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Abstract

This thesis investigates the pareto-optimal design of a household point-of-use batch
electrodialysis (ED) system to provide a cost-effective replacement for existing re-
verse osmosis (RO) devices, for brackish water desalination of Indian groundwater, at
lower energy consumption and higher recovery: 80-90% vs 25-40%. Target specifica-
tions derived from user-interviews, and RO products, guided the selection of a batch
architecture, for which a coupled flow-mass transport model to predict desalination
rate was developed, and validated using a lab-scale ED stack. The effects of varying
the production rate (9-15 L/hr) and product concentration (100-300 mg/L) require-
ments on optimal selection of geometry, flow-rates, and applied voltage for total cost
minimization were then explored using a multi-objective genetic algorithm. Given
the low utilization of the system and the current cost of materials, the energetic cost
was dominated by the capital-cost of the system. At a fixed feedwater concentration
of 2000 mg/L, which is representative of the upper bound on groundwater salinity
underlying much of India, and a recovery ratio of 90%, the capital cost sharply in-
creased for systems targeted at 100 mg/L vs 200 mg/L and 300 mg/L: $141, $93, and
$79, respectively averaged for systems that produced between 11.5 and 12.5 L/hr of
desalinated water. Promising directions for additional cost reduction include voltage-
regulation during the batch process and the development of inexpensive pumps. In
addition, a candidate cost-optimal design was prototyped and tested to verify that
the measured desalination performance agreed with the modeled expectations.

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

Introduction

This thesis investigates the design of a point-of-use batch electrodialysis (ED) system

to provide a higher-recovery yet cost-effective replacement for existing reverse osmosis

(RO) devices, which are used for desalination of groundwater in Indian households.

In this work, I have

" identified design requirements for the proposed ED-based system,

" developed and validated models for analyzing flow and mass transfer through

the ED stack,

" investigated cost-optimal design configurations targeted at varying production

requirements using simulation,

" fabricated and tested a prototype system intended for the household application,

" and, suggested promising research directions for further cost reduction.

1.1 The Problem

The WHO UNICEF Joint Monitoring Programme for Water Supply and Sanitation

reported that 94% of the urban population in India had access to an improved source

of drinking water in 2015 [1]. However, in 2011, 13-32% improved sources tested in

five countries returned contamination levels unsafe for drinking, thereby indicating

17



that an improved source does not guarantee clean water [2]. Similarly, water testing

in India has also indicated that water quality remains problematic in Indian cities.

As high as 70% of tap-water samples in certain municipal wards of Mumbai tested

as having unsafe levels of bacterial contamination, and municipal supply samples in

Jaipur and Calcutta also raised similar concerns [3]. In 2016, Ghosh et al. found

that 80% of surveyed Delhi respondents in organized housing did not consider their

municipal water to be reliable for drinking [4], indicating that the public is aware of

the risks associated with drinking it.

Compounding the issue of poor quality is the inadequate and intermittent supply

of municipal water. Sixty five percent of the 2734 households surveyed by Shaban and

Sharma in Delhi, Kanpur, Kolkata, Ahmedabad, Mumbai, Hyderabad and Madurai

were considered water-deficient, receiving less than 100 liters per capita per day [5],

and only 18% received 24-hour water supply. Given the insufficient municipal supply,

households rely on groundwater to accommodate their water needs. Shaban and

Sharma determined that while only 7% of households depended solely on groundwater,

an additional 38% used groundwater to supplement their piped supply [5]. In a wider

study spanning more cities, Bajpai and Bhandari estimated that approximately 28%

of urban homes depended on groundwater [6] as their main source of water.

However, much of the groundwater underlying India is also unsafe for drinking

without treatment. While the content of microbiological pathogens is lower than

in surface water [7], other contaminants affecting its quality include nitrates, iron,

arsenic, fluoride, and salinity [8]. In a study performed by the Central Ground Wa-

ter Board, groundwater that underlies 60% of India was classified as being brackish

(Fig.1-1). Water from these sources was characterized as having high salt content

with total dissolved solids (TDS) ranging from 480 mg/L to 3000 mg/L. This salinity

exceeds the 500 mg/L TDS standard recommended by the Bureau of Indian Standards

(BIS) for drinking water [9], and is indicative of poor palatability. The consumption

of high salinity water may also pose adverse health effects including gastro-intestinal

irritation [9] and the development of kidney stones [10].

Complicating matters further, domestic consumption, together with industrial

18
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Figure 1-1: Groundwater salinity map of India [11].

and agricultural exploitation of groundwater has resulted in depletion of the resource

[12, 13j (Fig.1-2). Of the 5723 blocks assessed by the Central Groundwater Board in

2010, 839 were found to be over-exploited, 550 were classified as critical, and 550 were

determined to be in a semi-critical state 111, 141. With more than 60% of irrigated

agriculture and 85% of drinking water supplies dependent on groundwater in India

[13], it is prudent the remaining resources be conserved and better-managed.

1.1.1 Existing Use of Reverse Osmosis Systems

Since the existing public infrastructure is unable to reliably deliver safe, desalinated,

and uncontaminated water to homes, consumers have turned to in-home water purifi-

cation. However, methods which include straining water though a cloth, boiling, or

ultraviolet (UV), treatment do not address the high levels of dissolved salts present

in groundwater. The only commercially available household water treatment option

in India that is capable of managing this salinity is reverse osmosis (RO). In RO,

a mechanical pressure is applied to overcome the osmotic pressure and drive water

19
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Figure 1-2: Map of groundwater availability across India, generated using India Water
Tool [15], using data provided by the Central Groundwater Board. The net annual
groundwater availability is defined as the available groundwater after deducting the
natural discharges to the surface, during the non-monsoon period, from the annual
replenishable groundwater due to rainfall.

across a semi-permeable membrane, against a concentration gradient, from a high

salinity solution to one of lower salinity.

Household RO systems are widely used in Indian homes for desalination and wa-

ter purification. The scale addressed here refers to point-of-use (POU) household

water treatment and storage systems that typically produce 8-15 L/hr of drinking

water, store 7-10 L, weigh 8-11 kg, and are usually wall-mounted or placed on kitchen

counters in individual homes (Fig.1-3). These systems are capable of desalinating

groundwater to a total dissolved salt (TDS) content that is suitable for drinking (less

than 500 mg/L 191), but they recover only 25-40% 118] of the feed, thereby further

stressing the limited water resources. O'Connor estimates that even at an assumed

20
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Figure 1-3: Two popular RO purifier in the Indian market, with their respective
dimensions: Aquaguard Geneus by Eureka Forbes Ltd. 1161 (left), and Grand RO
Plus by Kent [171 (right).

conservative RO adoption rate of 30% among households in the top two socioeconomic

tiers, a total of 390 million liters of water per day is lost as reject in Indian cities to

satisfy drinking water needs 1191. Given this significant wastage, an alternative device

is sought to provide the same desalination capability, while conserving more water.

The demand for POU home-treatment RO devices has grown significantly since

their introduction in 1999. In a survey of 496 Delhi homes conducted by Ghosh et al.

in 2016, it was found that 77% and 44% of high and middle-income group households,

respectively, had adopted RO water treatment systems 14]. Furthermore, the market

for these products is forecast to continue growing at a compound annual growth rate

of 18.2% between 2016 and 2024 [201; therefore, there is also a commercial opportunity

for more efficient desalination solutions to capture a fraction of this demand.

1.2 Electrodialysis, a viable alternative

Electrodialysis (ED) is an alternative desalination process to RO, whereby saline

water flows through a series of channels in a stack (Fig.1-4). An electric potential is

applied across the stack, using electrodes, to force the movement of anions towards

21



the anode and cations move towards the cathode. The channels in the ED stack are

separated by alternating permselective ion-exchange membranes. Anions can only

pass through anion exchange membranes (AEM), while cations can only pass through

cation exchange membranes (CEM). This selective transport of anions and cations

results in the separation of the feed solution into alternating streams of diluted and

concentrated saline flows, which are individually collected at the outlet of the stack.

Given that the concentration of the groundwater underlying a majority of India

is under 2000 mg/L, electrodialysis (ED) can provide a higher recovery (80-90%) and

more energy-efficient desalination compared to RO (Figl-5) [21, 221. ED desalination

may not provide significant energy savings alone, considering only approximately

7.5% of the total household energy consumption is related to water purification [4];

however, together with pumping less water to roof-top tanks (37.5% of total 14]),
the energy savings could be significant. In addition to higher recovery and energy-

efficiency, ED is also known to have a number of other benefits over RO including

longer membrane life, lower vulnerability to feed water changes, operation at higher

temperatures, and lower sensitivity to chlorine [22, 23].

Saline Feed

I 0 *I I e

Cathode AnodeC
E E+

IM IM

Cell Pair
Diluate Channel

Concentrate

Figure 1-4: In ED, a voltage potential is applied across a series of alternating cation

(CEM) and anion (AEM) exchange membranes to draws ions from the diluate to the
concentrate channels.
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Figure 1-5: Wright and Winter compared the specific energy for desalination between
ED and RO for varying feedwater concentration, and a product water concentration
of 350 mg/L. Recovery ratios of 80% and 50% were assumed for batch ED and RO,
respectively, with the latter operating at an overpressure of 8 bar and 75% pump
efficiency [21]. ED was found to consume less energy in the groundwater salinity
range prevalent in India.

The primary disadvantage of ED in this comparison is that, RO is also capable

of removing pathogenic organisms from the water. However, existing domestic RO

water purification systems are also equipped with pre-treatment and post-treatment

steps that manage this microbiological content, including ultrafiltration and UV dis-

infection.

Equipped with similar pre and post-treatment, an ED-based POU household water

treatment system has the potential to satisfy the desalination and purification needs of

Indian households while providing a higher recovery and consuming less energy than

RO. Similarly, growing concern over water scarcity and the need for more energy-

efficient desalination has also recently revived an interest in the possibility of using

ED for brackish water desalination and tap-water softening in European cities [241.

Despite this interest surrounding the use of ED for household water treatment

purposes, little work has been performed to characterize the design of an appropriate

ED system for the application. Pilat developed and piloted more than 200 domestic

ED units before 2001, but little information regarding cost or the design of the system

was provided 1251. More recently, Thampy et al. investigated a hybrid approach
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whereby ED was used to initially desalinate 2000-4000 mg/L water to 500 mg/L

and further desalination to 120 mg/L or lower thereafter was achieved using RO

1261. Given that their small-scale system operated in a continuous process, without

the recirculation of product water, only 50-60% of the feed supply was recovered.

Instead, Nayar et al. showed that it was feasible to implement ED solely in a batch

architecture, where product water is recirculated, to desalinate from 3000 mg/L to

350 mg/L, at a competitive production rate of 12 L/hr while providing 80% recovery

[27]. However, the system was projected to be too expensive for the given application:

$206 for the entire system, $138 of which was attributed to the ED stack and pumps.

It follows that the proposed batch ED desalination system needs to be redesigned

for lower cost in order to be competitive with RO. This objective forms the central

topic of this thesis.

1.2.1 System Specifications

Target specifications for the proposed ED-based household water treatment system

were derived from the performance offered by existing RO products, interviews with

users of household water-treatment systems, and input from our collaborator, Eureka

Forbes Ltd (Table 1.1).

Table 1.1: Household ED Desalination Treatment Specifications

Specification Target
Feed Concentration 2000 ppm

Product Concentration 100 ppm
Desalination Rate 9-15 L/hr

Recovery Ratio 90%
Manufacturing Cost $75

Packaging Similar envelope as existing RO devices
Storage Capacity 8-10 L

It is worthwhile noting that the World Health Organization (WHO) [28] and Bu-

reau of Indian Standards [91 consider water with total dissolved salt (TDS) content

that is less than 500 mg/L to be safe for drinking. However, product water concentra-

tions as low as 100 mg/L are targeted in this work in order to conform to the palette
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of Indian customers who are accustomed to drinking RO-filtered water 126].

1.2.2 Proposed System Architecture

ED can be implemented in two distinct architectures: batch and continuous. The

batch process involves recirculation of both the diluate and concentrate streams

through the stack until the salt concentration in the diluate tank decreases to the

desired level, whereas the desired diluate salinity is achieved within a single pass of

the feed through the stack in a continuous process (Fig.1-6).

Although a continuous architecture would allow for instant water desalination and

simpler plumbing, the size of such a system would be prohibitively large for household

application. In contrast, the batch architecture is better suited here, given that the

proposed system is required to fit within a similar envelope as existing RO devices

(Fig.1-3). Furthermore, since recirculation allows a smaller stack to be used than

for a comparable continuous process, the capital cost of the treatment system is also

decreased. Therefore, a batch architecture was selected for the proposed ED-based

household water treatment system.

The batch ED system (Fig.1-6 right) evaluated by Nayar et al.[27] and developed

further in this thesis consists of two primary flow circuits: one for the diluate, and

the other for the concentrate. At the start of each batch process, both tanks hold

feedwater at the same concentration. The relative volume of water in the diluate

versus the concentrate circuits governs the recovery ratio of the process. During

desalination, a voltage is applied and fluid is recirculated through the stack until the

desired concentration is achieved in the diluate tank. At the end of the batch process,

the diluate is drained into a separate storage tank for on-demand delivery to the user.

With this architecture, treatment duration can easily be adopted to accommodate

varying feedwater salinity and product water salinity preferences.

An additional circuit may be required to rinse the electrodes; however, this stream

does not affect desalination performance significantly, and could potentially be inte-

grated with the concentrate stream [261.
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1.3 Our Partner: Eureka Forbes Ltd.

Our sponsor and collaborator, Eureka Forbes Ltd (EFL) has played an important

role in providing safe drinking water to the Indian public. With the introduction of

the original Aquaguard UV water purifier in 1984, the company mobilized a team

to visit individual homes and demonstrate the benefits of water purification directly

to customers. Today, Aquaguard continues to a be a trusted brand, and maintains

a dominant share in an otherwise competitive market. Due to their capabilities as

a large scale manufacturer and experience in marketing, distribution, and servicing,

EFL serves as a valuable partner for the development of domestic water desalination

and purification systems for Indian homes.

1.4 Outline of the Thesis

Paired with the necessary pre and post-filtration, batch ED is shown to be a more

efficient alternative to RO for household desalination in Indian cities; however, further

development is required to improve its affordability. Therefore, the primary objective

of this thesis is to investigate the design of the proposed desalination system, which

is comprised of the stack and pumps, in order to suggest configurations that are more

cost-competitive with existing RO devices.

A combination of modeling, simulation, prototyping, and testing was used address

this task, as highlighted by the thesis outline provided below. While the content pre-

sented here is specifically targeted at the household scale, it is anticipated that the

insight derived from this work is equally applicable to design at larger scales.

Chapter 2 - System Modeling

A model that predicts the rate of mass transfer and pressure drop through the batch

ED system, based on dimensional variables, flow properties, and applied voltage is

presented. This model forms the basis of the proceeding design work.
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Chapter 3 - Model Validation

The model presented in Chapter 2 was validated using a lab-scale ED stack, which

is of similar scale to the system being investigated for household application. Exper-

imental set-up and results are discussed in this chapter.

Chapter 4 - Cost-Optimization

Cost-optimal design configurations of the ED stack, and associated pump selection

were investigated for varying product water concentration and production rate re-

quirements using simulation.

Chapter 5 - Prototype Fabrication and Testing

An optimized design was selected for prototyping and tested against the targeted pro-

duction specifications at the Global Engineering and Research (GEAR) Lab at the

Massachusetts Institute of Technology (MIT) and EFL's facility in Bangalore. Exper-

imental results and design improvements for future prototype iterations are presented

here.
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Chapter 2

System Modeling

Models used in the development of the household electrodialysis (ED) device are de-

scribed in this chapter. In order to develop a cost-effective system, which includes

the selection of pumps, models that captured the dependency of the mass-transport

to the flow in the stack were required. There are several approaches to modeling ED

spanning simple polynomial correlations [29], analytical derivations [30-32], to com-

putational fluid dynamics (CFD) simulations [33]. Motivated by reducing the com-

putational cost of evaluating designs, while maintaining fidelity over a broad range of

configurations, analytical equations and semi-empirical models were favored in this

work. The models below were implemented in an object-oriented framework in MAT-

LAB [341, thereby providing a modular construction to facilitate future modification

and improvement.

Following common practice, this work models desalination assuming a sodium-

chloride solution. While production rates may vary for other ions, design insights

obtained using this treatment are expected to remain relevant.

2.1 Mass Transport

Figure 2-1 represents the physical batch ED system being designed. In this sytem,

two pumps recirculate the diluate and concentrate from their respective tanks through

the ED stack. In order to predict the desalination performance of this system, with
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respect to batch duration and energy consumption, a model that captured the mass

or ion transfer from the diluate tank to the concentrate tank via the ED stack was

required. A similar approach to Ortiz et al. [301 was implemented for this work,

but more detailed descriptions of the mass transfer processes are also available in

Strathmann [231 and Tanaka [351.

2.1.1 Mass Balance

The rate change of the concentration in the diluate and concentrate tanks is obtained

from

d___ - Qdil (. 1  ad(2.1)
=~i Q-i (Cdli - Ctil), and(2)dt Vdil

dCcC Q (-s
= 

c -Cc n) (2.2)

dt Yeone

where Qdil and Qconc [L/hr] are the recirculation flow-rates in the diluate and con-

centrate circuits. Cdl and Cect [mol/L are the concentrations in the diluate and

concentrate tanks, respectively, while Cdil and Cc-onc [mol/L] are the concentrations

in the stack. Lastly, the recovery ratio r of the process is governed by the relative

volumes of water in the diluate and concentrate tanks, Vdil [L] and Vconc [L1, such

that

Vdi1
r = . (2.3)

Vdil + Vconc

In evaluating the recovery ratio, the volume of water in piping and within the ED

stack is considered negligible with respect to the volume in the tanks. Water transport

across the membranes during desalination due to osmosis and electro-osmosis is also

neglected because the rate of transport due to these effects is on the order of 100

times smaller than the targeted production rate for this application (see Appendix

A).

Mass balance within each channel of the ED stack accounts for advection, ion
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Figure 2-1: Schematic of a batch ED system, and an individual cell-pair, highlighting
variables in mass transport equations. The pumps circulate the diluate and concen-
trate from the respective tanks through the ED stack. In the ED stack, each cell-pair
is composed of two spacers, one each for the diluate and concentrate flows, separated
by cation (CEM) and anion (AEM) exchange membranes.
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migration due to the presence of an electric field, and back-diffusion across the mem-

branes due to the concentration differences between the concentrate and diluate chan-

nels. Hence, the rate change of concentration in the diluate and concentrate channels

is given by

Q1 [ - Nq5I N AeffDa(CEnCM -CM
dt NVc C - zF la (24)

NAeffDc(C cCO - CdffM)
+_ C1 , and

1_rnCt - N bI NAeffDa(C En M-- CAjEM)

dt NVC conc(Cctonc C f conc)+ zF la (2.5)
-M - c ,M)

1C

respectively, where subscripts a and c denote the anion (AEM) and cation (CEM)

exchange membranes. N is the number of cell-pairs, # is the current efficiency, z is the

ion charge, F is Faraday's constant, 1 is the thickness of the ion exchange membrane,

D is its diffusivity, and Cd M M1 M  c, and C M are the concentrations of the

diluate and concentrate streams at the interfaces with the AEMs and CEMs. Ion

transport occurs over an effective area Aeji, given by

Aeff= r7LW. (2.6)

Note that the effective area available for ion transport Aejj is lower than the product

of the length L and width W of the cell-pair due to the presence of a spacer whose

open-area porosity is r1 (Eqn. 2.37). Similarly, the volume of the channel V, [M3] is

also modified due to the presence of a spacer, according to

V = eLWh, (2.7)

where E is the fraction of the total volume that is not occupied by the spacer (Eqn.

2.40). In order to model the ion migration, represented by current I [A], we narrow

32



our focus to an individual cell-pair in the following section.

2.1.2 Current Density

An analogous circuit (Fig.2-2) is used to facilitate a discussion of the terms affecting

ion movement from the diluate to the concentrate channels, which is represented a

current density i [A/m 21 whereby

Aeff

x N Cell Pairs

Rconc RCEM ECEM Rdil EAEM RAEM

II

i

(2.8)

IV

Figure 2-2: The ED stack is represented by an analogous circuit whereby ion transport
is modeled by a current i due to the application of a voltage V over N cell-pairs.
Exchange membranes (AEM and CEM) and channels (diluate and concentrate) are
modeled using effective resistances R and back-potentials E.

An applied voltage V IV] drives the movement of ions through a series of diluate

and concentrate channels separated by alternating cation (CEM) and anion (AEM)

exchange membranes with static resistances RCEM and RAEM [Q-m 2], respectively.

Therefore,

V/N - ECEM - EAEM

Rconc + Rdii + RCEM RAEM
(2.9)

where other ohmic resistance terms are associated with the diluate and concentrate

streams (Rdii and Rconc). They increase with solution resistivity p, IQ-mI and channel
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height h [m] as per

R = psh. (2.10)

Finally, a back-potential develops across the membranes due to salinity differences

in alternating channels and concentration polarization (Fig.2-3). These terms (ECEM

and EAEM) [V] are each modeled as

RT n ac)"Emem =F a wall (2.11)

assuming perfect ion-selective membranes, where R is the gas constant (J/mol-K), T

[K] is the temperature of the solution, and the activities a""1 and ac"j are related to

the wall (or interface) concentrations, Cd M CAEM CCM, and Cc"M

C
DILUATE

/ Cbulk
d 

al

CONCENTRATE

CeJon1 '

AEM

0

C
4

1lim

C all
dwIk

C~bCcalu

AEM

.0

Figure 2-3: Ion transfer number differences in the bulk solution and membrane pro-
duces a polarization effect, hence the concentration at the wall C"'11 differs from the
bulk Culk under an applied current density i (top). The limiting current density sijm
produces a zero Cr"", and is a function of C1jk (bottom).
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The concentrations at the walls are in-turn affected by the current density, since

a greater i will produce a greater depletion of the ions at the diluate-membrane

interfaces. By balancing the migration of ions across either the CEM or AEM with

the diffusion of ions to the corresponding interface, expressions of the form

CAE = - 0 (TAEM - ta), and (2.12)
zFk

CCEM cos + (TCEM - tA), 2.13
con coc +zFk (.3

are obtained to estimate the interface concentrations, where t, and ta represent the

cation and anion transport numbers in the bulk solution, respectively. The transport

numbers for the membranes T is typically set to 1 under the assumption of perfect

ion selectivity.

The dominant impedance in brackish water desalination using ED is the resistance

of the diluate channels because the resistivity increases sharply at low concentrations

(Fig.2-4). In addition, the high membrane potential and low limiting current are

expected to drastically increase the cost of designs targeted at achieving the lowest

product water concentrations.

2.1.3 Limiting Current Density

A concentration boundary layer evolves at the interface between the fluid in the chan-

nels and the membranes when a voltage is applied. As a result, the maximum rate of

ion transport is bounded by a current density which produces a zero ion concentra-

tion at the membrane interface in the diluate channel (Fig.2-3). This limiting current

density iim [A/m2], which plays an important role in the design of an ED stack for

brackish water desalination, is estimated using

ilim = CdszFk (2.14)
Tmem - t
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Figure 2-4: Resistivity of a NaCI solution modeled using Faalkenhaagen equation [36].
As shown, the resistivity increases sharply at low concentrations.

where Tmem is the transport number of the counter-ion in the membrane, and t is the

transport number of the same ion in the bulk solution where its concentration is C.

The model used in this work deviates from Ortiz et al. in the treatment of the

boundary-layer mass transfer coefficient k [m/s]. Rather than being a constant, it is

treated as being dependent on hydrodynamic factors such as the flow-velocity, which

in-turn is affected by the geometry of the ED stack and the choice of pump.

2.1.4 Coupling Mass Transport to Flow

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

ShD
dh

(2.15)

D is the diffusion coefficient of the solution, and the hydraulic diameter dh defined

by Pawlowski (et al.) [37] is
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dh = 4E(2.16)
2/h + (1 - E)(8/h)(

The mass transfer is then correlated to the flow properties via

Sh = .29Re 5 ScO.33 [37], (2.17)

where the Schmidt Number Sc is a material-dependent, non-dimensional quantity,

and the Reynolds Number Red which characterizes the flow is defined as

Rea= PUchd, (2.18)

where p [kg/m3] is the density of the solution, p [Pa-si is the viscosity of the solution,

and the velocity in the spacer-filled channel Uch is calculated using Eqn.2.39.

From Equations 2.14-2.18, it is evident that a high linear flow velocity in the

channels will produce an increase in the mass transfer coefficient and a corresponding

increase in the limiting current density. Using optimization, we sought to balance

these benefits against costs associated with larger pressure drops caused by increased

flow velocity.

2.2 Pressure Drop

A similar approach to Pawlowski et al. [371, with correlations derived from Ponzio

et al. [381, was used to predict the pressure drop for each configuration of the ED

system being investigated. Minor loss coefficients for dividing and converging flows

were obtained from Hager [39].

Each contributor to the total pressure drop in the identical diluate or concentrate

circuits within the ED stack (Figure 2-5) can be represented by an analogous resis-

tance network (Fig. 2-6). Individual loss terms are detailed in 2.2.1 through 2.2.6; but

the dominant term is associated with the flow through the channels for small-sized

stacks (Fig.2-7). This result agrees with the experimental findings of Pawlowski et

al. [37], and is a necessary for achieving even flow across the cell-pairs.
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2.2.1 Header

The header is situated in the housing and distributes the flow to the ducts. The

volumetric flow-rate decreases along the length of the header as flow is distributed to

the ducts. The volumetric flow-rate in the header Qh before duct j of total ducts nD

is

Qh Q(1 - (2.19)
nD

The corresponding velocity in the header Uhd is

Uhd -
4 Qh (2.20)
7rd 2hd

where dhd is the header diameter. The pressure drop contribution from flow through

each section of the header (separated by ducts) is calculated using the Hagen-Poiseuille

equation, given as

128pQhW
APh -d nD (2.21)

where W/nD approximates the length of the section.

2.2.2 Branching into, and from Ducts

Flow paths branch from the header to the ducts at the inlet of each circuit, and

combine before the outlet, thereby inducing a pressure loss at both ends of the flow

network. Each branch has a. pressure loss AP related to through-flow (t) and branch-

flow (d), and is different for combining (c) and dividing (d) flows. These terms were

modeled by the Darcy-Weisbach equation

AP=IKPu 2 (2.22)
2 d

where the minor loss coefficients K are summarized in Table 2.1.

The area ratio rA and volumetric flow ratio rQ required for calculating the loss
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Table 2.1: Loss Coefficients for Branching Ducts from Header Flow [39]

Pressure Loss Term Loss Coefficient, K

APt,d 4rQ(rQ - 0.5)
Apt'c rQ(2 - rA)
APb,d 1 - 2rQcos( ) + r2

AP,c -1+4rQ+( 2 - 2)rg______________________r TA

coefficient are

rA = dt and
dhd'

1
(2.23)

Q = -~ + 1'

where ddt is the diameter of each duct. Since the ducts provide parallel flow from

the header to the channel (Fig.2-6), all losses pertaining to the header and associated

branching were calculated for the representative first duct, j = 1.

2.2.3 Ducts

The pressure loss contribution from the ducts is modeled similarly as the headers.

Assuming that the total volumetric flow is equally divided among the N cell-pairs,

the volumetric flow-rate through the duct after each cell-pair k is

Q 1 k- 1
Qdt = (Q -

nD N
(2.24)

Therefore, the associated velocity Udt and pressure drop APt between cell-pairs k - 1

and k are

Udt = 4 Qdt and
P hdt

128phQ dt
A Pdt = r 4

rdt

(2.25)

(2.26)

41



2.2.4 Branching into, and from Channels

The pressure drop associated with the branching of flow from and to the channels was

also modeled using the Darcy-Weisbach equation, but with respect to the velocity in

the duct Udt, so that

1
AP = -Kpu2 t 2.72 2t (2.27)

with a different set of minor loss coefficients K which assume that the cross-sectional

area of the branch diverting flow into the channel is small compared to that of the

duct (Table 2.2).

Table 2.2: Loss Coefficients for Branching Channels from Duct Flow [391

Pressure Loss Term Loss Coefficient, K

APt,d (1 + ru)(1 - ru)2
APt'c rQ(2 - rQ)

APb,d 1

AP,c -1 +4rQ * - 2)r2

The ratio of the flow-rate entering the channel and the flow-rate in the preceding

segment of the duct rQ is approximated using

1
r = 1 (2.28)N - k + 1'

whereas the ratio of the flow velocity in the duct after the channel to that before it is

N - j
ru = .(2.29)N - k + 1

Since the channels are arranged to provide parallel flow, pressure loss from the duct

and through branching is calculated for the representative first cell-pair, k = 1.

Lastly the entry from the duct to the channels is non-circular. Hence, the area-

ratio rA, where

rA= d,hy0)
ddt
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is calculated using a hydraulic diameter

17rddthE
dc,hy = 4 2 (.1

7rddt + 2h'

where e is the spacer void fraction (Eqn.2.40).

2.2.5 Expansion and Contraction of Channels

Fluid flow that enters the channel through the duct suddenly expands to occupy

the full width of the channel while slowing down in the process. The pressure drop

associated with this loss in kinetic energy can be expressed using the Borda-Carnot

equation,

APe 1 = - ) 21 (2.32)
2 ch ddt

where Uch is the flow velocity in the channel (2.39). In contrast, the fluid increases

in speed at the channel exit, converting the pressure into kinetic energy. Here, the

associated pressure-loss is considered negligible [37].

2.2.6 Channels

Pressure loss in the channels is modeled as

APch = Cpf 1 u2, (2.33)

where C,=0.75 is an empirical coefficient, L [cm] is the length of the channel's ac-

tive area, and the void channel (without spacer) velocity uv [cm/s] is related to the

volumetric flow in each circuit Q [L/hr] by

UV = N (2.34)W hN'

where W [cm] is the width of the active area and N is the number of cell-pairs. Then,

using an alternative Reynolds Number Re definition of
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Re = 2 puh (2.35)

the friction factor f is approximated from the results of Ponzio et al. [381 using the

correlations

f = 1500/Re for Re < 58, and (2.36)

f = 116/Reo.37 for Re > 58.

The friction factor correlations were obtained using CFD simulation of woven

spacers with a spacing-to-diameter ratio of 1.5. The geometry of spacers that are

implemented in the physical device may deviate from this ratio; however, it is an-

ticipated that the corresponding pressure drop predictions will still be sufficiently

accurate for pump sizing.

2.3 Flow Spacer

In addition to inducing a greater pressure drop, a thinner spacer will also provide a

lower area for ion transport because its filaments tend to be more closely woven. This

effect is characterized by adjusting the area by a porosity value qj or 'shadow factor',

calculated as

r i = , 2(2.37)
(lf )2

assuming an orthogonal arrangement of filaments (Fig.2-8).

The spacing 1f and the diameter df of filaments are related to the height of each

channel (spacer thickness) by

lf = 1.5h, and

h (2.38)

2cf

using a compaction factor cf of 0.946 [40]. A conservative factor of 1.5 in Eqn.2.38
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Figure 2-8: Detail view of woven mesh which is often used as a spacer and turbulence

promoter in flow channels.

was applied after surveying the product offerings from manufacturers of woven meshes

[41, 42]. Note that this is a smaller length-to-diameter ratio than that associated with

the friction factor correlations (Eqn.2.36); however, it provides a more conservative

estimate of the required area for a desired rate of ion transport. Due to the presence

of a flow-spacer, the actual linear flow velocity Uch in the spacer is approximated from

the void channel flow velocity (Eqn.2.34) using

Uc u = Uv (2.39)
6

where the void fraction e is defined as the volume of the channel that is not occupied

by the spacer, given by

_rd2

2lfh
(2.40)
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2.4 Model Summary and Future Improvements

A model that predicts the rate of desalination and pressure drop for a batch ED

system, given its dimensional, voltage, and flow parameters, is described in this chap-

ter. Most importantly, it relates the flow through a channel and the mass transport

capacity across the bounding ion exchange membranes. This level of detail is neces-

sary when designing an ED system for household use because the velocity obtained

in the channels is associated with the pumps that are implemented, and the cost of

these pumps is a non-negligible fraction of the total system cost. While this model

is sufficiently detailed for the optimization and design work presented in this thesis,

the following improvements will further increase accuracy and design freedom:

" Accurate prediction of the pressure drop and mass transfer requires consid-

eration of several other variables including the spacer orientation, spacing and

angle between filaments, and whether they are woven or not. This level of detail

was not deemed necessary for this analysis, but several studies have aimed to

characterize these relationships [40, 43-46]. Their results could be implemented

for more detailed design deliberation in the future.

" The existing model treats the membranes as having a static electrical resis-

tance, but some studies suggest that the resistance changes as a function of the

wetting solution's concentration [47]. It may be important to implement this

relationship in the model to improve desalination rate predictions.

" Future iterations of the model should also consider the reduction-oxidation re-

actions occurring at the electrodes and their effect on the current efficiency.
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Chapter 3

Model Validation

The models described in Chapter 2 were validated by performing a series of experi-

ments on a lab-scale ED test stack. The objective of this exercise was to assess the

accuracy of the models before implementing them in designing the household system.

These experiments were performed at the GEAR Lab using the set-up outlined in

Figure 3-1. The test apparatus consisted of a PC Cell 64 0 02 lab-scale ED test unit

[481 outfitted with cell-pairs, each with an active area that measured 8 cm x 8 cm.

Relevant stack and membrane parameters that were used in simulation are provided

in Table 3.1.

Table 3.1: PC Cell 64 0 02 Lab-Scale ED Stack Details

In all the tests, deionized water was mixed with lab-grade

obtain the desired salinity. The solution was held within a single

sodium chloride to

beaker (for limiting

47

Parameter Value Reference
Length of Active Area 8 cm [48]
Width of Active Area 8 cm 1481

Channel Thickness 0.35 mm [48]
Spacer Area Porosity 0.62 Measured
Number of Cell-Pairs 14 -

CEM (PC-SK) Resistance 2.5 Q-cm 1491
CEM (PC-SK) Thickness 200 pim [49]
AEM (PC-SA) Resistance 1.8 Q-cm [49]
AEM (PC-SA) Thickness 200 pm [49]

Membrane Diffusion Coefficients 3.28 x 10-11 [im2/s] [30]



current density tests), or divided into two beakers at the desired recovery ratio (for

desalination tests). During the experiment, magnetic stirring plates were used within

the beakers to mix the diluate and concentrate solutions, and a Model 3250 meter

(Jenco Instruments) was used to monitor diluate and concentrate conductivity. Two

NF300 KPDC diaphragm pumps (KNF Flodos) were used to circulate the diluate and

concentrate from the tank and through the stack. The flow rate through the stack

was varied using 7430 Series glass tube flowmeters with valves (King Instrument), and

pressure dial-gauges were installed to monitor pressure upstream and downstream of

the stack in the diluate and concentrate streams.

DILUATE CONCENTRATE
BEAKER BEAKER

DIL CONC
PUMP PUMP

ED STACK

FEED - - -- RINSE

PUMP DILUATE
PUMP CONCENTRATE

0PRESSURE GAUGE

ELECTRODE FLOW VALVE
RINSE BEAKER|

Figure 3-1: Schematic of lab-scale experimental set-up at the GEAR Lab.

A separate solution of deionized water and sodium sulfate (0.2 M) was formulated

for the electrode rinse stream. It was circulated during each test by an MD-20RZ

centrifugal pump (Iwaki) at approximately 2.5 LPM.
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3.1 Limiting Current Density

The limiting current density is the maximum current density that can be applied

across the ED stack before the splitting of water molecules, into hydrogen and hy-

droxide ions, occurs in the diluate channels. In order to minimize the membrane

area, and corresponding cost, of the proposed batch ED system, it is necessary to

predict this maximum current density as a function of the stack geometry, solution

concentration, and flow-rates.

The limiting current was measured based on a common procedure, which has been

outlined previously in literature [23, 50, 51]. For each test, the current was measured

at voltages of 0 through a maximum of 100 V in increments of 4 V, while circulating a

solution of constant concentration from a single beaker, through both the diluate and

concentrate circuits, at a fixed flow-rate. As indicated in the test outline presented

in Table 3.2, the same procedure was then repeated at different concentrations and

flow-rates.

Table 3.2: Limiting Current Density Tests on Lab-Scale Test Stack

Tests Concentration [mg/L] Flow-Rates [L/hr]
1-3 250
4-6 500
7-9 1000

10-12 1500 30, 60, 90
13-15 2000
16-18 2500
19-21 3000

For each test, the measured current was plotted against the voltage. The data

can be divided into two regions which are differentiated by the slope of the current-

voltage relationship (Fig. 3-2): under-limiting current and over-limiting current. The

two slopes intersect at the limiting current.

The limiting current Ilim was divided by the effective area (Eqn. 2.6) to obtain the

limiting current density flim. It was found that iim varied with both the concentration

of the solution and the flow-rates (Fig.3-3); hence the selection of pumps and design

of the flow paths are an important consideration in the design of the ED system.
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In order to compare the experimental results to the theoretical predictions derived

using the model provided in Section 2.1.3, the results are also represented in terms of

the non-dimensional Sherwood number Sh. As seen in Figure 3-3, the experimental

results match closely with the theoretical predictions, thereby indicating that the

models described in Chapter 2 are accurate.

3.2 Desalination

Desalination tests were also performed using the lab-scale experimental set-up to

validate the full mass-transfer model which was presented in Section 2.1. A sodium-

chloride solution was desalinated from a concentration of 3000 mg/L to 100-300 mg/L

product water at varying recovery ratios and stack flow-rates (Table 3.3), with each

test performed twice.

Table 3.3: Desalination Tests on Lab-Scale Test Stack

Test 1 Test 2 Test 3
Applied Voltage [V] 8 10 11

Stack Flow-Rate [L/hr] 40 80 70
Feed Concentration [mg/L] 3000 3000 3000

Product Concentration [mg/L 300 200 100
Concentrate Tank Volume [L] 1 1 0.4

Diluate Tank Volume [U] 1 1 1.6
Resultant Recovery Ratio 0.5 0.5 0.8

Figures 3-4 through 3-6 (left) compare the predicted and measured conductivity

(dependent on concentration) trajectories. These results indicate that even though

the actual rate of desalination was 5-27% higher than predicted, there was good

agreement between the experiment and model.

By investigating the current against diluate conductivity in Figures 3-4 and 3-5

(right), it is evident that the current is predicted accurately for diluate conductivity

lower than 2000 uS/cm, observed for approximately half of the batch duration, but

is under-predicted at higher conductivity. It is likely that the modeled membrane

resistance, which was provided by the manufacturer, is higher than the actual value.

This inconsistency would explain the higher measured current at the start of the
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batch process, where the membrane resistance is not dominated by the resistance of

the diluate channels. Considering no additional characterization of the membrane was

performed prior to testing, the average difference between the predicted and measured

production rate of 20% is deemed acceptable for design purposes.

3.3 Pressure Drop

A semi-empirical model was used to predict pressure drop in the channel (Section

2.2.6), because the correlations from Pawlowski et al. [37] and Ponzio et al. [38]

were found to under-predict the pressure drop (Fig.3-7). In order to improve the

prediction, the model-form was preserved but a fitting coefficient was introduced in

Equation 2.33.
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Figure 3-7: The measured pressure drop for the lab-scale test stack (Table 3.1), with

10 cell pairs, was higher than the models proposed in literature[37, 38].

3.4 Summary of Validation Experiments

In this chapter, the accuracy of the models described in Chapter 2 is examined. From

the experiments conducted, it is evident that the measured results match closely

with the modeled limiting current density and desalination predictions. This strong

agreement lends confidence in the simulated performance of candidate ED stack de-

signs, thereby allowing design-iteration and optimization to be performed numerically.

While it is not ideal that a fitting parameter was required to improve the pressure

drop estimate, the approach provides sufficient accuracy for the purposes of selecting

pumps for a system. Future modeling efforts should be directed towards improving

the pressure drop prediction analytically, so that the model is applicable to a wider

range of ED system scales.
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Chapter 4

Cost- Optimization

It was previously discussed in Chapter 1 that Nayar et al. have demonstrated that the

proposed batch ED system (Fig.4-1) is a viable technology for satisfying household

desalination needs, but further cost reduction is required to be competitive with

existing RO, devices which are priced between $200-$300. Therefore, in this chapter

I investigate the pareto-optimal design of the proposed domestic batch ED system

considering production rate, product water concentration, and cost using simulation.

In particular, I aim to address the following:

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

2. How do water quality and production requirements affect the design?

3. What are the primary contributors to cost?

4. What developments are necessary for further cost reduction?

For this study, we opted to hold the voltage and recirculation flowrates constant

during this batch process for two reasons. The first being that it is consistent with the

work of others, both in simulation and practice [30, 31, 52, 531, and would therefore

provide a good basis for comparing results. However, the second and more significant

reason, is that it would facilitate the simplest implementation of ED in a commercial

product.
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Figure 4-1: Schematic of proposed domestic ED system operating in batch mode.

An additional flow circuit may be required for the electrode rinse stream; how-

ever, its design was not considered here because it is not expected to strongly affect

desalination performance. Furthermore, for the hybrid ED-RO system investigated

by Thampy et al., the RO reject was used to rinse the ED electrodes [26]. It may

therefore be possible to integrate the rinse with the concentrate circuit to eliminate

a third pump.

Prior design and optimization work has been performed for large-scale systems

which are typically operated in a continuous architecture for industrial applications.

For these systems, the pump cost and energy consumption could be neglected because

they are low relative to cost of the ED stack and the energy consumed by desalination

[54, 55]. Optimization at the domestic scale presents a different scenario where the

pumps were found to strongly affect the cost, energy consumption, and performance

of the ED system.

In addition, minimization of operating costs is often an important consideration

in industrial applications whereby the energy consumption can not be neglected [56].

In the present study, it was found that capital cost was the dominant factor affecting

the affordability of the domestic system.
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4.1 Problem Formulation

Using standard notation, the multi-objective optimization problem being investigated

is denoted as

min J(x, p)

s.t. g(x, p) 0 (4.1)

h(x,p) = 0

Xlb < X K Xub,

where x is the design vector to be optimized, p is the vector of constant model

parameters, J(x) is the vector of objective functions, and g(x) and h(x) are the

inequality and equality constraints, respectively. Each term is detailed in the following

sections. In this study, the design vector is bounded from below and above by Xib

and Xub, respectively.

4.1.1 Variables and Bounds

Each design permutation is defined by a design vector x consisting of the six individual

variables listed in Table 4.1 and illustrated in Fig.4-2. The bounds for dimensional

variables (L, W, and N) ensure that the proposed system could be packaged within

the same envelope as existing domestic RO systems.

Channel heights (h) could vary within the size range of commonly available flow

spacers. While thinner mesh thicknesses are available, they are expected to produce

pressures (>2 bar) that exceed the capacity of commercially available small-scale

pumps in the desired range of flow-rates.

Following the industry-standard operating procedure, equal flow-rates (Q) were

prescribed for the diluate and concentrate circuits so that the effects of transmem-

brane pressure differences could be neglected in this analysis. Then, for equal diluate

and concentrate channel dimensions, identical pumps could be used for both streams.

Pumps were not treated as variables. Instead, a pressure drop was calculated for

each design iteration. Then, the pump (among the selection provided in Appendix
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B) that most closely provided the desired flow-rate served as a reference for power

and cost estimation.

Table 4.1: Design Variables and Respective Bounds

Variable Symbol Bounds
Length of Active Area L 2 - 30 cm
Width of Active Area W 2 - 20 cm
Number of Cell Pairs N 10 - 30

Channel Height h 0.30 - 1.00 mm
Flow Rate Q 10 - 300 L/hr

Voltage V 5 - 100 V

All variables, including the number of cell-pairs, were treated as continuous due

to the limitations of the algorithm implementation (see Section 4.1.5). In practice,

the number of cell-pairs would be rounded up to the closest integer from the value

recommended by the optimizer.

4.1.2 Objective Function

In this multi-objective optimization problem, the first objective in J = [J1 J2] was to

minimize the total cost of ownership for the proposed domestic ED system. Therefore,

J, was defined as the total cost TC of the system, given by

J1 = TC = CC+ OC (4.2)

where CC is the capital cost, and OC is the operating cost. While the quoted

unit costs of materials assumed in this analysis likely included a profit-margin for

the suppliers, the final vendor's mark-up on manufacturing cost was not considered

because it is affected by commercial factors that may vary from one market to another.

Since ED systems are not widely used for domestic desalination, the fouling char-

acteristics and associated maintenance costs are not well-understood. For this reason,

the operating cost considered here is only a function of the energy consumption, and

given by

OC = VETE, (4.3)
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where V [L] is the total volume desalinated water produced over the assumed product

lifetime of 7 years, E, [J/L] is the specific energy consumption calculated for each

design permutation, and the specific cost of electrical energy rE is approximated at

$0.10/kWh [57].

The capital cost is calculated using the rates provided in Table 4.2. These rates

were obtained from wholesale suppliers in order to best estimate the cost at large-

scale production. The capital cost for all pumps considered in this optimization study

are provided in Appendix B.

Table 4.2: Unit Cost of ED Stack Components

Component Cost Reference
Electrodes $2000/M 2  [581

Membranes $40/M2  [591
Spacers $3/M2  [601

I intended to capture the minimum active area that satisfied the target produc-

tion rate and concentration performance. Therefore, the material forming the sealed

perimeter (Fig.4-2), which isolates the diluate and concentrate streams and prevents

leakage, was not factored into the cost because the thickness of the seal is affected

by other design and manufacturing considerations. For example, placing the tie-rods

externally to the membranes may allow a thinner seal to be used.

The second objective J2 is to maximize the rate of desalinated water production

Q, [L/hr], calculated from
Vbr

J2 = -QP = r ,(4.4)
tb

where V [L] is the volume in the diluate tank for each batch, r is the recovery ratio,

and tb [hr] is the time to process each batch. The negative sign reflects the desire to

maximize production rate.

For most simulations, the product water concentration was treated as a fixed

parameter for calculating production rates of design permutations. However, some

additional runs were also performed with the product concentration treated as a third

objective where

J3 = Cprod, (4.5)
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in order to draw generalizations regarding the effect of product water concentration

Cpod [mg/L] on cost-optimal design.

4.1.3 Constraints

During the batch simulation, the duration turn over which the applied current density

exceeded 90% (safety factor) of the instantaneous limiting current density was tracked.

To ensure that designs operated under the limiting current density, the first inequality

constraint in g = [91 g2 931 < 0 to be imposed is

91 = lm _002146
tb

implying that the safety factor-adjusted limiting current density could not be exceeded

for more than 2% of the batch period.

Existing domestic RO products have set expectations for the production rate of

desalinated water. As such, we were interested in exploring ED system designs that

provided similar production rates (Q,) in the range of 9-15 L/hr [16, 17]. Therefore,

92= 9 L/hr - QP and
(4.7)

93 = Q - 15 L/hr.

Lastly, no equality constraints h were required in this formulation, making the

problem easier to solve numerically.

4.1.4 Parameters

Parameters pertaining to the model are provided in Wright et al. [61]. Others corre-

sponding to the cost of components and energy have been provided in Table 4.2. In

Table 4.3, we provide the remaining parameters relevant to simulation.

The relative sizes of the diluate and concentrate tanks were selected to yield a

recovery ratio of 90%, while the actual volumes allowed them to be packaged within

61



OPTIMIZER

ED Simulator J2
Qp tin, tb 91, 92, 93

L, W, N, Q

Q,h,N, V,I Cost Estimation TC

L,W E

-- + En rg Cisu ptn

Pressure Drop P umSeetnPreditionPump SelectionPrediction
MODEL

Figure 4-3: Block diagram indicating the flow of design variables between models to
calculate the objective function for optimization.

the envelope of existing RO systems. The recovery ratio is maintained at 90% for

this study because the purpose of the proposed device is to conserve water.

Table 4.3: Parameters for ED Simulation

Parameter Value
Feed Concentration, Cfeed 2000 mg/L

Product Concentration, Cprod 100-300 mg/L
Diluate Tank Volume, Vadi 3.6 L

Concentrate Tank Volume, Vconc 0.4 L
Total Volume Produced, V 38 325 L

Solution resistivity was demonstrated to be highly sensitive to concentration changes

below approximately 500 mg/L (Fig.2-4); therefore, it was anticipated that the design

of an ED system would be more affected by the product water requirements than the

feed water concentration. As such, the feed concentration is held fixed at 2000 mg/L,

based on the salinity of Indian groundwater [21], for all runs while the product con-

centration target is varied from 100 to 300 mg/L. The latter range not only satisfies

the specifications for water considered suitable for drinking according to the Bureau

of Indian Standards [9], but also conforms to the palette of those who are accustomed

to drinking RO-filtered water [26].

V is calculated over the assumed product ownership lifetime of 7 years, based on

existing domestic RO device usage, at an average daily drinking water consumption
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rate of 3 L/day per person [62] for a household of five members.

4.1.5 Simulation and Optimizer

The block diagram in Figure 4-3 approximates the optimization process, which was

implemented in MATLAB [34]. Models pertaining to each block are thoroughly de-

scribed in 2.

Conventional gradient-based algorithms could not be applied with this formulation

because the discrete selection of pumps caused the solution to converge at local min-

ima. Instead, the problem described above was solved using a multi-objective genetic

algorithm, specifically the modified NSGA-II algorithm [631 implementation in MAT-

LAB. The solution is a set of non-dominated Pareto optimal solutions with respect to

the problem objective functions. The difference between the original NSGA-II [64, 651

and the modified version is that the modified version adds an extra tuning parameter,

Pareto Fraction (PFE (0,1)), to control the number of elite members in each popu-

lation that progress to the next generation. By testing different PFs, we determined

that values between 0.5 to 0.75 provided non-dominated solutions without sacrificing

convergence speed.

4.2 Results and Discussion

An analysis of the optimal designs obtained for varying production rate and concen-

tration requirements is presented below.

4.2.1 Capital Cost vs Total Cost

Optimal designs that minimized total cost were similar in cost and design to those that

minimized capital cost. For example, Figure 4-4 compares the total cost for designs

which produce 200 mg/L product water at varying production rates, optimized either

for minimum total cost or for minimum capital cost. The former objective function

did indeed provide a lower total cost compared to the latter, but the difference of
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~$5 was negligible.

This result is explained by comparing the contributions from the operating and

the capital cost (Fig.4-4). The operating cost is significantly lower than the capital

cost because the cost of electrical energy is small compared to equipment costs, and

the system is utilized infrequently. In domestic applications, the system will only

be used for 1-2 hours per day depending on the drinking water requirements of the

household.
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Figure 4-4: Designs optimized for minimum capital cost (CC) had similar total costs
to those optimized for minimum total cost (TC) for varying production rates at 200

mg/L product concentration (left), because the operating cost (OC) is lower than the
capital cost (CC) (right).

The design of an affordable domestic ED system is therefore concerned with capital

cost minimization. The reader is reminded that this result was obtained even without

the inclusion of a mark-up on the capital cost of the system.

The increasing capital cost, and decreasing operating cost, with production rate

(Fig.4-4) are explained by examining the current density during the operation of the

cost-optimized designs.
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4.2.2 Current Density

Maximization of Current Density

It was established in Section 2 that in brackish water ED, the dominant resistance

is associated with diluate channels. Since this term is ohmic in nature, the power

consumption at a fixed ion removal rate is expected to increase approximately with

i2 , where i is the current density. Subsequently, to the first order

OC a 2. (4.8)

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

CC a 1/i. (4.9)

Since it has been established that the capital cost, which scales primarily with

active area (Table 4.2), is the dominant term in the total cost, optimal domestic ED

designs are therefore expected to maximize current density. To verify this hypothesis,

we examined the ratio of the applied current density to the limiting current density

(adjusted by the safety factor n,=0.9) when the desired product water concentra-

tion was achieved (Fig.4-5). This ratio approaches 1 for all optimal designs over a

the range of product water concentrations (100-300 mg/L), thereby confirming the

aforementioned expectation.

These results agree with McGovern et al.'s findings that maximization of the

current density was cost-optimal for brackish water desalination using ED at high

equipment-to-energy cost ratios [66].

Limiting Current Density Implications

Maximizing the current density is cost-optimal, but there is an upper bound based

on the instantaneous diluate concentration and the flow properties (Section 2.1.3).

Figure 4-5 demonstrates that the applied current density approaches this limit at the

end of each batch; however, it is also useful to examine the full duration.
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Figure 4-5: Ratio of instantaneous applied current density i to limiting current density
lim at the end of the batch process approaches 1 for all optimum designs targeted at

varying product concentrations (100-300 mg/L) and production rates (9-15 L/hr).

For example, the optimal current trajectories during desalination for producing

100 mg/L and 200 mg/L product water at a rate of 10 L/hr are compared in Fig.4-

6. Since the limiting current density trajectories (solid lines) are similar and mostly

dependent on the instantaneous diluate concentration, it is inferred that differences in

flow characteristics play a small role here. These upper bounds are only approached

at the end of the batch, but the application of a constant voltage constrains the

full applied current trajectory. Therefore, as is evident in Fig.4-6, relaxation of the

product water requirements allows designs to operate at higher current densities for

the full batch process.

To further understand the implications of this behavior on cost (Fig.4-7), we ex-

amined the time-averaged applied current densities i during the operation of optimal

designs. The following insights were obtained:

1. With the exception of a few outliers, optimized designs agree with the approx-

imate scaling relationships for the capital cost CC and operating cost OC pre-

sented in Eqns.4.8 and 4.9. The y-intercept for the OC trend-line approximates

the energetic cost of pumping.

66



600 r

500

-Z 400

300

200

100

0 1-
2000

100 mg/L (A)
200 mg/L (B)

iA =lim

Wasted
Pot ntiaV 1B Im,B

,B' operates
at his her I

1500 1000 500
Diluate Concentration [mg/L]

A

0

Time
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2. By extrapolating the CC and OC trend-lines beyond the optimization data, it

is speculated that a time-averaged current density i of approximately 225 A/M 2

will yield an absolute minimum total cost, which in turn is a function of the

specific material and energy costs.

3. Despite the use of optimization, designs targeted at the product concentrations

of 100-300 mg/L, at the production rates of interest, lie in the capital cost-

dominated region. Hence, the absolute minimum cost can only be achieved by

relaxing the product water concentration requirements.

4. Due to the upper bound on i imposed by i1im, designs targeted at lower concen-

trations Cprod are further from the absolute minimum cost. Therefore, relaxing

the product water requirements allows operation at higher current densities,

hence lowering total cost.
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5. Scatter in the data about the trend-lines represents varying production rate

requirements. The gradient indicates that increasing the production rate re-

quirements for Qp from 9 to 15 L/hr also forces operation at lower i, albeit to a

lesser extent than decreasing the product water concentration requirement from

300 to 100 mg/L. As a result, achieving higher production rates also requires

an increase in cell-pair area, thereby increasing capital cost. This increase in

capital cost exceeds the decrease in operating cost obtained by operating at a

lower current density; therefore total cost increases with production rate.

6. The ability to produce low product water concentrations that are comparable

to RO (100 mg/L) comes at a significant economic cost. It may be worthwhile

to investigate if users would accept product water at higher salinities of 200

to 300 mg/L, which is still suitable for drinking but decreases the system cost

significantly.

7. In order to further improve affordability of the proposed batch domestic ED

system, the two options are to decrease the unit cost of the components (shifting

the CC line down), or to find methods for operating at higher time-averaged

current densities (shifting points to the right).

By analyzing Figures 4-6 and 4-7, we discovered that i can be increased with time-

varying voltage regulation based on measured conductivity of the diluate stream. A

high voltage can be applied at the start of the batch process and be gradually de-

creased to maintain an instantaneous current density that is just under the limiting

current density (see Fig.4-6). Since this strategy has the potential to provide signifi-

cant cost reductions, it is an avenue of ongoing work for our team.

4.2.3 Optimal Design Characterization

In order to minimize capital and total cost of a domestic ED system, it has been

shown that the optimal strategy is to maximize the applied current density. We

explored how this strategy affected the choice of variable values in order to provide

design guidance.
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production rate for varying product water concentrations (f).
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Linear Flow Velocity, Uch

The linear velocity is reported instead of the volumetric flow rate because it is more

directly applicable to design, and comparable between different scales of production.

Optimal designs operated at 18-21 cm/s for 300 mg/L, 15-18 cm/s for 200 mg/L,

and 11-16 cm/s for 100 mg/L product water (Fig.4-8a). These results exceed values

used by others in both experimental and theoretical studies, including Lee et al. (7.5

cm/s) [55], Tanaka (10 cm/s) [311, and Kim et al. (4.24 cm/s) [671. We postulate

that higher linear velocities were not implemented in these cases because the resulting

pressures may be difficult to manage for larger systems. As a result, little work

has been performed to understand the effect of high flow velocities on desalination

performance, fouling behavior, and membrane durability. This work suggests that

the development of domestic ED systems may benefit from characterization of these

effects.

The decrease in the linear flow velocity with the production rate is explained

by the increase in the cell-pair area. The volume flow-rate per cell pair remained

approximately constant at 5.1 0.1 L/hr for the 200/300 mg/L and 6.0 0.2 L/hr

for 100 mg/L, utilizing the maximum capacity of the small-scale pumps used in this

investigation. Then, as the width of the active area grew to satisfy higher production

rates, the linear velocity decreased.

Voltage, V

In order to avoid exceeding the the limiting current density at the end of the batch,

the applied voltage was smaller for designs that targeted lower product water con-

centrations (Fig.4-8b). Furthermore, the decrease in the applied voltage observed at

higher production rates is explained by the decreasing linear flow velocities. Optimal

voltage values, ranging between 0.7-1.3 V per cell-pair, agreed with other studies and

manufacturer recommendations for concentration ranges similar to those investigated

here [27, 30, 31, 68].
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Cell-Pair Area, LW

Larger cell-pair area is required to provide the required salt removal rate while com-

pensating for the decrease in the applied voltage (and associated current) at lower

concentrations and higher production rates (Fig.4-8c). Both length and width in-

creased with production rate, but the former increased at a faster rate. Inspection of

the aspect ratio, defined as L/W (Fig.4-8d), indicates that leaner designs are better-

performing because they supply a higher linear flow velocity for a given cell-pair area,

thereby facilitating operation at higher current densities, provided that the pumps can

sustain the resulting pressure drop. For the 100 mg/L case, a decrease in the aspect

ratio was observed after 12 L/hr because the length was prevented from exceeding

the upper bound of 30 cm.

Recall that the membrane and spacer material contribution to the seal is not

factored into the cost. In practice, implementation of a thick seal will decrease the

optimum L/W aspect ratio.

Capital Cost, CC

Capital cost of optimal systems increased nonlinearly with decreasing product water

concentration. The difference between 200 mg/L and 100 mg/L systems was greater

than from 300 mg/L to 200 mg/L (Fig.4-8f). The sharp increase in the diluate

resistance paired with the decrease in the limiting current density with decreasing

concentration explains this result. Thus, ED stack architectures targeted at low

product concentrations are forced to operate at low current densities applied over

larger surface areas to maintain the desired rate of salt removal. These results agree

with other work that has found ED to be expensive process for producing ultra-pure

water. [66, 69].

Number of Cell-Pairs, N

Implementing more cell-pairs to achieve a higher production rate is not necessarily

cost-optimal at the domestic scale (Fig.4-8e). Instead, it was found that the optimal
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number of cell-pairs was determined by the capacity of the selected pumps and the

required linear flow velocity in the channels.

Channel Heights, h

Smaller intermembrane channel heights decrease the electrical resistance of the chan-

nels (Eqn.2.10) and increase the mass transfer coefficient (Eqns.2.15-2.17). Optimum

heights approached the lower bound of the variable, ranging between 0.30 - 0.33 mm

for the full spectrum of production rates and concentrations analyzed in this study.

This result signifies that the enhanced mass transport provided by thin channels jus-

tified the cost of greater pressure drop over the design space and range of operation

considered in this study.

4.2.4 Cost & Energy Breakdown

Figure 4-9 distributes the capital cost of optimal systems providing between 11.5

and 12.5 L/hr of production into average contributions from components. Pumps

accounted for a significant fraction, particularly at 200 and 300 mg/L. The remainder

was balanced between electrodes and membranes.

Comparison across the concentrations indicates that there is a significant economic

penalty for producing water at the lowest salinity of 100 mg/L. Again, this observation

suggests that it may be prudent to reassess users' reception toward 300 mg/L water

and whether their preference for 100 mg/L justifies the significant cost addition.

A similar breakdown is provided for energy consumption due to desalination and

pumping (Fig.4-9). Here, pumps accounted for as high as 83% of the total energy

consumption. In addition, the contribution from desalination did not vary signifi-

cantly with product concentration, hence mirroring the slow growth of OC with i in

Figure 4-7.

Overall, this work has indicated that the development of low-cost and energy

efficient pumps that are suitable for flow-rates ranging between 200 and 300 L/hr,

while sustaining pressures up to 2 bar, will assist the commercialization of domestic
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Figure 4-9: Average capital cost (left) breakdown and energy consumption (right) for
all optimal systems producing 11.5-12.5 L/hr at different product concentrations.

ED systems. In addition, a more detailed investigation surrounding the optimal

geometry of flow-spacers may provide similar or better mass transfer behaviour at a

lower pressure drop, thereby also reducing the pumping expense.

4.3 Summary of Findings from Cost-Optimization

Cost-optimal designs of batch ED systems that met the desalination requirements of

a household was investigated through the use of a multi-objective genetic algorithm

in this chapter. Production rates (9-15 L/hr) and product concentrations (100 - 300

mg/L) that matched the expectations of existing domestic RO users were targeted

at a fixed feed concentration of 2000 mg/L and 90% recovery. Voltage and flow-rates

were held constant during the batch desalination process for each design.

In all cases, capital cost was found to dominate over the operating cost due to the

upper-bound on the ion removal rate imposed by the limiting current density. Hence,

optimal designs under constant-voltage operation were unable to provide the mini-

mum total cost given existing equipment and energy costs. Furthermore, deviation

from this absolute minimum increased when the target product water concentration

was lowered. Therefore, while batch ED can be used to produce 100 mg/L water,

the capital cost of optimal designs remained significantly higher than alternatives

targeted at 200 and 300 mg/L.
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To maximize the current density during operation, thin channels (0.30-0.33 mm),

high aspect ratios (3.5 - 6), and cell-pair numbers that varied from 36 to 46 were

recommended. Voltages applied to larger systems were found to be applicable at

the domestic scale; however, optimal flow velocities (11 - 21 cm/s) were greater than

reported in other literature. Other details, including the cell-pair area, have also been

provided to guide the design of domestic ED systems.

By analyzing the limits of the optimized designs we have also identified three di-

rections that can further increase affordability to facilitate commercialization: voltage

regulation during the batch process, development of inexpensive pumps suited to this

application, and a detailed investigation on optimal spacer geometry.

The primary limitation of this work is the exclusion of membrane replacement

expenses in the operating cost. Since the cost-optimal approach was to minimize

cell-pair area, the corresponding membrane replacement cost would also be there-

fore minimized. However, operating at the suggested high linear flow velocities may

negatively impact membrane life, and subsequently increase replacement frequency.

Therefore, further experimental work to characterize membrane performance is also

recommended.
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Chapter 5

Prototype Fabrication and Testing

Initial design of the proposed batch ED system for home-scale was performed pri-

marily using simulation and numerical optimization. An optimal design solution was

selected for prototyping thereafter, and evaluated against the targeted production rate

and concentration specifications. The prototype specifications, fabrication methods,

and test results are presented in this chapter. By verifying the measured performance

against predictions, the models and optimization scheme presented in Chapters 2 and

4, respectively, are also validated for use in further design exploration. Lastly, fabri-

cation of the physical system elucidated other practical considerations which are not

captured in simulation models.

5.1 Prototype Specifications

From the optimization results, a system that desalinated from 2000 mg/L to 200

mg/L at 10.1 L/hr of production was selected for prototyping. However, due to

manufacturing difficulties, the number of cell-pairs in the actual implementation was

decreased to 20 from the requirement of 43. The voltage and flow-rate per cell-pair

were maintained as calculated from the optimization study, causing the expected

desalination rate to linearly decrease from the above expectation to 4.7 L/hr (Table

5.1).
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Table 5.1: Design Parameters for Prototyping and Expected Production Performance

Design Parameter/Performance Target Specification
Width 3.6 cm
Height 16.6 cm

Channel Thickness 0.35 mm
Number of Cell-Pairs 20
Voltage per Cell-Pair 1.0 V

Flow-rate per Cell-Pair 5.4 L/hr
Feed Water Concentration 2000 mg/L

Product Water Concentration 200 mg/L
Drinking Water Production Rate 4.7 L/hr

Recovery Ratio 90%

5.2 Fabrication

Materials and processes used for constructing the prototype (Fig.5-1) are provided in

Table 5.2.

Tie-Rod

Diluate
Inlet Port

Electrode

Electrode
Housing

Electrode
Lead

Diluate
Inlet Port

Electrode
Rinse Ports

-- . Cell-Pairs

Figure 5-1: Prototype ED stack, with components labeled. Not shown here are the
concentrate inlet and outlet ports, along with the other electrode on the far side of
the stack.

Fabrication of the spacers posed the greatest challenge. An effective seal was

required along the perimeter of the spacers, but the dimensions of the enclosed active

area was to be also repeatably controlled within 1-2 mm of the design specifications.
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Table 5.2: Prototype Materials and Fabrication Processes

Component Material Fabrication Methods
Electrode 316SS Mesh (McMaster, Cut to size from mesh stock,

9319T154) with 316SS Shoulder and micro-TIG welded the
Screw Electrical Lead (McMaster, electrical lead on custom jig
97345A542) (Fig.5-2B).

Electrode 1" Acrylic Block (McMaster, Machined
Housing 1227T659)
Spacers 0.35 mm Polypropylene Wo- Masked with adhesive-backed

ven Mesh (Industrial Netting, paper, laser-cut to size (Fig.5-
WN0500-72P) 2A), and sealed using a food-

safe resin (Smooth-On, Sorta
Clear 37).

Membranes CEM and AEM (Membranes In- Soaked, cut to size, and post-
ternational, AMI-7001 & CMI- drilled holes.
7001)

Tie-Rods 316SS Threaded Rod (McMaster, -
90575A367)

Flow Ports Quick-release Nylon Fittings (Mc- -
Master, 5694T141 & 5923K21)

Flow Pumps Diaphragm Pumps (Singflo 2401) -
Rinse Pump Diaphragm Pump (Singflo 2203) -

S I der Bdt A

Welding Jig
Adhesive WvnMs

A Ahsiv Woven Mesh B SS Mesh ElectrodeA Mask

Figure 5-2: The woven mesh was covered with an adhesive, which was subsequently
selectively laser-cut to produce a mask prior to applying sealant (A). A shoulder-bolt,
which acted as the electrical contact lead, was welded onto the 316SS mesh using a
custom-made jig (B).

The approach of laser-cutting a mask (Fig.5-2A), that could be removed after sealant

was applied, provided desirable results. However, further experimentation with curing
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under a vacuum, or between plates, is recommended to improve control over the the

seal thickness.

An additional difficulty was encountered with preparing the membranes. Once

soaked, the membranes expanded approximately 15%, causing the dimensions to

change. Cutting the dry membrane to the required dimensions resulted in the dis-

location of its flow-ports once it was wet. It is therefore critical that dimensions be

adjusted for this linear expansion if the membrane is sized in the dry state. An al-

ternative approach, which was implemented with the fabrication of this prototype, is

to size and drill the flow-ports once the membrane was already soaked.

5.3 Testing

Testing of the prototype was performed at the GEAR Lab, and at the collaborator's

testing facility - Aquadiagnostics - in Bangalore, India. The experimental set-up, test

procedure, and results are discussed in the following sections.

5.3.1 Desalination Tests at GEAR Lab

Desalination tests using pure NaCl solutions were performed at the GEAR Lab. A

similar experimental set-up (Fig.5-3) to that schematized in Figure 3-1 was used,

deviating only in the use of a 2000 mg/L NaCl solution for the electrode rinse rather

than a sodium sulfate solution. As indicated in Table 5.3, the only parameter that

was varied between tests was the applied voltage. While a recovery ratio of 90% was

targeted, the actual recovery ratio was 86% after the additional fluid in the piping

was accounted for.

The measured desalination rate matched closely with model predictions (Fig.5-

4). Given the diluate volume of 1.8 L, the production rate for a product water

concentration of 200 mg/L at the design voltage of 20 V is interpolated to be 4.8

L/hr from the measured results. This value is within 2% of the targeted performance

(Table 5.1).
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Figure 5-3: Experimental set-up used to test the prototype at the GEAR Lab. Note
that the rinse stream network is not shown in this image.

From the strong agreement between the measured and modeled conductivity pro-

files, one would expect the measured current to also match closely with the pre-

dicted current. However, the measured current was consistently higher than expected

through all tests (Fig.5-5). Inspection of the membranes revealed signs of tie-rod

corrosion (Fig.5-6). Due to imperfect sealing, the tie-rods provided an electrical path

that was parallel to the cell-pairs. Therefore, the additional current traveling through

the tie-rods resulted in a higher total current being measured.

Table 5.3: Prototype NaCl Desalination Test Parameters

Test 1 Test 2 Test 3
Stack Voltage [V] 18 22 26
Flow-rate IL/hr] 100
Feed Concentration [mg/L] 2000
Product Concentration [mg/L] 100
Diluate Volume [L] 1.8
Concentrate Volume [L] 0.2
Recovery Ratio [% 86
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Figure 5-6: The corrosion of the tie-rods indicate that they provided an electrical
path, parallel to the cell-pairs, for the the current to travel through.

5.3.2 Desalination Tests at EFL/Aquadiagnostics

The prototype performance was also tested against untreated water obtained directly

from a bore-well at the Aquadiagnostics testing facility (Table 5.4). Using a hand-held

TDS meter, it was shown that the prototype successfully desalinated 7.7 L of water

from 960 mg/L to 200 mg/L within 60 minutes at 89% recovery, hence providing a

production rate of 7.7 L/hr (Fig.5-7). Since the water composition is unknown, it is

not possible to model the prototype's performance and make a comparison with the

experimental results.

Table 5.4: Aquadiagnostics Test Parameters

Parameter Value
Stack Voltage [V] 24
Flow-rate IL/hr] 100
Feed TDS [mg/L] 980
Product TDS [mg/L] 100
Diluate Volume [L 7.7
Concentrate Volume ILI 1
Recovery Ratio [%] 89
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Figure 5-7: A test using untreated bore-well water was performed at the Aquadiag-
nostics testing facility (right). The TDS of the diluate, treated by the prototype, was
measured against time (left).

5.3.3 Limiting Current Density

The same test procedure outlined in Section 3.1 was implemented, but a change in

the slope of the current-voltage plot was not observed under any operating conditions

(Fig.5-8). Failure of this test is attributed to the poor sealing of the electrodes, as

discussed above in Section 5.3.1. Since the electrodes provided a parallel path for

current flow, the measured current was not exclusively related to ion transfer across

the exchange membrane. Specifically, it was not possible to observe the point at the

depletion of ions at the membrane resulted in the decomposition of water molecules.

5.3.4 Pressure Drop

An independent pressure-drop test was not conducted. However, pressure-drop was

recorded while performing desalination and limiting current density tests. The mea-

sured pressure drop was found to closely agree with predictions from the model (Fig.5-

9). This verification indicates that it is appropriate to use the previously described

pressure drop model (Section 2.2) to select pumps that facilitate operation of the

batch ED system at the desired flow-rates.
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5.4 Summary of Prototype Performance and

Suggested Improvements

This chapter evaluates the performance of a prototype which was optimized for pro-

ducing 200 mg/L water from 2000 mg/L at 4.7 L/hr and 90% recovery, using the

models and optimization methods presented in Chapters 2 and 4, respectively. While

the desalination rate and pressure drop measured for the prototype closely matched

expectations, limiting current density tests could not be performed due to inadequate

sealing and subsequent corrosion of the tie-rods. In addition to resolving this problem,

the following improvements are suggested for future prototype iterations.

" Stainless steel electrodes were used for both the anode and cathode. As an-

ticipated, this necessitated the use of a separate rinse stream to prevent the

corrosion from contaminating the diluate and concentrate streams. One should

strive to use platinized titanium electrodes in future prototypes to eliminate the

need for this third flow circuit.

" The use of plastic tie-rods, or tie-rods that are external to the spacers, will

eliminate corrosion.

" By using tie-rods that are external to the spacers, it may also be possible to

reduce the size of the seal.

* The membranes could not be laser-cut, since the process would release toxic

fumes. As a result, membranes were manually cut for this prototype; however,

this resulted in poor dimensional repeatability. A stamping process is recom-

mended for future prototypes.

* It may be possible to integrate the rinse and concentrate streams internally

within the ED stack in order to eliminate the four rinse flow-ports.
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Chapter 6

Conclusions and Future Work

This thesis investigates how a batch ED system can be designed to satisfy the de-

salination requirements of households in Indian cities at the lowest total cost. This

work has involved the identification of performance specifications derived from exist-

ing Reverse Osmosis (RO) products and user interviews, the development of coupled

flow-mass transfer models to predict the performance of a proposed design, calcula-

tion and exploration of the pareto-optimal design space addressing total cost, product

concentration, and production rate, and prototyping of a candidate configuration.

The lack of public provisions for clean drinking water, and reliance on brackish

groundwater, has resulted in wide-scale adoption of household RO water purification

and desalination systems in urban India. The role of the RO membrane in these

devices is primarily desalination, whereby replacement with electrodialysis (ED) can

increase recovery from 25-40% to 80-90%, and reduce energy consumption attributed

to both desalination and pumping water to above-ground tanks.

A target specification for the proposed ED desalination system was generated

by considering the user's preference for low salinity drinking water of approximately

100 mg/L, below the requirement of the Indian Bureau of Standards of 500 mg/L,

along with production rate (9-15 L/hr), size, and storage (8-10 L) based on existing

RO capabilities. With assistance from Eureka Forbes Ltd, a leading manufacturer of

household water purifiers in the Indian market, a capital cost objective of $75 was

established as being competitive with RO.
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After evaluating previous attempts found in literature at developing such a system,

a batch architecture was selected over a continuous one as being more suitable for this

application since it provided the ability to desalinate at a high recovery in a compact

configuration, thereby resulting in lower cost. A coupled flow-mass transfer model

was developed to predict the desalination rate of an ED stack in this architecture,

given its geometry, flow, and voltage parameters, and validated on a lab-scale stack.

In addition, pressure drop through the stack was predicted in order to estimate the

capital cost of pumps that provided the design flow-rate, as high as 46% of the system's

capital cost is attributed to the pumps at this size scale.

Cost-optimal designs were calculated with the use of a multi-objective genetic al-

gorithm, for varying production rate (9-15 L/hr) and product water concentrations

(100-300 mg/L), while maintaining 2000 mg/L feedwater and 90% recovery. The de-

crease in limiting current density and conductivity caused the capital cost to increase

sharply for 100 mg/L systems: $141 vs. $93 and $79 for 200 mg/L and 300 mg/L

systems, respectively averaged for systems that produced between 11.5 and 12.5 L/hr

of desalinated water. The optimal voltage varied from 0.9 to 1.3 V per cell-pair from

100 to 300 mg/L systems at 9 L/hr of production, and decreased thereafter. Large

cell-pair length-to-width aspect ratios (3.5:1 to 6:1) and thin channels (0.30-0.33 mm)

promoted high current densities. Most notably, the optimal linear velocities ranged

between 11-21 cm/s, 2-5 times greater than suggestions found in literature for larger

systems. Lastly, higher production was obtained primarily by increasing cell-pair area

rather than the number of cell-pairs, which ranged between 36-46.

A candidate design targeted at 200 mg/L product water was prototyped to com-

pare the measured desalination output against modeled expectations, and elucidate

practical considerations not captured by simulation. Operating with a reduced num-

ber of 20 cell-pairs, each measuring 3.6 cm x 10.6 cm, feedwater at 2000 mg/L was

desalinated to 200 mg/L at 4.8 L/hr, which was within 2% of the expected produc-

tion rate at an applied voltage of 1.0 V/cell-pair. Improving the processes for sealing

spacers and cutting membranes will allow future prototypes to be tested with the

design number of cell-pairs without water leakages and tie-rod corrosion.
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In addition to guiding the design of domestic ED systems, this work has also

identifies the following other directions for further cost reduction.

" Voltage regulation during the batch process.

Following common industry practice, voltage was held constant during the batch

duration. However, voltage regulation based on diluate conductivity will allow

operation at higher current density, and consequently reduce the required cell-

pair area.

" Lower-cost pumps.

The capital cost contributions from the pumps was 26-40% for optimal systems

producing between 11.5-12.5 L/hr. The development of inexpensive pumps will

result in significant cost reduction.

" Spacer geometry

This work takes a limited approach to modeling the effect of the spacer on

mass transfer and pressure drop properties. A more detailed investigation may

identify spacer geometries that facilitate operation at higher current densities

at the cost of lower pressure drop.

" Detailed characterization of taste preferences.

A severe cost penalty is incurred by decreasing the product water salinity re-

quirements from 300 mg/L to 100 mg/L. A better understanding of the cus-

tomers' tolerance for higher salinity, or sensitivity to specific ions may allow

this requirement to be relaxed.
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Appendix A

Estimate of Water Transport Rate

In Chapter 2, water transport due to osmosis and electro-osmosis is neglected in

the model because under the assumption that it is small compared to the targeted

production rate. Here, an estimate of the water transport rate is provided to verify

this assumption.

The mass flux of water J, from the diluate to the concentrate channels due to

electro-osmosis (first term) and osmosis (second term) is

Twi
JW = M( T + DwAgr), (A. 1)

F

where M is the molar mass of water (18 g/mol), Tw is the water transport number

(~ 9.1 [321), i is the current density (- 50 A/M2 from Figure 4-7), F is the Faraday

constant (96485 C/mol), Dw is the permeablity of the membrane to water (- 1.4 x

10- 4 mol/bar-m 2-s [66]), and Air is the difference in the osmotic pressure across the

membrane, whereby

A7r = #zRTAC. (A.2)

R (8.314 x 10-5 bar-m 3 /mol-K) is the gas constant, and assuming the solution

contains only sodium-chloride at room temperature (T = 300 K), the number of ions

produced during dissociation z is 2. Lastly, the osmotic coefficient # is approximately

0.9.
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For a feed concentration of 2000 mg/L and a recovery of 90%, a diluate concentra-

tion of 100 mg/L will yield a concentrate concentration of 19100 mg/L. Then, with

the corresponding concentration difference across the exchange membranes of AC =

325 mol/m 3, the calculated rate of water transport is 0.124 g/m 2-s. Assuming a 20

cell-pair stack with 8 cm x 8 cm cell-pairs, similar to the one used by Nayar et al.

[27], the total water transport is approximately 57 mL/hr. Note that this value is on

the order of 100 times smaller than the production rate of 10 L/hr, hence it is valid

to assume that water transport during desalination is negligible.
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Appendix B

Pump Selection
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Figure B-1: Pressure-flow relationship of pumps considered in this analysis. See Table
B.1 for specifications and cost.

A system pressure-flow curve was produced for each design iteration and compared

to 13 DC pump curves (Fig.B-1). With the exception of a-d which are centrifugal

pumps, the remainder are diaphragm pumps. The pump, whose intersection point

with the system curve most closely provided the design flow-rate, was used for esti-
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mating the cost and energy consumption. The pumps were assumed to be operating

at their rated power consumption through the full batch duration.

Table B.1: Cost and Power Specifications for Pumps

# Manufacturer Model Power Cost

[W] [$1
a Topsflo B1OH-B12 11 18
b Topsflo B04H 20 19
c Topsflo B10-B24 31 19
d Topsflo CO1-B24 48 45
e Singflo lOOGRO 24 14
f Singflo FL-2401 22 16

g Singflo FL-2403 24 16
h Singflo FL-2402A 31 18
i Ronda DP-150 40 54

j Ronda DP-130 15 53
k Singflo FL-31 36 33
1 Singflo FL-34 60 34

m Singflo FL-44 134 35
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