversing the electrode

polarity (inverting the anode and cathode of Fig. 2-1). This inversion between operational

‘positions’ switches which channels of the stack collect diluate and concentrate, and allows for

mineral deposits that may have begun nucleation in the concentrate stream to be dissolved

away in the unconcentrated diluate stream [27, 28]. Specialized valves exist for performing

this operation on industrial-scale systems; however, similar flow diverters are not common

at the POU scale flow rates, necessitating the solenoid valve (SV) network shown as the
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Figure 2-2: Flow diagrams of conventional batch and continuous ED architectures. Asso-
ciated pump, valves, and storage tank for the acid-based scale mitigation system are not
depicted. a. Flow schematic of a conventional batch ED architecture. Two pumps control
the bulk water flow and overall recovery of the system while a third pump is required for the
electrode rinse. b. Flow schematic of a conventional continuous feed-and-bleed architecture.

‘reversal valve network’ in Fig. 2-2.

The additional filtration components shown in both variants of Fig. 2-2 are required to

remove contaminants other than salts from the water. Silica and biological contaminants

present in the supply water can cause health impacts for users and may also cause fouling

in ED systems, necessitating the same supporting filtration and purification steps present in

POU RO systems [29].

2.3.2 Methods to increase stack desalination efficiency

For a given amount of membrane area (LWN) the rate of desalination (the left-hand side

of Eq. 2.3), is maximized when the current density is as high as possible. However, given

that Cb
d is not uniform over the length of the flow path, i everywhere is limited by the ilim
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Figure 2-3: Current densities of interest over the course of a desalination process starting
at 1500 mg/L and ending at 150 mg/L TDS. For a single pass through the ED stack,
the limiting current density (and corresponding 0.7 safety factor threshold) decrease in the
diluate stream. The maximum current that can pass through a stack can be seen to be
limited by the region of lowest diluate concentration, occurring at the end of the flow path.
Region I is masked given that ilim is exceeded in this region.

at the end of the flow path where bulk concentration is the lowest (Fig. 2-3). Region I of

Fig. 2-3, above ilim, falls outside of the operational limits of the system due to the water

splitting phenomenon discussed above. By imposing a safety threshold riLim, we also prevent

operation in Region II. The solid line represents desalination at a constant voltage, V . This

voltage is therefore limited by the maximum applied current at the lowest concentration of

the stage. This imposed limit results in a large amount of wasted desalination potential

(Fig. 2-3 Region III) where the concentration could enable higher currents to be applied.

Higher applied current density is desirable because it results in more efficient use of the ion

exchange material, driving material needs lower and material costs down.

Two procedures can be implemented to ensure efficient use of the available membrane

area in light of how the concentration limits the applied current.

While not depicted in Figs. 2-2a or 2-2b, both system architectures assume active control

of current (often implemented via voltage control) to accommodate changes in the input feed

salinity. This is necessary in the continuous system in order to remain below the current limit

threshold as the feed salinity decreases (per Eq. 2.4). When current control is implemented

in a batch configuration, it can be used to respond to feed salinity changes but may also be
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Figure 2-4: Adding two stages with independently controlled voltages minimizes the shaded
region of wasted capacity by allowing the system to achieve higher desalination without
reaching the limiting applied current density.

leveraged to dynamically update the applied potential over the course of a batch. Operating

in this way for POU-scale batch ED systems has been shown to decrease both the batch

time and required membrane area [30].

Staging individual stacks in series is an additional method that industrial ED systems

use to adapt to feed variations by allowing more granular control of the desalination rate

throughout the process of salt removal. It can be seen in Fig. 2-4 that the area of Region

IV is increased by the addition of a second stage. This achieves the goal described above of

operating with the applied current closer to ilim as a way to increase efficiency.

Staging of continuous systems allows for a standardized stack design (geometry and

cell pair count) to be used in repeating units. Flow rate or current may be controlled

independently at each stage to prevent the system from exceeding limiting current while

still achieving a target salinity [13, 19, 31, 32]. Hybridization of ED has also been proposed

in conjunction with RO by Thampy et al. [15] so that the ED system can operate at high

efficiency in the first stage (maintaining high limiting currents) and water rejection is reduced

at the second, RO, stage.
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Figure 2-5: Sharing the center electrode in a 2-stage stack reduces capital cost of the system.
The water flow direction is mirrored from the first to the second stage. Bold items (N1, N2,
V1, V2) are variable parameters of the system.

2.3.3 Cost-efficient 2-stage design insight

An additional strategy to reduce capital cost is proposed through a sharing of the center

electrode between both hydraulic stages of the design (Fig. 2-5). Different field strengths can

be applied to each hydraulic stage using the two electrodes at the ends of the stack. Within

each stage, the number of cell pairs N are further allowed to vary between the two stages,

therefore allowing for different flow channel velocities in each hydraulic stage. However, the

length of the water flow path, L, and the channel width, W , (Fig. 4-3) are held constant to

decrease the number of different components in the assembly. The shape of the flow path

seen in Fig. 4-3 is made possible through the addition of a flow spacer that includes gasket

area to prevent water flow outside of the specified region.

2.4 Parametric model-based design insights

When examined for domestic scale systems, the parametric models and understanding of

system configurations produce insights and directions for further exploration of ED design

that are unique from industrial-scale configurations.

Reduced pressure drop allows for smaller pumps and less expensive components: Due
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in large part to the lower volumetric flow rate requirement (15 L/h vs >100 L/h [33]), the

pressure drop decreases with the reduction of Qp in POU ED. In Eq. 2.10, flow rate is directly

proportional to volumetric flow rate; however, pressure is proportional to u2
v and therefore

experiences a proportionately greater change than uv as the flow rate decreases. While this

effect may be somewhat counteracted by changes in channel width and length, which are

inversely proportional to uv by Eq. 2.10, POU ED systems can have linear flow velocities

of <50% that of industrial systems (e.g. 5 vs 10 cm/s) while still meeting the performance

targets. This lower pressure drop enables smaller feed pumps to be used to operate the

system as the inlet pressure required for the feed water is lower. Smaller pumps provide

significant cost savings in the system.

Shorter flow channel span allows for differential pressure to be tolerated between diluate

and concentrate channels : With the reduced pressure drop, the structural integrity of the

membranes has a larger safety margin from a deflection that may cause damage in the

system. Combining this with the reduced unsupported span length (W ) of smaller geometry

flow paths and Eq. 2.14 we can see that IEMs may better tolerate a pressure differential

between the diluate and concentrate channels. While industrial systems devote significant

effort to balance pressure between the channels, a POU ED system does not warrant the

same concern.

Recovery ratio control can be simplified by operating with differential channel flow rates:

With the ability to tolerate different pressure drops in the channels, POU ED is further

able to leverage the previous insight to purposely imbalance flow between the channels.

Intentionally regulating the system to promote differential flow rates between channels allows

for the system recovery ratio to be controlled through pressure regulation on the concentrate

stream and eliminates the complexity of volume control that is present in industrial systems.

Channel height can be reduced : To increase the desalination potential of the stack, it is

necessary to increase limiting current density (Eq. 2.4). From Eq.s 2.9 and 2.5, it can be seen

that ilim / 1/dh via the mass transport coefficient. Reducing the spacer thickness therefore
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increases the limiting current while also reducing the total desalination power as well by

reducing channel resistance (Eq. 2.2). However, this variable is not frequently manipulated

in industrial systems because pressure drop is extremely sensitive to channel height as well

(related as �P / 1/h3). The reduction in pressure drop through the stack provides design

flexibility to decrease the channel height and increase desalination efficiency.

2.5 Novel POU ED system design

From the design insights of Section 2.4, we propose an additional continuous system architec-

ture that leverages the specific size scale of the system under consideration here. Independent

control of the separate water streams is eliminated, and a single pump is proposed to power

flow in the whole system (Fig. 2-6). A pressure regulator on the concentrate stream enables

a recovery ratio >50% by using back pressure on the system to slow concentrate flow. This is

in stark contrast to the pressure regulators used on industrial ED systems, where regulation

is applied to equalize flow rates between the diluate and concentrate stream. This novel flow

rate regulation and architecture generally are enabled by the slower flow rates, overall lower

pressure drops, and tolerance for differential pressure that are unique to POU ED.

The proposed simplified ED system in Fig. 2-6 reduces component count and system

complexity compared to those in Fig. 2-2, and responds to the design requirements for a low

capital cost system that efficiently uses available volume within a purifier housing. As with

previously discussed systems, voltage control remains a required piece of feedback control

in order to accommodate variations in feed water salinity. We revisit the manufacturability

and ability of the pressure regulator to maintain a stable recovery ratio in the Results and

Discussion chapter.
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Figure 2-6: Novel direct-flow continuous POU ED architecture. This ‘direct-flow’ continuous
design recycles the concentrate stream as the electrolyte and controls recovery ratio with a
flow reducer.
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Chapter 3

Two-stage prototype validation

3.1 Prototype design and fabrication

The purpose of this prototype was to validate the proposed 2-stage design architecture with

a common center electrode (Fig. 2-5) and pressure regulator controlled recovery ratio with

different flow rates between concentrate and diluate channels. We chose to validate the

2-stage variant of Fig. 2-6 prior to the 1-stage architecture as it covered validation of all

aspects of the unique architecture as we envisioned them. The design parameters used for

this system are listed in Table 3.1. Note that it was not built with the cost optimal cell

pair arrangement in the first stage. However, for the number of cell pairs selected for the

first stage, N1 was targeted to reduce material cost while maximizing desalination potential.

The flow path dimensions are the same in both the first and second stages.

The full stack construction can be seen in the exploded CAD view of Fig. 3-1 and the

photo of Fig. 3-2. The CAD depiction shows how the serpentine flow paths join at the

central electrode chamber in order to transition between the two stages without flowing into

the electrode compartment. The central electrode is surrounded by a manifold that was laser

cut to match the dimensions of the electrode. The exposed portion of the electrode (where

the exterior electrical connections are made) is sealed off from the internal electrolyte by
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Table 3.1: Configuration of prototype 1-stage direct-flow continuous system

Metric Unit Value Material (Supplier)
Configuration

Valves - 4 24VDC Solenoid (Malida)
Pumps - 1 Feed pump only. FLO-2401 (Singflo)

Spacer Mesh Properties
Thickness [µm] 360 ±17 Woven Nylon WN400 (Industrial Netting)
Void fraction - 65%
Area porosity - 43%

Flow Channel Properties
Cell Pairs Stage 1 (N1) - 10 -
Cell Pairs Stage 2 (N2) - 9 -
Dimensions [m] 0.02 x 0.42
Total IEM area [m2] 0.46 -
Linear velocity Stage 1 [ cms ] 9.2 -
Linear velocity Stage 2 [ cms ] 8.3 -
Pressure drop [kPa] 180 Eq. 2.11

Ion Exchange Properties
AEM resistance [⌦cm2] 30 [34] AR204SZRA (SUEZ)
CEM resistance [⌦cm2] 30 [34] CR67HMR (SUEZ)
Electrode area [cm2] 98 Ru-Ir coated Ti (Baoji Highstar Metals Trading Co)

silicone in the electrode mesh and between the manifold and electrode edges.

Figure 3-1: Exploded view of 2-Stage prototype.
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Figure 3-2: 2-Stage prototype under test demonstrating electrical connections to three sep-
arate electrodes. The edge braces are included in order to reduce slippage of the cell pairs
to the side (buckling) as increased clamping pressure is applied to the stack.

3.1.1 Two-stage prototype fabrication

Much of the 2-stage prototype was fabricated in house. The structural endcaps were milled

from polycarbonate and the central manifold was laser cut delrin, measured to the required

thickness. The titanium electrodes were manufactured by Baoji Highstar Metals Trading Co

per design documents provided to the company.

The flow spacers used in the prototype were manufactured using UV 60-7111 epoxy from

Epoxies, Etc (Cranston, USA). Custom fabricated spacers allowed the researchers full control

over the shape of the flow path and the type of mesh used in the design, which was required to

determine the minimum capital cost design. The flow paths were patterned on to the spacers

using an opaque vinyl pattern applied to a transparent film (Fig. 3-3). The mesh was laser

cut to size then flooded with epoxy and the transparency was applied as a contact mask

to the mesh. Having the mask in contact with the mesh helped ensure uniform thickness

and allowed for air to be forced from the epoxy before curing. The spacer was cured under

a UV-C wavelength light then excess epoxy was cleaned from the open area before a final

post cure in the UV-C chamber. The variability in spacer thickness after manufacturing is

captured in Table 3.1 at 360±17µm.
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Figure 3-3: Spacer fabrication process components include a photomask of the design to
pattern and pre-cut mesh. The glass coverplate is applied during the UV cure to enhance
flatness of the spacer.

3.2 Two-stage prototype experimental results and discus-

sion

The prototype system was tested first in Cambridge at MIT and then in Bangalore, India

at Eureka Forbes Ltd.

3.2.1 Experimental set up and procedure

When tested in the GEAR Lab, NaCl was mixed with distilled water. This was used in order

to simplify model correlations.

The field site visit took place from August 26th-30th, 2019. The prototype 2-stage con-

tinuous system used tap water from the Eureka Forbes facility (TDS ⇡1620 mg/L) as well

as dilutions and concentrations of this water. This water was reported by Eureka Forbes to

have a cation content of approximately one third calcium (Ca2+). This increased ‘hardness’

of the test water compared to that used in the laboratory tested would be expected to have

greater salt ion reduction for an equal amount of charge (current) applied to the system

given the valency of z = 2.

In order to characterize the system, multiple assessments of the limiting current were run
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for salinities ranging from 550 mg/L TDS to 1980 mg/L TDS. The limiting current point was

noted visually by sweeping through increasing levels of applied voltage and observing when

the current plateaued. This process was performed for the first stage with the second stage

off, then performed for the second stage with the first stage operating at limiting current.

3.2.2 Desalination performance

The system was able to desalinate 500-2000 mg/L TDS inputs successfully to 90% TDS from

500 to 1500 mg/L TDS input feed. However, as can be seen in Fig. 3-4, the salt reduction

was achieved after the limiting current was attained by the stack. The data presented in

Fig. 3-4 are for a single direction of current flow withing the stack, as the performance was

observed to be over 15% better in the shown configuration (90% salt cut vs 75% salt cut

achievable).

Figure 3-4: 2-Stage direct-flow continuous prototype performance. All trials were performed
at 12±0.5 L/h with a recovery ratio of 0.75. The ion content was made up as specified in
the legend.

Additionally, the voltages needed to achieve this desalination were higher than those

predicted by the theoretical model. Three hypotheses may explain the voltage increase:

1. deviation from the empirical relation assumed for the Sherwood number that governs
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mass transport and mixing within the channels,

2. membrane resistances that are higher than predicted by the model, particularly given

the additional carbonate ions present in the water as compared to the lab testing as

this is know to increase membrane resistance [34], or

3. other factors in the design of the prototype that caused unreliable flow of electrolyte

in the electrode compartments and high resistances as a result.

Considering the final item, it was observed during testing that efforts to reduce water

leakage from flow channels to the membrane edges negatively impacted the flow of electrolyte

into the electrode chamber. Namely, increasing the clamping force between the two endcaps

would lead to the electrolyte inlets collapsing, because these inlets were designed as voids

within the mesh and therefore had no internal support from the mesh weave. The clear end-

caps allowed visual inspection of the exterior two electrolyte chambers and the observation

that very little water flow could take place unless the clamping pressure was reduced.

The lack of electrolyte flow not only increased the electrical resistance (and therefore

power requirements) in the system, it also made the electrode susceptible to mineral scale

precipitation. In addition to the low flow rate, the alkalinization taking place at the anode

created conditions in the mineral-rich water to generate visually noticeable ‘chalking’ on

the electrode. Figure 3-5 shows mineral deposits in four locations proximal to the electrode.

Though this was washed off easily without needing to use acid, this observation is concerning

for longer operation and reiterates the necessity of including scale mitigation strategies in a

commercially-viable product for POU filters using similar quality water.

3.2.3 Architecture validation

The field-validation of the prototype using real water in India is an extremely promising step

towards implementing POU ED in the urban Indian marketplace. Recovery ratio could be

controlled over multiple days of testing to over 80%.
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Figure 3-5: Mineral scale within 2-stage prototype. a. Scale is visible as white chalk on
the electrode itself. b. The electrolyte outlet from the stack is semi-opaque. c. The
polycarbonate endcap shows the pattern of the electrode, as scale formed around it, and
mineral deposits leading to the outlet port in the upper right. d. the mesh spacer within
the electrode component is white with minerals.

The central electrode successfully functioned as both a cathode and an anode and enabled

desalination in both positions. The discrepancy observed in deslaination ability between

the two positions was, however, likely a cause of the fabrication tolerances and practices

used in the integration of the central electrode. The desalination results indicate superior

performance of the system when the central electrode compartment was next in sequence to

a concentrate channel on either side. This indicates that leakage between the first proximal

channel and the electrode compartment seems likely in this design.

To enable this architecture on a commercial scale, a redesign of the ‘baffle’ that redis-

tributes flow and electrolyte from the first to the second stage would be necessary.
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Chapter 4

System architecture comparison for POU

ED

In order to determine the ED architecture that is best suited for the design requirements

listed in Table 1.1, we aimed to produce an analysis that could assess the performance and

feasibility of various candidate POU ED architectures, while at the same time using a unified

set of assumptions and inputs. To evaluate the systems, we first perform a design study on

each stack to determine the capital-cost optimal configuration, then we evaluate each cost-

optimal design against the manufacturing and installation requirements of Table 1.1 and the

other candidate systems.

4.1 Considered system architectures

The systems compared were: 1) a batch system per Fig. 2-2a; 2) a 1-stage direct-flow

continuous system per Fig. 2-6; and 3) a 2-stage direct-flow continuous system as described

in Chapter 3. The 2-stage system analyzed utilizes a shared central electrode as proposed

previously by the authors [32]. The selection of these systems was guided by the objective to

minimize capital cost while also surveying a broad range of architecture options. Direct-flow

style continuous systems (Fig. 2-6) were considered instead of a feed-and-bleed style system

41



(Fig. 2-2) given the design insights of Section 2.4 indicate operating a POU ED stack in

this manner is feasible, and the architecture’s lower part count will lead to smaller packaging

volume and lower cost than feed-and-bleed architectures.

4.1.1 Mineral scale mitigation

In all the system architectures studied, mineral scale mitigation was achieved through the

inclusion of a subsystem that would store and dose acid into the concentrate stream during

operation. This is particularly important in the direct-flow continuous systems where the

slow concentrate flow rate causes increased residence times and may result in nucleation of

precipitates. The amount of acid required was determined by using the Langelier Saturation

Index (LSI) method and standard synthetic groundwater composition profiles for India con-

taining calcium and magnesium carbonate [16]. By predicting the saturation pH at which

carbonate will precipitate in the water, the LSI provides a measure of how likely carbonate

scale is to form.

Acidifying the feed water reduces the LSI to bring it within acceptable limits. An LSI

up to 1.8 has been recommended for industrial ED systems [19]. We chose to apply a more

conservative threshold of 1.4 in the POU devices considered here. The acid storage volume

in the system was calculated to reflect the volume of 3 molar citric acid required to maintain

the concentrate feed volume below an LSI of 1.4 for six months of operation. The service

interval was chosen based on Table 1.1 and citric acid was selected over stronger acids such

as HCl given the requirement for consumer safety and the in-home application. As a result

of being linked to the ion concentration in the concentrate flow, the acid requirement varies

significantly with the recovery ratio of the system.

Fig. 4-1 provides the estimated volume requirements for citric acid required in a year to

achieve LSI threshold mapped over input salinity and recovery. Significant reduction in the

acid requirement is achieved by marginal reductions in the water recovery. For the salinities

examined in the trade-off analysis, 0.6 L, 1.0 L and 2.5L per six months of operation were
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required, resulting in cost estimates of $0.1, $2.1 and $5.1 USD for annual acid cleaning

requirements to be met.

Figure 4-1: Citric acid required as a function of recovery ratio and feed salinity. the darkest
region is volumes over 2 L per year whereas the unshaded region does not require any acid
addition to mitigate scaling of calcium carbonate per the LSI threshold assessment.

4.2 Cost modeling

Examining the sub-components of our objective equation for cost (Eq. 1.1) in detail, we see

that CCfiltration and CCscale mitigation are fixed across any POU ED system designed for the

same feed water. For the following analysis, the filtration costs CCfiltration was set to $47 as

determined from publicly available component replacement costs described in Appendix B.

The cost of the hydraulic network CChydraulic,electrical includes the pumps and valves re-

quired to operate a given architecture as well as the number of ED control systems. Table 4.1

summarizes these main hydraulic components. The unit cost estimates listed are based on

currently available market data (see Appendix B for full details). The counts for pumps

and SVs include all the valves and pumps required in a purifier using ED desalination. The

reservoirs are unique additions in the ED system and do not include the product storage
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tank. Similarly, the cost of the electronics is solely for the additional voltage regulation and

stack control necessary in ED.

Table 4.1: Comparison of batch and direct-flow continuous systems on the basis of hydraulic
part count. Pump and SV counts are inclusive of all components in the system while other
lines represent only the items required to replace the RO module of existing POU purifiers.
Cost sourcing available in Appendix B when not specified.

Unit Cost Part Count
[US$] Batch Continuous

1-stage 2-stage
SV 2.5 11 7 11
Pump 16 3 2 2
Electronics 2 1 1 2
Reservoir 2.5 3 1 1
Flow Baffle 4 0 0 1

With all the previous costs set by the architecture, CCED stack is the only component cost

that can be truly minimized in an optimization. The capital cost of a stack is determined

by the structural components and the area of IEM and electrode required to achieve the

desalination target. The structural costs were here assumed to be constant across all POU

ED designs given they make up a small fraction of the stack cost. By contrast, the electrodes

and IEMs are priced on a per-area basis as 2000$/m2 for the electrodes [35], 40$/m2 for the

IEMs [36], and 0.06$/m2 for the spacers (see Appendix B for further details).

4.3 Optimization problem definition

In order to compare the architectures described, we set out to determine the capital cost

optimal configuration of each design through a constrained optimization. The performance of

each design was then compared to the qualitative design requirements determined previously.

The objective in all instances was the capital cost, as calculated per the previous section.

The design parameters of Table 1.1 (Qp = 15 L/h, r = 0.9, salinity reduction of 90% from feed,

pH = 7.8) were input into the parametric models for both batch and continuous systems.
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In order to handle the range of feed salinities presented in the requirements, we chose to

discretize the search space and determine cost optimal designs for feeds of 500, 1500, and

2500 mg/L TDS. This allowed us to quantify the effect of feeds variation on the configuration

and cost of the resulting designs. Further, we chose to approximate the full TDS as being

derived from NaCl. This approximation has been used previously by Wright et al. [21], where

it was shown to provide accurate predictions of the experimentally measured desalination

rate and SEC within 20% and 22%, respectively.

The same membrane and spacer material properties were used across all the analyses

in the optimization. The parameters (shown in Table 4.2) are based on those seen in the

commercially available PCCell GMBH (Heusweiler, Germany) bench-top ED unit. The

membrane resistances are based on experimental results from Ortiz et al. [22] for comparable

Neosepta ion exchange membranes, scaled to 1.3 times their result given the findings of Moe

et al. [34], which reported resistance of membranes in groundwater can be higher even than

that predicted using NaCl measurements. A further sensitivity to mesh parameters can be

seen in Appendix 4.5.2 as well.

Table 4.2: Modeling parameters used in calculated predicted system operation during opti-
mization studies. Parameters are based on commercially available materials for ED systems
intended for laboratory-scale applications.

Metric Units Value
Spacer Mesh Properties

Thickness [µm] 350
Void Fraction - 0.62
Area Porosity - 0.6

Electrical Properties
AEM Resistance [⌦cm2] 40
CEM Resistance [⌦cm2] 40

The search space included length and width of the flow path (L and W ) as well as number

of cell pairs (N) as decision variables that were varied throughout the solution process. Hard

(inflexible) constraints were placed on Vmax, system volume, Pmax and recovery ratio (r)
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based on the limits of Table 1.1. A sensitivity analysis to Vmax was performed to ensure

that the limit was not over-constraining the design space and eliminating possible better

alternatives (see Appendix 4.5.2). A further limit was placed on the design optimization

by constraining the system to operate with a margin of safety below the limiting applied

current. Industrial best practice is to maintain operation such that the applied current stays

below 70% of ilim (riLim = 0.7) [12, 31].

4.3.1 Batch system optimization procedure

The total IEM and electrode areas in the batch system were calculated based on the theory

outlined in Section 2.2 combined with the previously validated cost-optimization proposals

for batch POU ED by Wright and Shah in [21, 30]. In their 2019 work [30], Shah et al.

expand Eq. 2.3 to a relation between the feed and product salinity as

Vdil

tbatch
ln

✓
Cfeed

Cprod

◆
=

LWNr�k

1� t+,�
. (4.1)

Here r is a time averaged recovery and the batch time (tbatch) is related directly to the salt

reduction.

The authors had previously previously proposed and validated a POU batch ED design

in [20]. Combining the previously proposed optimal batch design with the scaling relation

described by Eq. 4.1, we were able to re-size the LWN of the optimal system that was

initially proposed based on the design requirements Cfeed, Cprod, Qp = Vdil/tbatch and r of

Table 1.1 and the mesh parameters of Table 4.2. Additionally, the operation of the batch

system was made representative of in-service operation by requiring 25% shorter batch times

than simply predicted by the volumetric flow rate requirement, in order to allow for the

down time required to flush the ED unit between batches.
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4.3.2 Continuous system optimization procedure

For the continuous type system architectures, the desalination over a given membrane area

and flow geometry was calculated by discretizing the flow path length, L, and numerically

solving the system of equations as proposed in [21] to determine the incremental reduction

in bulk concentration over the length of the flow path. This transforms Eq. 2.3 into a

boundary value problem where the flow path geometry and number of cell pairs can be

manipulated to obtain the required salinity output Cd|x=L = Cprod. A full system model

that also accounted for the secondary mass diffusion effects of osmosis and back diffusion

was used in the “Model Seek” step of Fig. 4-2 to produce designs for a linearly incremented

number of cell pairs until a minimum was obtained. This was repeated for flow path widths

of half-centimeter increments and the capital cost of the resulting designs at each width were

compared manually to determine the final cost-optimal design.

Figure 4-2: Optimization of 1-stage direct-flow continuous stack was performed using an
iterative process.

A similar optimization process was used for determining the capital cost optimal 2-stage

stack designs, with the added dimension of allowing the number of cell pairs and applied

voltage to change independently between the two stages. Further details of how the process

was executed, including how the ratio of desalination between the first and second stage was

determined, can be found in the author’s previous work [32].

In both system designs (batch and direct-flow continuous), the cost of the IEM was a

combination of the active IEM area determined from the models and a width of gasket

outside the edges of the channel to seal the channels (Fig. 4-3. The cost of the IEM was
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Figure 4-3: Within a single cell pair, the flow path is torturous in order to conserve area.
The membrane and spacer have the same outer edge but the electrode is only required in
the area of water flow.

the total area multiplied by the unit cost. The flow path was ‘wrapped’ back on itself for a

final area of A = (L3 + 2tgasket)(3W + 4tgasket)(CCper area). The gasket of the batch systems

was wider (1.2 cm) than that used in the continuous system estimates (0.8 cm) given the

high pressures of the batch systems. The gasket width of the batch system was measured

from the commercially available bench-top PCCell unit that was also used as the basis for

the mesh parameters.

4.3.3 Two-stage optimization procedure

In identifying the cost-optimal two-stage system, we focused on the variable cost materials

(membranes and electrodes) to drive my analysis. The fixed costs were added after the

minimum cost design based on electrode and membrane cost was established. Analysis by

Nayar et al. [13] predict that 91% of the module cost is due to ion exchange membrane

and electrode costs alone, therefore these were the two costs considered in estimating capital

costs in this analysis. Total area of the membrane and electrode was calculated from the

specified flow path L and W plus additional material around the path that gasket to prevent

water leaking from the channel (Fig. 4-3).

The minimum capital cost design was determined through a scatter search. In structuring

the simulations, geometric properties of the path were varied through specified ranges and the

model described above was used to calculate the voltage required in each stage to achieve
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Figure 4-4: Geometric inputs are selected over a range of inputs and fed to the computational
model that returns system characteristics of interests for each design. Width was resolved
at 0.5 cm from 1.5 to 2.5 cm; length was resolved at 1 cm; N1 was assessed from 8 to 22
cell pairs; N2 from 6 to 11 cell pairs for N1=13 and rescaled as necessary for N1 values at
extremes of the range.

the desired salt reduction (Fig. 4-4). The resolution for the widths was chosen based on

limitations of the fabrication process of flow spacers within the lab setting where widths

have been demonstrated to be controlled within 2 mm.

The product salinity Cprod and intermediate salinity Cint were both specified as inputs

to the model. The intermediate salinity was fixed as the geometric mean of Cfeed and Cprod

as described by Equation 4.5. This was determined analytically from methodology similar

to that presented by Shah et al. [30] and modified to assess the desalination potential in a

single pass through the continuous system.

Assuming the total active area required is the sum of the area in the first and second stage,

the optimal intermediate concentration, Cint, can be found by taking the partial derivative

of total area with respect to Cint per Equation 4.2.

@ATotal

@Cint
=

@A1

@Cint
+

@A2

@Cint
= 0 (4.2)

Equation 4.3 gives an approximate ratio of feed to product concentration for any stage

given a total membrane area, Atotal = WLN , open area porosity of the spacer, �, threshold

ratio of applied to limiting current, riLim, minimum of the ion transport numbers between

cation and anions in the solution, t+/�, here taken as t+ = 0.39 for Na+, flow rate per cell

pair, Q, and mass transfer coefficient, k. Refer to Shah et al. for the assembly of these
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variables into the relation used here [30].

Cfeed

Cprod
= 1 +

�riLimWLNk

Q(1� t+/�)
(4.3)

With consistent spacer material properties this simplifies to an equation relating area to

the desalination ratio with a constant factor, R, per

Cfeed

Cprod
� 1 =

RAp
NW

. (4.4)

Noting that the intermediate concentration of the full ED stack will be the product of stage

1 and the feed into stage 2, Eq. 4.2 can be used to determine the full relationship of z, Cint,

and Cprod as

Cint =
p

CfeedCprod. (4.5)

This analytical method was validated using the system simulation in Appendix A.

4.4 Evaluation and comparison of candidate designs

4.4.1 Candidate designs

Table 4.3 presents the resulting configuration and total capital cost of a batch system and a

one- and two-stage direct-flow continuous system for a feed TDS of 1500 mg/L TDS NaCl.

The 1500 mg/L case is presented here given it captures a larger percentage of the target

market than the 500 mg/L design (96% compared to 76% per Table 1.2) while not being

over-designed for the target market, and therefore more expensive, as with the 2500 mg/L

case. A full comparison of the costs of the other designs can be seen in the Appendix C.

The estimated cost of the conventional batch system and a single-pass continuous system

are comparable (within 5%). Purely with regard to the objective function, these designs

are well matched. Table 4.3 presents the key differentiating characteristics of the batch and
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continuous systems considered, namely volume, stack configuration and energy consumption.

The systems align on the resulting designs for acid volume (1 L for 6 months of operation)

and cost of the acid addition system, given that the requirement is based on the concentrate

salinity, which is a result of the fixed recovery ratio and feed salinity.

Table 4.3: Optimized POU ED architecture comparison results highlighting key differences
between the systems, including ED-specific component volume and electrode area. All were
designed for feed water with 1500 mg/L TDS and required 1 L additional volume for acid.

Batch Direct Continuous
1-Stage 2-Stage

Capital cost [US$] 202 195 209
Package volume [L] 8.5 5.1 5.8
Cell pairs - 30 39 23
Electrode area [cm2] 86 115 109
SEC [kWh

m3 ] 1.08 0.35 0.7

4.4.2 Cost breakdown

Regarding the optimization objective, the main cost drivers are in the membrane and elec-

trode cost, with the stack making up 37% of the predicted batch system cost, and 51%

of the predicted 1-stage continuous system cost. When considered in a comparable break-

down to that presented in Table 4.1, the supporting electronics components are predicted

to be comparable at 10% of the total system cost in both batch and 1-stage continuous

systems, while the hydraulic components (pumps, valves, and reservoirs) are 37% and 19%

of the cost, respectively, reflecting the added components in the batch system. The standard

filtration components and main reservoir make up about 15% of the cost in both system

variants. While economies of scale can vary the exact costs seen for each component, the

same assumptions were used across all compared systems.
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4.4.3 System operation adaptability and energy usage

Energy consumption, while not a constrained requirement per Table 1.1, was calculated for

the candidate designs using Eqs. 2.12 and 2.13, with a pumping efficiency of 0.5. The SEC

is threefold higher in the proposed batch system as compared to the direct-flow continuous

system. This difference is driven in part by the higher linear flow velocity in batch systems

(18 cm/s as compared to 4 cm/s) that leads to greater pressure losses and work required by

the pump. We include this result as reference for researchers who may be interested in the

architecture comparison in an application where this design requirement is constrained.

Responding to the initial requirement that the system must adapt to variations in feed

water, we must compare the effect of feed salinity changes on each type of system separately.

While both experience a change in performance, batch systems experience this change as a

decrease or increase in batch time and therefore the production rate. By contrast, continu-

ous systems maintain flow rate but sacrifice current density: either less efficiently applying

current for lower salinity water, or exceeding limiting current in the case of a higher salinity

feed in the effort to achieve the same target concentration. Considering the full range of feed

salinities discussed in Table 1.1, we are also able to compare the resulting performance of

each system with a wider range of salinities. Table 4.4 shows that both systems sacrifice one

performance metric at a higher feed salinity. Notably, the metric being sacrificed in a batch

system is the production rate, while the requirement that is not met in the continuous system

is output salinity. Depending on the context of installation, either one of these requirements

may be more valuable to a target customer.

Alternately, we chose to examine how the systems could handle changes in feed salinity if

a temporary excursion beyond the design requirements were allowed. We did this by allowing

a 10% excursion in the flow rate (for the batch systems) or limiting current safety factor (for

the continuous systems), then assessing the maximum feed salinity that the system could

process to 90% salt cut. In the batch system, degrading the output flow rate to 13.5 L/h

resulted in a maximum feed salinity of 1938 mg/L TDS being tolerated. In the continuous
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systems, increasing riLim to 0.8 allowed the systems to meet the original target output of

150 mg/L with a feed salinity 1750 mg/L for the 1-stage design and 1910 mg/L for the

2-stage design.

Table 4.4: Comparison of performance changes for a system optimized for a feed salinity
of 1500 mg/L when the feed salinity varies. The target output salinity is maintained at
90% or 150 mg/L, whichever is less. In both systems the current and voltages thresholds of
riLim = 0.7 and Vmax = 24 V were maintained.

Feed Salinity [mg/L]
Unit 500 1500 2500

Batch modified production rate [L/h] 28.7 15 12.3
Continuous output salinity (1-stage) [mg/L] 50 150 738
Continuous output salinity (2-stage) [mg/L] 50 150 750

4.4.4 Manufacturing and installation

When considering the additional design parameters of Table 1.1, many of the requirements

are met equally by all three systems. All systems include sufficient consumer-safe citric acid

to maintain LSI below the chosen scaling threshold for 6 months, the standard maintenance

term of a POU RO system. Components used in the representative bill of materials cost

and volume estimates were in large part chosen from commercial components already in use

in POU RO systems or sold by similar manufacturers, fulfilling a second requirement on the

list.

A main differentiator between the systems is the estimated packaging volume. The pack-

aging volume in Table 4.3 is the volume of the stack and hydraulic components that will

be added to the system. It does not include the volume needed for an acid tank, but does

include the valves required for that system. Individual component volumes were estimated

from measurements of the representative components used in commercial RO POU desalina-

tion systems and multiplied by the component count of Table 4.1. The volume of each part

for purposes of the estimation was approximated as that of a rectangular prism ‘bounding
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box’ that the component could fit entirely within. The over-estimate of volume for the many

roughly-cylindrical components was intentional in order to account for the volume required

for cable and hose routing within the system.

The batch system volume is estimated at 66% higher than the direct-flow 1-stage contin-

uous system and double that of the 2-stage system. In a packaging constrained application

this difference may dictate the overall feasibility of the system. While the estimated stack

volume is comparable within 12% (2300 cm3 for batch vs 2600 cm3 for 1-stage direct-flow)

the overall volume discrepancy between the two types is driven by the reservoirs required

to store diluate and concentrate during the purification process and by the valving required

to enable reversal in a batch system (64% and 39% of the predicted system volume, respec-

tively). The 2-stage system more efficiently uses the membrane area [32], reducing the stack

volume. Given the upper bound estimation of allowable system volume of 6000 cm3, the

cost-optimal batch system exceeds the requirement placed on the form of the system.

The direct-flow continuous systems have greater manufacturing assembly and functional

similarity to POU RO systems than the batch system. The workers within the supply chain

of the POU systems are most familiar with direct-flow systems. By eliminating intermedi-

ate tanks and maintaining singular points for input and output, there are fewer points of

confusion and assembly errors for factory and maintenance workers.

4.4.5 Chosen architecture

Considering the design requirements of the Indian domestic market, the proposed 1-stage

direct-flow continuous architecture is the best (and only) option to meet these constraints.

By setting an upper bound feed salinity to 1500 mg/L, the system shows cost savings that

outweigh the ‘adaptability’ benefits of batch systems. Furthermore, after incorporating the

requirement for reliability, and therefore scale mitigation, the batch system is all but elimi-

nated as a feasible design. Continuous systems have the added benefit over batch of approxi-

mately half the powered components (valves), increasing the overall reliability by decreasing
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the points of electromechanical failure.

Between the 1- and 2-stage direct-flow continuous designs, the cost is within 7% and

the volume is within 14% with the 1-stage design having the advantage in both criteria.

While both 1- and 2-stage continuous systems exist in industrial-scale ED, to the authors’

knowledge, no multi-stage system utilizes a single electrode between stages, instead requiring

two electrode plates (at the same potential) on either side of a structural manifold. This

added complexity for the 2-stage design proposed here has the potential to decrease reliability

by adding points of failure. By contrast, if each stage had a dedicated electrode pair, the

cost of the 2-stage design will increase by $22 over that predicted in Table 4.3.

4.5 Sensitivity of objective to constraints and design in-

puts

4.5.1 Active constraint visualization

In an effort to better understand how the constraints effected the optimal designs, I completed

an additional series of visualizations. This process is presented here for the 2-stage direct

flow continuous system, but can be used with a one-stage system as well given that the

analysis is essentially the same given the cell pairs in the first stage were fixed for a given

set of plots in the 2-stage case.

The intent was to generate a set of tools to compare the impact of different variables

on the final cost, and to provide a more intuitive understanding of how geometry changes

affect resulting cost-optimal designs. To begin, Fig. 4-5 can be used to connect how changes

in geometry over the domain affect key outputs. For this visualization, N1 is fixed at 13

and W is fixed at 2 cm while L and N2 are varied. The visualization is a useful tool when

considering how variations in external constraints (such as the maximum available voltage

or pumping pressure) may change both the shape and cost of the ideal design.
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Figure 4-5: Design space exploration for a path width 20 mm, 13 cell pairs in the first stage
a. Increasing active area decreases the percentage of the flow path over the applied current
threshold b. Voltage decreases with lower cell pair series resistance or increased path length
c. Pressure isobars show increasing pressure with geometric changes that increase channel
flow velocity. d. Increasing the active area of a single cell pair has a greater effect on cost than
increasing the number of cell pairs given the higher relative cost of the electrode compared to
the membrane. e. The optimal design lies on the limiting current ratio constraint boundary.
It includes 13 cell pairs in stage 1, 10 in stage 2, a path length of 0.48 m, path width of
0.02 m and results in a capital cost of USD106 for membranes and electrodes. Path width
20 mm.
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The first parameter considered when exploring the design space was how the applied

current density was affected by path length and cell pair counts. This is a technical constraint

imposed on the system and therefore the boundary is immobile in the case of potential system

improvements by the designer. Figure 4-5a shows the permissible and impermissible (shaded)

regions of the design space as bounded by the constraint on riLim. For the same geometry,

increasing the N2 cell pair count (moving up the vertical axis) decreases the amount of the

path over riLim by slowing the flow velocity. This type of system modification is possible to

implement after a stack has been designed and is a notable point of flexibility.

Fig. 4-5b shows that as active area per cell pair increases with growing length, the volt-

age required to achieve a target concentration also decreases. This occurs because a lower

corresponding applied current density is required to remove the same salt. The slight verti-

cal increase in voltage is required to overcome the increasing resistance with more cell pairs

added to the second stage.

Given the relation of pressure to uv (Equation 2.11), it is reasonable that the lines of

constant pressure shown in Fig. 4-5c are sensitive to geometry changes that influence the void

channel velocity and increase in proportion to longer flow paths or fewer channels. Again, a

designer could modify a system design in this way in order to meet a change in the pressure

constraint.

The performance of this design relative to constraints is visualized in Fig. 4-5e. The

constraint limits have been overlaid onto the composite plot as shaded regions. Voltage

requirements over 24V would fall to the left-hand side of the plot, nearer the y-axis. Pressure

drop predictions over 1 bar fall in the lower right portion of the plot and are also excluded.

The only active constraint at this optimum is riLim. While the predicted voltage is close to

the 24V limit, the constraint is not considered active because there is no feasible solution

with a lower capital cost if only the applied current constraint is considered (i.e. relaxing

the 24V limit does not affect the optimal design choice).

As a point of comparison, the same process of visualization can be used on varied path

57



Figure 4-6: Feasible design solutions for varied path geometries. a. The minimum cost
attainable is higher than the optimum as the design is limited by the pressure and voltage
constraints. This results in more cell pairs and a greater length flow path. b. Shows
an alternative design (with thicker flow path width) that is instead limited by the applied
current threshold.

widths, W to see how the active constraints at the cost-optimum point change. Pressure loss

is also highly sensitive to flow path width for a given volumetric flow rate. In the case where

pressure loss was known to be of concern, a wider path would be favorable to decrease this

loss. Modifying the design width is a decision that would need made prior to fabrication, as

it drastically changes the flow path form (length and cell pair count) so it is useful to have

this parametric understanding prior to the design phase.

Here I examined what cost increase was derived from presetting the path widths 0.5

cm above and below the determined cost optimal width. Figure 4-6 shows the constraint

plot of these two configurations. Of note here are the active constraints for the new design

widths: pressure drop and applied voltage limit the design for the 1.5 cm path width system

(Fig. 4-6a), whereas the 2.5 cm width case is limited by the current threshold (Fig. 4-6b).

When the flow path width is increased, uv decreases, therefore reducing the mixing within

the channel and resulting in a lower limiting current density. In order to compensate for

the lower applied current density, the total active area must increase through increasing the
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cell pair count or path length. This system would operate at a lower pressure than the 2

cm width cost-optimal design, which could be favorable in a low pressure (e.g. gravity fed)

application.

In considering the case of decreased width, the maximum voltage constraint is active,

forcing a longer path length in order to increase the active area of the system and decrease

the applied current density. Pressure drop is also proportional to path length (per Eq.

2.11), so the pressure drop constraint begins driving the addition of cell pairs in the design

order to reduce the flow velocity. The capital cost of this design would be reduced if either

the pressure or voltage constraints were relaxed, pointing to the potential need for a more

powerful pump or voltage supply.

Access to the visual relations of active constraints portrayed in Figs. 4-5e and 4-6 allow

for rapid assessment of the limiting factors in the design and where additional efforts should

be focused to provide further reduction in capital cost. From this case study it is clear that

for the cost-optimal design, neither the available pump or voltage supply impose a limit on

cost. However, examining the height, porosity, and mixing of spacers within the stack may

provide the best avenue of further development. In light of this, a more detailed sensitivity

of the cost to these specific parameters can be performed.

4.5.2 Cost sensitivity of ideal design to input parameters

A series of sensitivity analyses were performed on the ideal architecture design for individual

parameters. They were performed for the three probed input salinities but are displayed

here for 1500 mg/L only for clarity. the first set of sensitives focus on the influence of mesh

geometry on the final cost with the goal of aiding in the early design phases and material

selection. The second set examine if the design constraints imposed on the system are

eliminating possible lower-cost alternatives that would warrant a critical examination (and

possibly alteration) of the constraints as they are currently defined.
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Cost sensitivity to feed salinity in continuous systems

In light of efforts within the Indian government to encourage water conservation by imposing

a minimum TDS value for POU purifiers, we chose to further explore how the cost prediction

for the optimal designs would be effected by a target of 80% salt reduction instead of 90%

reduction as assessed in the initial design. Holding the remaining variables described in

Section 4.3 constant, we relaxed the target output salinity to 300 mg/L and optimized for

capital cost within the new set of constraints. For the 1-stage direct-flow design, the overall

capital cost was predicted to decrease by 14%. For the 2-stage design the decrease was

predicted to be 12%. The relative decreases in cost were larger when only the stack was

considered (17% and 18%, respectively); however, it is clear that the stack cost itself is not

the only driver of capital cost in the ED systems considered, as the supporting hydraulic

network contributes to a bulk of the cost.

Cost sensitivity to voltage constraint

As discussed above, the constraint placed on voltage was a design decision made with the goal

of meeting manufacturing as well as technical requirements. Given that the Vmax constraint

was active (i.e. limited the design) in both the 1- and 2-stage direct-flow continuous systems,

it is useful to explore how relaxing this constraint would affect the objective value to assess

whether the constraint is excessively restrictive and may be preventing us from achieving a

lower capital-cost solution. In order to assess this, we again used the assumptions described

in Section 4.3, however, we adjusted the value of Vmax. Figure 4-7 shows the resulting

normalized (percentage) change in cost with a relative change in the maximum voltage.

While reducing the maximum voltage is seen to have a strong influence on the cost, increasing

the voltage did not. This is likely due to the coupling with limiting current, which was the

second active constraint for all the optimal continuous designs.

The recovery ratio was a second inflexible constraint during the design optimization.

Upon performing a similar cost sensitivity analysis, it can be seen that there is a relative
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Figure 4-7: Cost sensitivity to the voltage constraint shows that the same increase in cost
from a reduction in the limit does not translate to an equal cost savings if the limit is
increased by the same percent.

cost increase for the cost optimal designs of lower recovery ratio targets.

Figure 4-8: Cost sensitivity to the recovery ratio demonstrates that higher recovery ratios
are advantageous with respect to cost.

Cost sensitivity to spacer geometries

The geometry of the spacer is known to be linked to many aspects of ED performance.

Spacers are selected during the design phase so understanding the relative importance of

the main parameters is important to selecting an ideal spacer. Of particular interest here is

how three key parameters of the spacer (thickness h, volume porosity ✏, and area porosity �)

impact the minimum capital cost stack for a 1-stage direct-flow design. It is difficult to find
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a spacer material that will result in a minimized cost along all these dimensions, however,

comparing the effect of these parameters individually allows a designer to understand the

relative impacts of changes in mesh specification.

(a) Cost sensitivity to the volume porosity
of the spacer demonstrates a roughly linear
trend in fractional cost increase with frac-
tional changes in the volume porosity.

(b) Cost sensitivity to the area porosity of
the spacer

Figure 4-9: Cost sensitivity to mesh porosity characteristics

Figure 4-10: Cost sensitivity to the thickness of the spacer
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Chapter 5

One-stage prototype validation

The design trade off study described above is limited in that its utility is as a comparative

tool to assess the differences between architectures. While it overcomes the difficulty of

current literature not having a unified point of comparison to assess the different system

variants together, it can not be used as a direct predictor of cost or function without more

detailed experimentation with the proposed architecture. Therefore, a prototype system was

manufactured (Fig. 5-1) and assessed against the design requirements of Table 1.1.

5.1 POU ED prototype

The prototype was a reversal-enabled 1-stage direct-flow continuous architecture as proposed

in Fig. 2-6. For this prototype, a thinner mesh was chosen than was modeled in Section 4.3

in order to decrease the area required for desalination by increasing the mass transfer (Eq.

2.5) and resulting current limit (Eq. 2.4). Table 5.1 includes the key material parameters of

the prototype system. The target flow rate was also adjusted to 13.5 L/h for the prototype.

This is lower than the 15 L/h upper bound used in the design comparison but remains within

the requirement of Table 1.1 and provides a margin for minor flow rate fluctuations during

operation.

We used the same stack models described in Section 4.3.2 to determine a cost-optimal
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flow path length (31 cm) and width (2 cm) for the 13.5 L/hr flow rate and design require-

ments of Table 1.1. Fabrication of this custom geometry was accomplished by the spacer

manufacturing process described in Section 3.1.1. In manufacturing the spacers used in the

final prototype, the geometry of the spacers was analyzed and outliers from the population

were not included in the final build. Spacers were measured in four locations and visu-

ally inspected to ensure there were not gaps or imperfections that would cause the flow to

be rerouted between channels or to leak from the stack. After all the measurements were

taken, the average thickness of spacers used in the tested stack was 194 µm with a standard

deviation of 15 µm and an inter quartile range (IQR) of 33 µm. Spacers with individual

measurements that exceeded 1.5 times the IQR of the full population were not included in

the final build. There was a scrap rate of 14.8% during fabrication.

The CEM and AEM were cut to the required size from commercially available IEMs man-

ufactured by SUEZ Water Technologies and Services. Endcaps were machined from poly-

carbonate (Fig. 5-1) and electrodes were purcased per required specifications from Shaanxi

Yunshong Metal Technology Co.

The resulting stack volume (estimated as described in Section 4.3) was 4.5 L and the

resulting system cost estimate was $166 USD. The system was design to adapt to changes in

feed water salinity using a linear control scheme executed using an Arduino-capable MELIFE

ESP-32S development board and an ARCELI boost buck converter (50V, 5A) controlled via

a PC. In a fielded POU ED system this control would take place within the purifier with

chip-level components.

5.1.1 Experimental setup and test protocol

All testing was performed with NaCl solutions of the required salinity to simplify model val-

idations. Time series conductivity data were collected using sensors typical of POU purifiers

currently on the market (two-wire analog detectors, 0-1000 mg/L TDS range, ±10% accu-

racy (Banggood, China)). Due to the narrow accuracy range, these were recalibrated prior
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Table 5.1: Configuration of prototype 1-stage direct-flow continuous system

Metric Unit Value Material (Supplier)
Configuration

Valves - 6 24VDC Solenoid (Malida)
Pumps - 2 1 from POU UV purifier system, 1 Mini Water

Pump SS524-1502-2500
Spacer Mesh Properties

Thickness [µm] 194±15 Woven polyester
KL-60 100D
(Changzhou JC
Fabrictec Co.)

Void fraction - 72%
Area porosity - 61%

Flow Channel Properties
Cell Pairs - 46 -
Dimensions [m] 0.02 x 0.31
Total IEM area [m2] 0.46 -
Linear velocity [ cms ] 3.4 -
Pressure drop [kPa] 104 Eq. 2.11

Ion Exchange Properties
AEM resistance [⌦cm2] 30 [34] AR204SZRA (SUEZ)
CEM resistance [⌦cm2] 30 [34] CR67HMR (SUEZ)
Electrode area [cm2] 69 Ru-Ir coated Ti (Shaanxi Yunshong Metal

Technology Co.)

to each trial based on the feed salinity. Characterization tests, static testing, and calibration

of the two-wire sensors relied on Myron L Ultrameter (accuracy ±1%) to characterize the

conductivity of the solution. Flow rates were measured via manual volume collection over a

specified time interval and extrapolated to the L/h rate. Hoses and fittings standard to RO

POU purification systems were used wherever possible in the test setup. Fig. 5-2 shows the

layout of the experimental setup. The semi-rigid hoses used in this configuration ensured

the minor losses from the hydraulic network stayed constant throughout the course of all

testing performed.

To understand the desalination capability of the as-built prototype, the mass transfer

properties of the stack were first characterized to determine the limiting current over a

range of flow rate and feed salinity levels with approximately 50% recovery. Fig. 5-3 shows a

sample curve fit that was used to determine the point of limiting current during experimental
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Figure 5-1: Assembled 1-stage direct-flow continuous POU ED prototype unit in test and
CAD schematic view expanded to show internal features.

trials. The inflection point was selected visually. For trials where the corner between the

two sections was more shallow, data points that did not follow the clear linear trend of the

data in either regime were excluded from the fit.

All characterization tests were performed in each of the two EDR ‘positions’ (inverting

the anode and cathode) and tagged to allow for comparisons between results in the two

configurations. Before each test, the system was equilibrated at the testing salinity by

circulating �2 liters of water at the salinity of the next test. The pH of the diluate stream

was monitored throughout to verify whether water splitting was occurring in the diluate

channel boundary layer, indicating the system was exceeding ilim.

5.2 Desalination experimental results

Table 5.2 shows the results of the POU ED prototype compared to the design requirements

and initial predictions from the theoretical model presented herein. The experimental salt

reduction was 37±5% for the measured salinities, 41±6% that predicted by the design model.

Flow characteristics were met in the experiments. The discrepancy between the model and
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Figure 5-2: POU ED experimental setup depicting the use of semi-rigid, 1/4 inch RO tubing,
pressure gauges, and conductivity measurement points. Gauges were placed to minimize
minor hydraulic losses when recording the stack pressure loss, and the conductivity readings
were made near the stack to reduce lag in the data. Blue components would be included in
an installed system.

results indicated some of the input parameters may have been inaccurate; the following

subsections explain why and how the model accuracy was improved.

Table 5.2: Experimental results of the prototype 1-stage direct-flow continuous system.

Metric Target Theoretical
Prediction

Experimental Results

TDS reduction from 500 mg/L -90% 50 mg/L 340 mg/L (-40±0.3% from feed)
TDS reduction from 1500 mg/L -90% 150 mg/L 940 mg/L (-38±6% from feed)
TDS reduction from 2500 mg/L -90% 738 mg/L 1610 mg/L (-37±6% from feed)
Flow Rate 10 L/h 13.5 L/h 13.5±0.5 L/h
Recovery � 90% 90% 90±3%

Fig. 5-4 shows the results of the static tests over multiple operating points compared

against the model with correlated input parameters, and contrasted against the original

(as designed) model prediction. Above the design target for feed salinity (1500 mg/L) the

as-designed model is unable to meet the 90% reduction target because the 24 V constraint

is active, leading to the prediction of 738 mg/L product water for a feed of 1500 mg/L.

By contrast, mass transport to the IEM is the limiting factor in the characterized as-built

system, so the 24 V constraint does not cause an inflection as salinity increases and the

results follow an approximately linear trend as feed salinity increases.

This discrepancy between the modeled and measured desalination is a direct result of
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Figure 5-3: The intersection of two linear fits above and below the limiting current point is
used to determine the estimated applied current where the stack begins to split water along
a portion of the flow path.

decreased current carrying capacity across the flow channels. Two possible explanations for

this are 1) incorrect assumption of mass transport, in particularly mixing as described by the

Sherwood number and 2) reduced planar area in which ions can flow due to air entrapment

in the system.

5.2.1 Effective Sherwood number

Recalling that the relation between Sh and the flow parameters, Re and Sc, is determined

experimentally, we chose to characterize our system in order to determine the mass transfer

behavior specific to the as-fabricated prototype. In our characterization we held the exponent

on Re and Sc constant, and fit a new leading coefficient to the full equation (Eq. 2.9).

The computational system model was used to determine what coefficient would result

in the same integrated current (Iapp) for the stack at the point where the end of the flow

path first attained the limiting current density (ilim). This point was selected given the

clear indication in the experimental data of when ilim is attained. Mathworks MATLAB was

used to optimize what leading coefficient would minimize the sum of squared residuals error
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Figure 5-4: Static desalination performance of POU prototype. The measured salinity at
i = ilimriLim differed by 13% on average (maximum 23%) between the two EDR positions.
The data presented are for operation of the stack with riLim = 0.7. The salinity target used
in designing the system is marked at 1500 mg/L and the inflection in the model curve due
to the voltage constraint is apparent above this point. Error in the as-characterized model
comes from measurement uncertainty of 13.5±0.56 L/hr for flow rate and 90±3% on the
recovery ratio.

between the experimentally measured and computationally modeled Iapp. No significant

difference was observed between the two EDR positions, so the full data set fit was used to

determine the updated Sherwood number correlation of Sh = 0.078Re0.5Sc0.33 that was used

to generate the ‘as characterized’ curve of Fig. 5-4.

After performing characterizations on the as-built system, we can see that the experimen-

tal results fall above the updated modeling predictions for the functionality of the system

by >20%. This characterization involved limiting current tests performed at multiple flow

rates and with feed salinities ranging around the design target. For each fit, the data were

segmented visually into regions above and below limiting current and linear regressions were

applied to determine the intersection point of these curves (see Fig. 5-3 of the supplemental

information section).
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5.2.2 Performance impact of air entrapment in the flow spacer

If the observed performance degradation is due to air entrapment, the observed performance

can be approximated as a percent reduction in area over which the current is allowed to

travel. Using Eq. 2.4, we note that ilim is a current per unit area. We therefore approximate

the relation between measured limiting current Iapp,lim and ilim as

Iapp,lim ⇡
ZZ

LW

ilim ⇡ ilimLW. (5.1)

If we assume that mass transport of ions to the IEM surface is not the limiting factor

experience over a majority of the stack, ilim is constant and the discrepancy between the

measured and modeled Iapp,lim can be described as

Iapp,lim,meas

LWmeas
⇡ Iapp,lim,design

LWdesign
. (5.2)

If air enters a single cell pair within the stack, we hypothesize this would create a decrease

in current flow in the obscured region even in subsequent cell pairs where the air was not

present. This could explain a reduction in current while flow properties (and therefore mass

transfer) are not as significantly impacted because the 45 remaining cell pairs would see a

relatively small impact from an air obstruction of one cell pair. Across the data collected, on

average an obstruction of 68±8% of the normally open flow path would cause the observed

results.

Assuming that air entrapment is at least a contributing factor in the decreased desalina-

tion performance, there are two ways to diminish this issue. First, during the stack design

phase, alternate (thicker) spacers with comparable open area could be considered in order to

better allow air to exit the system and not become trapped by surface tension in the narrow

voids of the spacer. Second, during manufacturing and system integration, controls could

be put in place to reduce the likelihood of air entering the system (e.g. by constructing the
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stacks while submerged in water or shipping the stacks wet as is done with RO membranes)

and to prevent air from reaching the stack during operation (e.g. through the use of bleed

valves).

5.3 Experimental pressure loss comparison

Three models of pressure drop were assessed for the system we built to validate the design

study. All three were selected from Wright et al.’s [21] paper on ED stack modeling for their

correspondence to the systems they analyzed. In addition to the model from Ponzio et al,

(Eq. 2.11), additional models proposed by Pawlowski et al. [37] and Gurreri et al. [38] for

woven spacers were considered. The friction factors for the latter two models are given below

and can be directly substituted into Eq. 2.11 in their given form.

fPonzio:Re<61 =
1400

Re
(5.3)

fPawlowski =
24(2 + 8(1� ✏))2

✏3Re
(5.4)

fGurreri = 4
50.6

✏7.06Re
(5.5)

Similar to Wright et al. [21], we observed a better correspondence to the Gurreri model

for the smallest (fewest cell pair) system that we tested as can be seen in Fig. 5-5. The

stack showing this correlation in our data used the same flow path geometry as the eventual

full-size prototype, however, it had 15 cell pairs instead of the full 46. When the additional

cell pairs were added, the system corresponded much better to the Ponzio or Pawlowski

models.
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Figure 5-5: Comparison of measured pressure drop verses modeled pressure drop predictions
for two iterations of the prototype system.

5.4 Operational adaptability

Responding to the requirement that the system be responsive to instantaneous changes in

feed water salinity, time series experiments were performed to examine the system response

to dynamic feed salinity. After a target TDS was selected (e.g. 10% of the feed), a linear

control scheme was used to track the initial voltage/current to within a target band. Fig. 5-6

demonstrates the response of the system to a change in feed salinity (initial portion of the

curve) and a polarity reversal (at 35 s). The target output in this trial was maintained at

70% of the feed TDS and recovery was 92%.

The time series plot shows over-shooting behavior both when the salinity increases and

when it decreases. Additional refinement of the controller will be necessary to more rapidly

meet a TDS change and supply product water that does not significantly disrupt the salinity

of stored product water in the system. However, rapid changes in feed salinity would not be
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common in practice, as they are more likely to drift over time with environmental changes.

This is feasible with the implementation of PID control and improved initial targeting based

on approximations from the advanced system models described previously.

The large error range on the analog sensors commonly used in POU RO systems can

also bee seen in Fig. 5-6. Some level of customer input may be required in order to tune

the preferred level of desalination if the sensors drift over time and cease to produce the

expected results. This is typical of RO POU purifiers on the market today. Recalibration to

test solutions would also be required during service visits in order to ensure that a shift in

the input conductivity reading would not cause the applied current to the stack to exceed

the current limit threshold.

Figure 5-6: Linear control provides confidence that active feedback to the stack allows the
system to adjust to changes in feed water concentration while maintaining a fractional salt
cut, here set to 70%. This is maintained through a reversal of the EDR system at ~35s.

5.5 Packaging volume mock-up

Figures 5-7a and 5-7b demonstrate the fit of the proposed system architecture within an

existing commercially available RO purifier housing. This demonstrates a POU ED system

could meet the packaging design requirement laid out in Table 1.1. The stack volume was
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modeled after the prototype system (not the design-study system of Section 4.3). RO com-

ponents have been removed and the pump has been replaced with a smaller model that is

better suited to the pressure drop across the ED stack. The back of the unit accommodates

the acid storage reservoir and acid pump and valves. The front view includes the stack and

the additional valves necessary for reversing the outputs of the system. The pump is not

visible as depicted here but is installed under the stack in this view. Note that the valve

Figure 5-7: Volumetric models of all required components additional to the ED system are
included in a commercially available wall-mount purifier on the market from Eureka Forbes.
a. The stack and hydraulic network of valves necessary for reversal is contained by volume
in place of the standard RO pump. The feed pump necessary for the ED system is small
enough to fit in a gap underneath existing components. b. The acid storage container and
the miniature pump necessary to dispense the acid is located in place of the RO cartridge
on the back side of the device.

network on the stack output could not be plumbed into the rest of the system in the volume

study as shown. Furthermore, the front edge of the stack as proposed would interfere with
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the purifier front cover by ⇡0.5 cm given the location of the mid-plane attachment plate

within the RO purifier. While all the components have sufficient available volume to fit, the

interior geometry of the purifier will require modification to allow for the necessary hydraulic

connections to be made.
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Chapter 6

Discussion and conclusions

6.1 Discussion

As presented here, POU ED offers the opportunity to rethink conventional ED system de-

sign. The novel, direct-flow continuous design proposed allows for lower cost and complexity

systems than have been previously proposed for POU ED. This novel system architecture

showed further promise as the most capital-cost optimal POU ED design in the trade off

analysis performed in Section 4.3. Indian customers have previously indicated a willingness

to pay over USD 200 for high recovery devices [6]. While the overall capital cost of the

refined system design is higher than the capital cost of current RO systems, it falls near the

previously predicted willingness to pay. At the same time, households using a high-recovery

ED purifier would save additional cost in lower water use rates. The estimated capital cost

would likely come down as the stack build costs benefits from economies of scale, however it

is our belief that the cost of a POU ED system will remain above current RO products.

In Section 2.4 we discussed design insights relating to pressure differential and flow rates

within a POU ED stack that we were then able to realize in a functional prototype in Section

5. This system was able to operate on a single pump for water circulation, unlike industrial

systems that require two pumps. While the desalination was not sufficient to meet the
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design requirements, the architecture of the stack presented no indications that it was the

cause of the problems observed. Recovery was maintained at 90±1% for >20 L of water

and the discrepancy between the positions was minor (within 4%) through multiple system

on-off cycles over 7 days, indicating that the system maintained the recovery ratio while

also implementing the necessary self-cleaning measures that will make it successful in the

long-term. No intermediate storage reservoirs or pumps were required to recover more than

50% of the feed volume as product water. As predicted in the design insights, no membrane

damage was observed at the POU flow rates. Further, the packaging volume of the system

proposed was sufficiently small to fit (by volume) within a commercial POU purifier housing.

Despite successfully validating the proposed architecture, the desalination performance

and installation requirements of the prototype described in Section 5 could still be improved.

The volumetric model study of this architecture made clear the value of minimizing compo-

nent count and volume for any ED stack intended for inclusion in wall-mount POU purifiers.

The initial design requirement of volume under 6 L for additional components may more

realistically be reduced to 5 L to enhance accessibility of components during assembly or

maintenance. Identifying commercially available items that can fill the need for two position

valves at a comparably low cost will go a long way towards simplifying the bill of materials

for even the simplified architecture. Customization of low-cost components (such as the acid

storage tank) may also allow usable internal volume to be maximized. Including an acid

reservoir with a shape molded to fit into an otherwise unused or inaccessible area of the

internal cavity could help capitalize on the space available.

In order to improve the desalination function of the prototype we suggest a reassessment

of the material set being used in fabrication. For the same design requirements used to design

the prototype, the cost-optimal design for a stack using the same PCCell mesh used in the

characterization study would result in a system with a predicted capital cost of 10% greater

than with the material set used to construct the prototype ($182 total cost with a stack cost

of 20% greater than the prediction with parameters of 5.1). This mesh, when used in the
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commercial bench-top system, has previously been shown to align with the mass transfer

predictions of Eq. 2.9. Similarly, with parameters of the PCCell mesh, the volume of the

stack increases by 20% from 2 L to 2.4 L. Given this mesh has been previously validated and

is used in fielded systems, updating the design to use this mesh would likely eliminate the

problems encountered with the thinner mesh used here.

With the ability to reject higher salinity waste water, the question of brine management

is inevitable. The environmental cost of adding the volumes of brackish water produced by

POU ED should be further considered. However, given the relatively small volume com-

pared to other desalination applications (e.g. in agriculture) and given that POU purifiers

frequently channel their waste to a municipal drain, mitigation of the increased brackish

water should be manageable at the municipal level. This will become a greater issue as the

market growth predicted for POU systems is realized.

Even with the work that remains, the potentially massive environmental benefit of im-

plementing POU ED to conserve water warrants continued effort on this topic. As discussed

previously, with only 10% adoption of low-recovery POU purifiers in the two highest socioe-

conomic groups of India, 234 ML of water would be wasted every day [6]. The same adoption

rate of 90% recovery ED POU purifiers would save >225 ML/day and leave millions of liters

of water available to meet the needs of additional households around India.

6.2 Conclusions

The amount of water wasted by commercial POU purifiers in India, combined with their

growing adoption rates, provide a compelling case to innovate in the POU water purification

space before water scarcity in the region accelerates further. ED provides promise in the

form of a water-efficient technology compared to RO. In this work we present a rigorous

analysis of the design requirements for a POU ED purifier in order to propose a technological

manifestation that meets market and consumer requirements in a affordable, water-saving
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product. The main contributions of this work are:

1. a new direct-flow continuous architecture with variable flow rates,

2. demonstrated cost feasibility of POU ED with higher fidelity than previous work, and

3. validation of the architecture proposed via experimental lab tests and a full-size mock-

up.

We provide a comprehensive list of design requirements that not only meets the needs of

the end user but responds to the production and commercial market pressures that govern

the success of a new consumer product. Early integration of Eureka Forbes as a stakeholder

in the design process aided in the generation of this list. Through combining a model-based

examination of ED systems architectures with insights about ED function that are unique to

the POU scale, we were able to show that a previously unexplored ED system architecture

exists that better meets these design requirements.

This direct-flow continuous architecture uses a single pump, fewer valves and no inter-

mediate storage tanks, saving cost and reducing complexity compared to the system archi-

tecture common to industrial ED. The insight that the diluate and concentrate channels

could tolerate different flow rates at the POU scale enabled this direct-flow architecture to

be realized. A prototype of this system was able to validate the water conservation, lower

pressure requirement, and affordability of the proposed architecture.

While the desalination performance of the POU ED prototype was approximately half

that initially predicted in the model, we hypothesize that a different choice of mesh would

enable improved desalination without significantly increasing the cost or packaging volume

of the system. Further work is needed to characterize the materials of a commercially-ready

system.
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Table 6.1: Acronyms and variables

Abbreviations Meaning
CC Capital Cost
C Concentration
Cb Concentration in the bulk
Cd/c diluate or concentrate
Daq Diffusion coefficient
ED Electrodialysis
EDR Electrodialysis Reversal
F Faraday constant
h Channel height
ilim Limiting current
k Mass transport number
L Flow path length
LSI Langelier Saturation Index
N# Number of cell pairs in stage(#)
OC Operational Cost
P Pressure
POU Point of use
Qprod Production flow rate
Q Cell pair flow rate
riLim Limiting current threshold ratio
Rmem Membrane resistance
RO Reverse osmosis
Sh Sherwood number
SV Solenoid valve
TDS Total dissolved salts
uv Void channel velocity
V # Voltage applied to stage(#)
W Flow path width
z Ion valency
✏ Void fraction of spacer
⇢ Density of feed water
� Area porosity of spacer
⌘pump Efficiency of the pump
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Appendix A

2-stage intermediate concentration

validation

After obtaining the cost optimal design of the 2-stage system, I was able to validate the

analytical result of Equation 4.4 for the intermediate concentration of the stack. I was able

to demonstrate that for the optimal cell pair distribution between the first and second stages,

the geometric mean is the convergence point where the least amount of the flow path length

will be over the limiting current (i.e. the most cost effective design to achieve operation

within the design requirements occurs under these conditions. Fig. A-1 demonstrates this

for the cost-optimal case. Three path lengths were tested for 7, 10, and 13 cell pairs in

the second stage, and the intermediate concentration was incremented between the feed and

product concentration. Allowing the simulation to apply the required voltage to achieve the

target intermediate and feed salinities.

For the higher and lower cell pair counts, the non-optimal cases favor increased amount of

desalination in the stage that has a relative membrane ‘surplus’, shifting the inflection point

to a higher intermediate salinity in the case of greater membrane area in stage 2 (N2=13),

and lower Cint when less membrane area is present (N2=7).
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Figure A-1: Manually varying the midpoint salinity show convergence on the geometric mean
as the intermediate salinity with the least amount of flow path over the current threshold
across a range of path lengths and number of cell pairs in the second stage, N2. Convergence
is best at the optimal capital cost design (minimum membrane area). Path width 20 mm,
13 cell pairs in the first stage.
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Appendix B

Capital cost sourcing

A complete list of sources for the capital cost of a POU purifiers is in Table B.1, below.
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Table B.1: The capital cost estimates are based on a combination of commercially available
figures for component parts and quotes received by the authors while constructing the design.

Component Unit
cost
[$US]

Source

Fixed purifier costs
Housing 11 Material cost estimate for injection molding without amortized tooling

costs. Assuming at-volume production
Water storage within

unit
5 AliExpress Runing road Store: 15L Water Plastic Bucket Home Water

Storage Reusable Plastic Water Bottle Gallon Jug Storage Container Out-
door BPA-Free Hot Sale

Hydraulic piping and
network

4 AliExpress China Pneumatic & Industrial Market - AliExpress: Store

Power supply 6 AliExpress Walking Koala Store: 12V 5A 5 amp 60W DC EU POWER
Supply ADAPTER Transformer LED Strip Light for 5050 3528 #15

Electronic circuitry 9 Based on prototype fabrication costs priced out to bulk order quantities.
$1 PCB, chip-level component costs

Conductivity meter 1 Half the cost of a packaged handheld TDS meter on the market: AliEx-
press Honestycentre Store: Portable Pen Portable Digital Water Meter
Filter Measuring Water Quality Purity Tester TDS Meter

Sediment filter 2 AliExpress Smart Home Life Store: Water Purifier 10 Inch 4pcs 1 Micron
Sediment Water Filter Cartridge PP Cotton Filter Water Filter System

Carbon filter (2X) 2 AliExpress Make It Happen Store: Activated Carbon Home Kitchen
Faucet Tap Water Clean Purifier Filter Cartridge High Quality and AliEx-
press Smart Home Life Store: Water Systems Replacement Pre-Filter SET
3 Stage Whole House Water Filter PP Sediment Carbon Filter Cartridge
Reverse Osmosis

UV sanitizing lamp 4 AliExpress GuanXia Store: Ultraviolet Ozone Lamp Quartz Glass Screw
Light Bulb Disinfection Light For Bathroom Bedroom Living Room UV-
Licht Sterilisator

Total fixed cost: 47
Costs of an ED system

Water pump 16 AliExpress Coronwater Official Store: Coronwater 75gpd Water Filter RO
Water Booster Pump 2766NH Increase Reverse Osmosis System Pressure
Cost estimation based on the price of RO pumps for the purposes of
estimation, a lower-cost, lower-pressure pump can be exchanged into the
ED system for cost savings given the lower pressure of ED operation.

Solenoid valves 2.5 AliExpress Shop2960077 Store: Water Inlet Valve AC220V 12V 24VDC
NO NC Plastic Solenoid Valve 1/4" 3/8"OD TubeHose Connection forRO
Reverse Osmosis PureSystem

Miniature pump for acid
dosing

5 AliExpress Shop5366192 Store 12V DC Small 370 Water Pump With DC
Motor Low Noise Large Water Flow 0.4-1.2L/min For Drinking Mini KLC
Diaphragm Vacuum Pump

Stack-specific electron-
ics

4 Estimated by the authors from quotes used in manufacturing the proto-
type set-up

Conductivity meter 1 (one additional sensor to that listed in purifier costs section, see above)
ED stack hardware 4 Estimated by the authors from quotes used in manufacturing the proto-

type with assumption of savings for at-volume production
Variable costs of the ED stack

Electrodes 2000/m2 Quote obtained by the authors [35]
Membranes 40/m2 Quote obtained by the authors [36]
Spacers 0.06/m2 Estimate based on capital cost of mesh. Exact cost will depend on pro-

duction volume.

86

https://www.aliexpress.com/item/4001296938416.html?spm=a2g0o.productlist.0.0.17a62361UhOBDo&algo_pvid=b7fe35e1-7d34-48f8-908c-68c13b4fcb89&algo_expid=b7fe35e1-7d34-48f8-908c-68c13b4fcb89-5&btsid=0ab6f82c15982110410498289ef137&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/4001296938416.html?spm=a2g0o.productlist.0.0.17a62361UhOBDo&algo_pvid=b7fe35e1-7d34-48f8-908c-68c13b4fcb89&algo_expid=b7fe35e1-7d34-48f8-908c-68c13b4fcb89-5&btsid=0ab6f82c15982110410498289ef137&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/4001296938416.html?spm=a2g0o.productlist.0.0.17a62361UhOBDo&algo_pvid=b7fe35e1-7d34-48f8-908c-68c13b4fcb89&algo_expid=b7fe35e1-7d34-48f8-908c-68c13b4fcb89-5&btsid=0ab6f82c15982110410498289ef137&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/store/1852426?spm=a2g0o.detail.100005.2.734666d95Rno1u
https://www.aliexpress.com/item/4000530815972.html?spm=a2g0o.productlist.0.0.50ad31d5E4nklH&algo_pvid=90d51109-06a2-4de5-a5c9-bbae6d19e8eb&algo_expid=90d51109-06a2-4de5-a5c9-bbae6d19e8eb-23&btsid=0be3743b15982092119378012e80ac&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/4000530815972.html?spm=a2g0o.productlist.0.0.50ad31d5E4nklH&algo_pvid=90d51109-06a2-4de5-a5c9-bbae6d19e8eb&algo_expid=90d51109-06a2-4de5-a5c9-bbae6d19e8eb-23&btsid=0be3743b15982092119378012e80ac&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/32591920183.html?spm=a2g0o.productlist.0.0.1d463d17zQyQFh&algo_pvid=2795add5-6604-4d5c-83c0-08ef6c2c002c&algo_expid=2795add5-6604-4d5c-83c0-08ef6c2c002c-0&btsid=0be3769015982113084452217eb0cf&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/32591920183.html?spm=a2g0o.productlist.0.0.1d463d17zQyQFh&algo_pvid=2795add5-6604-4d5c-83c0-08ef6c2c002c&algo_expid=2795add5-6604-4d5c-83c0-08ef6c2c002c-0&btsid=0be3769015982113084452217eb0cf&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/32719975703.html?spm=a2g0o.productlist.0.0.27a1605baQoq0s&algo_pvid=6b93654d-0d44-4e7f-a979-38601475dfbf&algo_expid=6b93654d-0d44-4e7f-a979-38601475dfbf-4&btsid=0ab6fa7b15982084176674530e6fc9&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/32719975703.html?spm=a2g0o.productlist.0.0.27a1605baQoq0s&algo_pvid=6b93654d-0d44-4e7f-a979-38601475dfbf&algo_expid=6b93654d-0d44-4e7f-a979-38601475dfbf-4&btsid=0ab6fa7b15982084176674530e6fc9&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/32730351915.html?spm=a2g0o.productlist.0.0.a8895a3aXtDCy3&algo_pvid=59f8d6e0-db4a-4008-9934-03ffe4e1fc7a&algo_expid=59f8d6e0-db4a-4008-9934-03ffe4e1fc7a-22&btsid=0ab6f82c15982085595534954ef15a&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/32730351915.html?spm=a2g0o.productlist.0.0.a8895a3aXtDCy3&algo_pvid=59f8d6e0-db4a-4008-9934-03ffe4e1fc7a&algo_expid=59f8d6e0-db4a-4008-9934-03ffe4e1fc7a-22&btsid=0ab6f82c15982085595534954ef15a&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/4001149740976.html?spm=a2g0o.productlist.0.0.a8895a3aXtDCy3&algo_pvid=59f8d6e0-db4a-4008-9934-03ffe4e1fc7a&algo_expid=59f8d6e0-db4a-4008-9934-03ffe4e1fc7a-28&btsid=0ab6f82c15982085595534954ef15a&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/4001149740976.html?spm=a2g0o.productlist.0.0.a8895a3aXtDCy3&algo_pvid=59f8d6e0-db4a-4008-9934-03ffe4e1fc7a&algo_expid=59f8d6e0-db4a-4008-9934-03ffe4e1fc7a-28&btsid=0ab6f82c15982085595534954ef15a&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/4001149740976.html?spm=a2g0o.productlist.0.0.a8895a3aXtDCy3&algo_pvid=59f8d6e0-db4a-4008-9934-03ffe4e1fc7a&algo_expid=59f8d6e0-db4a-4008-9934-03ffe4e1fc7a-28&btsid=0ab6f82c15982085595534954ef15a&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/4000965863592.html?spm=a2g0o.productlist.0.0.38985727JfOfr8&algo_pvid=9a0bed0b-cca5-4e98-959c-76ac9aa54e45&algo_expid=9a0bed0b-cca5-4e98-959c-76ac9aa54e45-0&btsid=0ab6fb8815982083122145505e924a&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/4000965863592.html?spm=a2g0o.productlist.0.0.38985727JfOfr8&algo_pvid=9a0bed0b-cca5-4e98-959c-76ac9aa54e45&algo_expid=9a0bed0b-cca5-4e98-959c-76ac9aa54e45-0&btsid=0ab6fb8815982083122145505e924a&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/4000965863592.html?spm=a2g0o.productlist.0.0.38985727JfOfr8&algo_pvid=9a0bed0b-cca5-4e98-959c-76ac9aa54e45&algo_expid=9a0bed0b-cca5-4e98-959c-76ac9aa54e45-0&btsid=0ab6fb8815982083122145505e924a&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/1157790089.html?spm=a2g0o.productlist.0.0.519a60e9O0Px5T&algo_pvid=cbfb8610-cd5b-439a-8354-7c690ccc1e52&algo_expid=cbfb8610-cd5b-439a-8354-7c690ccc1e52-2&btsid=0ab6fa8115982072877254851eeead&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/1157790089.html?spm=a2g0o.productlist.0.0.519a60e9O0Px5T&algo_pvid=cbfb8610-cd5b-439a-8354-7c690ccc1e52&algo_expid=cbfb8610-cd5b-439a-8354-7c690ccc1e52-2&btsid=0ab6fa8115982072877254851eeead&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/4000861444399.html
https://www.aliexpress.com/item/4000861444399.html
https://www.aliexpress.com/item/4000861444399.html
https://www.aliexpress.com/item/4000480478320.html?spm=a2g0o.productlist.0.0.534e5ae5wUEHte&s=p&ad_pvid=20200823122621332711347132800003462950_1&algo_pvid=969e1bed-a97f-4550-9a77-dfdd0e328ada&algo_expid=969e1bed-a97f-4550-9a77-dfdd0e328ada-4&btsid=0ab6f82115982107814032102e7daf&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/4000480478320.html?spm=a2g0o.productlist.0.0.534e5ae5wUEHte&s=p&ad_pvid=20200823122621332711347132800003462950_1&algo_pvid=969e1bed-a97f-4550-9a77-dfdd0e328ada&algo_expid=969e1bed-a97f-4550-9a77-dfdd0e328ada-4&btsid=0ab6f82115982107814032102e7daf&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_
https://www.aliexpress.com/item/4000480478320.html?spm=a2g0o.productlist.0.0.534e5ae5wUEHte&s=p&ad_pvid=20200823122621332711347132800003462950_1&algo_pvid=969e1bed-a97f-4550-9a77-dfdd0e328ada&algo_expid=969e1bed-a97f-4550-9a77-dfdd0e328ada-4&btsid=0ab6f82115982107814032102e7daf&ws_ab_test=searchweb0_0,searchweb201602_,searchweb201603_


Appendix C

Complete results of comparison

The table below details the metrics of comparison across the full design space considered
during the trade off (feed water salinities of 500 and 2500 mg/L). Many of the same trends
between the three designs observed at 1500 mg/L are apparent at 500 and 2500 mg/L.

The cost of the two direct-flow continuous architectures is seen to increase as the salinity
increases. This increase is driven directly by the requirement to accommodate higher feed
salinities: the membrane and electrode area required to accommodate the potential for more
saline feed is higher, adding to system costs. By contrast, the cost of the batch system stack
is constant across all input salinities. This is a result of the fixed percent reduction in salt
content for all the feeds and therefore the same ratio of Cp/Cf . The added costs of a larger
batch system is derived purely from the added cost of the acid required to meet the LSI
threshold for the increased salinity concentrate.
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