ENG470 — HONOURS PROJECT

ENGINEERING THESIS

29/11/2021

JARRAD ALLERY — 32892911

MURDOCH UNIVERSITY

Feasibility Analysis and Simulation of Reverse Electrodialysis

for the Regeneration of Power in Desalination Plants

Supervised by:

A/Prof Philip A. Schneider



Murdoch

UNIVERSITY

Abstract

This document presents a multi-faceted parametric review on the reverse electrodialysis process
regarding ideal and real feed solutions. A hybrid forward osmosis - reverse electrodialysis model is
presented for the optimal utilisation of desalination brine effluent for electrical power generation. The
power generated is recommended to offset the high energy requirements of seawater reverse osmosis
desalination due to relative proximity of brine. The proposed large scale reverse electrodialysis plant
has the potential to minimise both capital and operating expenditure of an up-scaled system while
maximising net power output. A multi-variable optimisation of the process is achieved using the
simulation model derived within the study, concluding with a 10.3% reduction in the specific energy
consumption of Perth’s Seawater Desalination Plant located in Kwinana when utilising a series-
parallel arrangement of reverse electrodialysis units. However, the model is not specific to a Western
Australian context and can be used wherever an opportunity for salinity gradient power generation

exists.
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1.0 INTRODUCTION & BACKGROUND

As the effects of climate change are compounded with a steady rate of population growth and the
continued emission of greenhouse gases, water scarcity, in regard to quality and quantity, is becoming
a prevalent issue globally (van Vliet et al., 2021). The results, of which, are increasingly fewer
opportunities for conventional surface water harvesting methods to be practiced sustainably as the

climate dries, depicted in Figure 1 (Hofste et al., 2019).
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Figure 1. Global Water Risk Heat Map (Hofste et al., 2019).

Clean water is a necessity for human survival and is a requirement for sustainable development under
the United Nations’ 6™ Sustainable Development Goal (United Nations, 2015). Water scarcity is a
prevalent and urgent issue that currently threatens 2.1 billion people, many of whom do not have
reliable access to safe drinking water (Li & Yang, 2021). As such, alternative sources of freshwater
production, such as solar desalination, treated wastewater reuse, capacitive deionisation, and reverse
osmosis aim to alleviate this issue. However, they are constrained by technical and economic aspects
such as high power requirements, low conversion efficiencies and high costs of production compared
to surface and ground water harvesting as depicted in Table 1 (van Vliet et al., 2021). Seawater
reverse osmosis (SWRO) desalination plants are employed globally to supplement dwindling fresh
water sources (Mekonnen & Hoekstra, 2016), however, the energy demands of the process can be up
to 70% of the total cost of desalinated water production (Stover, 2007). The vast majority of SWRO
plants are dependent on fossil fuels for their power requirements. Large scale operations require an

average specific energy consumption (SEC) of 5.5 kWh m™ at a 50% recovery rate as displayed in
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Table 1 (Nassrullah et al., 2020; Schiermeier, 2008). There are pilot plants that have reached SEC of
1.80 kWh/m?® which is approaching the thermodynamic limit of 1.07 kWh m™ at 50% recovery, but
the technology is currently not scalable due to manufacturing limitations (Elimelech & Phillip, 2011;
Kim et al., 2019). A dominant view from researchers is that seawater desalination will become one of
the few feasible options of supplying potable fresh water to the population if the current ‘business as
usual’ method of economic growth is maintained, as displayed in Figure 2 (Charcosset et al., 2009;
Jones et al., 2019). Seawater desalination can be accomplished through a plethora of different
techniques such as Reverse osmosis (RO), Multi-stage flash (MSF), Multi-effect distillation (MED)
and electrodialysis (ED). This study will be focussed on subsidising the energy requirements of the

membrane based RO desalination method as it is the most common.

Water Source Average SEC (kWh m™)
Surface water 0.37
Ground water 0.48
Treated wastewater 0.75
Wastewater reuse 1.75
Seawater 5.54

Table 1. Global Average SEC of Producing Im?® of Drinking Water from Varying Sources. Reproduced from (Nassrullah et
al., 2020). SEC: Specific Energy Consumption.
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1.1 RESEARCH QUESTION

This study aims to evaluate the application of reverse electrodialysis (RED) to determine if
meaningful power can be regenerated through the utilisation of SWRO brine that is generally
discarded to the ocean. RED is a largely underdeveloped method of non-polluting electrochemical

renewable energy production.

1.2 MOTIVATION FOR STUDY

From travelling through India and Southeast Asia, it has been made evident that an extreme
prevalence of impaired drinking water sources exist for both highly and sparsely populated
developing regions, creating numerous challenges in the generation and distribution of fresh water.
These experiences motivated me to be a part of the solution in terms of optimising potable drinking
water production. As a large proportion of drinking water in the future will be derived from SWRO
plants, the possibility of offsetting the energy requirements is of interest. As someone living in a
relatively privileged area, Western Australia, wherein 50% of our freshwater demand is met by
desalination, I understand that this is not an issue specific to 3™ world countries but something that

challenges the world as a whole.

1.3 METHODOLOGY

This study has only included relevant and good quality research designs which produce repeatable
outcomes. Listed are the sources and criteria that each paper used was required to agree with in order
to be included in the study. As a person from an engineering discipline, I deal in objectivity, the
perspective had to be quantitative, measurable, observable, repeatable. Which was achieved by
utilising secondary data analysis techniques to verify existing research to hopefully provide a unique
perspective, progressing the technology in question. Secondary research involves interrogating and

considering data that has been collected and displayed by a researcher in the past.
I have chosen data from these areas:

e Peer reviewed, professional journals
e Textbooks

e Government documents

e Technical publications

e Current research



I have excluded non peer reviewed journal articles or unsubstantiated internet publications. I have
chosen secondary data specific to my area of interest as to inform my study with the best possible
quality breadth and depth of relevant research to create a balanced view. I have chosen secondary
research because it is cost effective, and I am time constrained, I do not have the means to conduct
independent experiments. I do not have to pay for transport, office space, equipment, or staff.
Furthermore, | have a large scope of data from which to choose, which has enabled me to explore
trends and changes over time. Disadvantages of using secondary data is finding data that specifically
fits with my stated aim. Data may be in a different format to what I may be experienced with. [ have a
lack of control over the quality of the data and must be diligent in making assessments as to the
quality of each document to the best of my ability as a beginning researcher. I’ve chosen each data set
for its congruency with its stated research aims, the credentials of the institution producing the data
and its relevancy. I must be reflexive to the extent I understand my own bias. My bias is that I want
this technology to be feasible in both technical and economic aspects using current membrane
manufacturing methods. Therefore, as a means of reducing my bias I have developed a standard set of

questions with which to interrogate the data. The questions are set out below.
Evaluation of secondary data:

e  What is the aim of the original study?

e  Who collected the data?

e Which measures were employed?

e  When were the data collected?

¢ What methodology was utilised?

e  What are the outcomes?

¢ How do they compare with similar studies?

e Are there un-controlled variables?

e Are they like for like?
o Ifnot, how do I account for differences?
o Are they still valid to be compared?

o Is there disagreement and/or anomalies?

These questions aim to mitigate any bias [ may have towards the literature. I am also aware of p-

hacking and cherry picking and strive to keep my findings un-biased.



1.4 AIMS AND OBJECTIVES

The aim of this study is to explore reverse electrodialysis, which promises to be a renewable,
sustainable, and clean (zero emissions) form of salinity gradient power generation that uses an
essentially free fuel (salt water). This evaluation is undertaken to determine if RED, in its current
technological state, can generate net positive energy when harnessing the salinity gradient potential
from effluent water streams of differing salt concentrations involved with SWRO desalination and

Wastewater treatment. The project objectives include:

e Assessing the current viability of energy generation using SWRO brine effluent and seawater

e Assessing effects on the RED process when the high concentration solution (brine) is paired
with seawater.

e Assessing effects on the RED process when the low concentration solution (seawater) is
diluted further through forward osmosis (FO) with treated wastewater before RED.

e Assessing the net power generation of the RED process using current & available membrane

technology.

2.0 LITERATURE REVIEW

2.1 SEAWATER REVERSE OSMOSIS (SWRO)

Due to nearly half of the world’s population living less than 100km from an ocean, SWRO remains
the most economical form of desalination, however, energy consumption generally makes up 50% of
operational expenditure (OPEX) of the process as shown in Figure 3. Within that total energy
consumption bracket roughly 70% of the specific energy consumption (SEC) is derived from pumping
saltwater through polyamide RO membranes at pressures up to 80 bar, which is in excess of 1000psi
(Verbeke et al., 2017). So, while it is important to work out how to improve the membrane
performance characteristics, other clever process optimisations exist, such as pressure exchange
modules. Displayed as the yellow cylinders in Figure 3, these devices can recover energy from the
pressurised concentrated effluent leaving the desalination plant and re-implement that hydraulic
energy back into the feed stream at 95% efficiency. Other examples of process optimisation
techniques include operating all supply, booster and second pass pumps on variable frequency drivers.
This allows for autonomous regulation of flow rates within the system, subsequently boosting

efficiency (Sanz et al., 2007). These are just examples of how it is possible to make desalination more



efficient by looking outside of membrane operations, which is what this study hopes to achieve to a

degree.
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Figure 3. Conventional Desalination Process and SEC (kWh m) Breakdown (Voutchkov, 2018).

The laws of thermodynamics limit an average cubic metre of seawater at standard temperature and
pressure (S.T.P) to require 0.78kWh (at 0% recovery) to turn it into potable drinking water (Amy et
al., 2017). This is the absolute minimum amount of energy required and it assumes 100% mechanical
efficiency of the system, which isn’t possible as desalination plants are not reversible thermodynamic
processes (Rabiee et al., 2019). The practical sustainable desalination zone as defined by the UN’s
COP21 goal is 25-30% of the thermodynamic limit, which will help to limit the global temperature
increase to 2 degrees Celsius above pre-industrial levels before 2100 (Shahzad et al., 2017). A lot of
effort has gone into developing new processes for both membrane and thermal desalination to move
towards this goal. The Aquaporin membrane uses proteins found in biological cells to boost the
permeability of these membranes by a whole magnitude and in 2003 won Peter Agre the Nobel Prize
in chemistry for his discovery (Agre, 2006). However, production methods for membranes such as

these are not economically viable at present.

The advancement of SWRO is constrained by the large SEC of the process. Hence, the most
favourable way for this technology to progress is to minimise the SEC. This can be achieved through
optimising SWRO factors that are related to the SEC such as feed stream conditions, target stream
parameters (quality/quantity), and operational efficiencies (energy recovery devices and pumps) (Kim
et al., 2019). In comparison to the conventional treatment of surface and ground water sources, of
which requires 0.3-0.5 kWh/m? (Kim et al., 2019; Voutchkov, 2018; Wakeel et al., 2016) the
theoretical thermodynamic minimum specific energy requirement to desalinate seawater at a 50%

recovery rate with total dissolved solids of 35000 mg/L, is 1.07kWh/m? (Kim et al., 2019; McGovern,



2014; Park et al., 2018; Voutchkov, 2018). Operational SWRO plants require a much greater SEC
than the thermodynamic minimum at 4-6 kWh/m® where the RO process accounts for up to 70% of
this energy demand (Voutchkov, 2018). It is for this reason that the current bias of water sourcing

leans towards surface and ground water harvesting as opposed to desalination.

The utilisation of SWRO is inevitable for areas that only have access to saline sources for potable
water generation such as the Middle East and North Africa, of which are increasing demand for
SWRO water to use in both agriculture and human consumption as water scarcity grows (Ghaffour,
2009). It is forecasted that surface water sources in these sensitive areas will not stabilise in the future
with current trends (Ramanathan & Feng, 2009). Potable water from SWRO comes at a higher price
in terms of energy as shown in Table 1. This energy is generally generated by burning fossil fuels,
hence further contributing to climate change through the continual emission of greenhouse gases into
the atmosphere. Fundamentally, strategies need to be devised in order to approach the thermodynamic
limit of SWRO, as to minimise the process’ carbon footprint and optimise the SEC of potable water

production.
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Figure 4. Perth SWRO Desalination Plant Setup. (Mickley et al., 2016).

SWRO remains the most economical form of desalination, but power consumption generally makes
up 50% of OPEX, the process of which is shown in Figure 4. This is in terms of electrical power
consumption within the plant processes, it does not account for the embodied energy of chemicals

required for chlorination/coagulation/flocculation/antiscalant/remineralisation/fluoride dosing/anti-



biofouling solutions for the membranes that are necessary for the beneficiation stage of raw feed

water for SWRO systems, such as (Younos, 2005):

e Sodium hypochlorite (NaOCl), otherwise known as free chlorine, which is used to mitigate
biological build-up on the membranes.

e Ferric and/or aluminium chloride (FeCl3/AlCls) are employed as disinfectants for the
flocculation stage and the entrapment of suspended solids in solution.

e Sulfuric and/or hydrochloric acid (H2SO4/HCI) are utilised to control the pH of the feed
streams.

e Anti-scalants such as sodium hexameta phosphate ((NaPQO3)s), also known as SHMP, are used
to prevent mineral coatings and corrosion deposits forming in the pipes and membranes.

e In order to neutralise any remaining free chlorine in the seawater, sodium bisulphate
(NaHSOy) is employed.

e Other deposits, such as carbonate, are dissolved using acid solutions (CioHisN-Os), also
known as EDTA — ethylenediaminetetraacetic acid.

e Other acids are used three or four times annually to flush the membranes. These include citric

acid (CsHsO7) and sodium polyphosphate (Na3POs) in conjunction with EDTA.

The basic operation of a desalination plant, the Perth Seawater Desalination Plant (PSDP) in this case,

is as follows (Mickley et al., 2016):

I.  Seawater intake uses an electric pump to bring influent seawater to a dual media filter and
then a secondary pump is utilised to transport that water to cartridge filters.
II.  From the cartridge filters a low-pressure feed booster pump sends the filtered sea water to

a. The series of high pressure pumps that drive seawater through the RO membranes.

b. The energy recovery devices to enable the return of the hydraulic piston that
previously extracted energy from the brine (concentrate stream). This process
drastically reduces the energy demand of the system as it recovers energy from a
stream that was, in the past, pumped back to the ocean carrying enormous hydraulic
energy.

II.  [1* pass] The series of high pressure pumps reverse the osmosis phenomenon by
hydraulically forcing seawater through a bank of semipermeable membranes in order to
separate the dissolved salts in solution. This is the most energy intensive part of the SWRO
system as an enormous amount of energy is required to bring the feed water up to 80 bar
(~1160 Psi).

a. The rejected brine stream from this is still under enormous pressure and is sent to the

energy recovery device (ERD) to pressurise hydraulic pistons that then feed



pressurised filtered seawater to a ERD booster pump. This then sends water to the
start of the membrane bank to be integrated with the high pressure pump streams.
IV.  [2"pass] The diluted seawater is again sent to a high pressure pump to be sent to a second
bank of RO membranes to finally remove all the ions from solution, resulting in pure H,O.
Although less energy intensive than the first pass, the second pass still requires a large
amount of energy.
a. The rejected brine from these membranes is sent to the ocean.
b. The product stream is sent to a surge tank.
V.  From the surge tank an electric transfer pump sends the water to a permeate tank and

subsequently, from another transfer pump to the scheme water mains or a potable water tank.

The largest source of electricity demand within the system are the first and second pass high pressure
pumps, so they subsequently offer the largest opportunities for savings. There are opportunities to
optimise plant efficiency through such methods like ERD’s and pump design by tailoring them
specifically to RO applications but another interesting way to reduce power requirements for an RO
plant is by diluting the seawater initially using forward osmosis (FO), described further in section 2.8.
There are other low salinity feed solutions apart from river water that otherwise get pumped into the
sea, such as treated wastewater (TWW). Hence, by using TWW as a feed solution, it is possible to
recover ‘fresh’ water that would otherwise be lost to the ocean. In this case, instead of having pure
seawater that requires greater hydraulic pressures to drive through RO membranes due to higher ionic
concentration, a more dilute solution is available that requires less energy to produce the same volume
of drinking water. This process would reduce the overall energy demand and subsequent OPEX of the
RO plant. Unfortunately, a western stigma exists about using TWW, also there is an implication that
brand new sets of membrane biofouling, pumping/plumbing, health/safety risk characteristics are
introduced to the RO plant as there are only a few membranes separating TWW from the potable
water being produced. A safer alternative would be to simply generate electrical power for the SWRO

plant by utilising salinity gradient power.

2.2 SALINITY GRADIENT POWER (SGP)

Salinity gradient power (SGP) utilises membrane conversion techniques, such as Pressure Retarded
Osmosis (PRO) and Reverse Electrodialysis (RED), in which the latter utilises a chemical potential
difference that is generated through the mixing of two electrolyte solutions of varying salinities
(Ramon et al., 2011). When these water streams, one of a relatively higher salt concentration than the
other mix, energy is discharged as a result of the difference in chemical potential between the two

solutions. This chemical mechanism causes an increase to the entropy of the system in an irreversible



and spontaneous way and provides an opportunity to generate renewable power (Pawlowski et al.,
2016). Fresh/brackish river systems drain into oceans all over the planet, when this happens both
streams mix spontaneously and irreversibly. If, however, the mixing occurs in a controlled and
reversible manner, otherwise wasted work can be harnessed from an inevitable scenario (Isaacs &
Schmitt, 1980). SGP can therefore be considered an entirely renewable and sustainable opportunity
for energy production (Pawlowski et al., 2016). Table 2 depicts a comparison of SGP with other

energy conversion methods.

Energy Conversion GHGs Electricity Price = EROI Energy Conversion
Systems [g COz-e /kWh] [USD/kWh] Efficiency [%]

Photovoltaic 90 0.24 1.6-6.8 4-22
Wind 25 0.07 18 24-54

Hydro 41 0.05 >100 >90
Geothermal 170 0.07 N/A 10-20
Coal 1004 0.042 80 32-45
Gas 543 0.048 10 45-53
RED <10 0.10 7 34-40

PRO <10 0.065-0.13 6.7 44

Table 2. RED and PRO in comparison to other energy sources. Reproduced from (Zoungrana & Cakmakci, 2021). EROI:

Energy return on investment.

On average, for every cubic metre of river discharge mixed with sea water, thermodynamic models
predict 1.2 MJ can be obtained (Kuleszo et al., 2010; Quak, 2009), the relationship is depicted in
Figure 5.

Concentration river water [g/]

17.6 14.5 21.5 23.5 25.5 27.5 20.5

Concentration sea water [g1l

1 ML 1.1 M. 1.2 ML 1,3 M. 1A M) e—1.5 L

Figure 5. Theoretically available Gibbs Free Energy from thermodynamic modelling of 1m? of ocean water homogenously
mixed with Im? of river water (Post et al., 2007).
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SGP is predicted to be one of the highest sources of energy in a marine based environment, second
only to offshore wind power (Zoungrana & Cakmakci, 2021). Figure 6 depicts the theoretical
chemical potential for energy generation is 984 GW or 8619.84 TWh/year globally. This translates to
roughly 18.2% of global primary energy consumption in 2018 (Isaacs & Schmitt, 1980; Zoungrana &
Cakmakeci, 2021). When factors such as suitable plant location, average river discharge rates and
extraction/capacity factors are taken into consideration, estimates theorise 3-15% of the world’s

power demands may still be met (Alvarez-Silva et al., 2016).
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Figure 6. Global Map of Potential Salinity Gradient Power (REDstack, 2016)

As opposed to conventional river/sea interfaces for salinity gradients, hybrid systems can be
employed that utilise highly saline sources for the concentrated feed for SGP production. These may
include inland lakes that have been subject to groundwater salinity, saline aquifers/wastewater
streams, industrial mining pits and desalination brines (Helfer et al., 2013; Jones & Finley, 2003;
Kempener & Neumann, 2014; Merz et al., 2012; Neumann, 2012). A summary of the data from
(Logan & Elimelech, 2012) depicts the osmotic pressure of various sources of highly saline sources.
This can be regarded as a visual representation of the power generation capacity of different saline
sources as concentration and osmotic pressure are directly related, the higher the concentration the
larger the chemical potential is theoretically possible as depicted in Eqn (5) (Pawlowski et al., 2016).
A cubic metre of brine (5M) mixed with a cubic metre of river water (0.01M) can theoretically
produce 16 MJ of power as well as increasing ecological welfare through the dilution of SWRO brine

that is discharged into marine environments (Post et al., 2007).
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Figure 7. Varying sources of saline/hypersaline solutions and respective osmotic pressures (SWRO — Seawater Reverse
Osmosis) (Logan & Elimelech, 2012; Pawlowski et al., 2016).

2.3 REVERSE ELECTRODIALYSIS (RED)

A RED system employs multiple ion exchange membranes (IEM) (anion/cation permeable) in a bank,
sandwiched between an anode and cathode. The channels between the membranes co-currently flow
with relatively fresh and saline solution. Osmotic pressure drives the free ions in solution in opposite
directions due to the selective nature of the membranes, wherein the negatively charged ions will pass
through anion-exchange membranes (AEM) towards the anode (oxidation) and the positively charged
will move through cation-exchange membranes (CEM) towards to the cathode (reduction) (Lacey,
1980). As there is a negative and positive charge (ionic flux) at opposite ends of the membrane, a
direct electrical current can be generated when an external circuit is created, thus providing power to
whatever load is applied to the circuit as demonstrated in Figure 8 (Telesh & Khlebovich, 2010; Turek
& Bandura, 2007). The salinity gradient between these membranes generates a potential difference
(80 mV for river/sea water on average) (Ramon et al., 2011), which is known as the ‘membrane
potential’. Practical RED systems use thousands of such membranes in a ‘stack’ (electro-chemical
cell), and the final potential difference of the stack is the sum of membrane potentials (£) (Telesh &
Khlebovich, 2010).

P=EXxI
1)
The power (P) generated from the stack is in watts. E is the potential difference of the stack in volts

and I is the external current generated in amperes, of which is derived from the sum of the average

current density along the length of the cell and the area of the membrane (Ortiz-Imedio et al., 2019).



The metric used most frequently in literature to determine the performance of a RED stack is the net
power density per membrane cell pair (W m™cp).
) .
pumping
Pt density — Pgross density = o . ar. a4
2-N-A, @
Where A, is the surface area of a single membrane and N is total number of cell pairs (CP) within the
stack (Vermaas et al., 2012; Vermaas et al., 2011a). Where a cell pair is the parallel configuration of
the high and low concentration feed streams separated by an IEM. When hydrodynamic conditions are
kept the same in both the high and low concentration compartments (flow rate/temperature), the

power required for pumping can be derived from the following (Pawlowski et al., 2016).

Ppumping = (APrc " Qrc) + (APhc - Quc)

3)
Where Q is the flow rate (m® s™) of either the high/low concentrate solutions and Ap; ¢ /Hc 18 the drop
in pressure between the influent and effluent in respect to low or high concentration streams in
pascals. This is the sum of partial pressure drops that occur throughout the RED system, including
those in the electrode rinse solution (ERS). The ERS pressure drops become negligible in large scale
systems (N>200) (Strathmann, 2010). The gross power density produced from a RED stack is
dependent on the open circuit voltage (OCV) which is the voltage produced when there is no external
load/resistance. Maximum gross power density generated when the resistance within the stack is equal
to the external resistance (Veerman et al., 2009; Veerman et al., 2008; Veerman et al., 2010). In such
a circumstance:

ocv?

P L = ——
gross density 4-R.
t (4)

OCYV represents the maximum power a RED stack can generate. It is the sum of each individual
membrane chemical potential difference, of which is determined by the activity/concentration (y-C)

ratios between concentrated and dilute feed streams (Pawlowski et al., 2016).

YHc® CHC)
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The ERS is composed of an aqueous fluid that has the capacity to maintain a balance of anions and
cations in the combined anolyte and catholyte solution through a homogenous charge transfer reaction
(Veerman et al., 2010). Depending on which type of membrane is utilised as the first and last

membrane in the stack (must be the same, i.e. both AEM or CEM) will influence which ion is



responsible for electron transportation (either Na" or CI) and will determine which electrode, at
opposite ends of the stack, is the anode or cathode, subsequently converting the ionic flux into
electrical current via the redox reaction enabled by the ERS as demonstrated in Figure 8. The
composition of the ERS can also mitigate gas formation on the electrodes and provide a uniform
charge balance, subsequently maximising the system’s performance (Benneker et al., 2018). Stable
solutions such as a mixture of iron hexacyanoferrate ( KsFe[(CN)s]* / KsFe[(CN)s]* ) and NaCl as a
supporting electrolyte, are employed due to the optimal reversible-redox capacity under process
conditions. It is recommended that exposure of photons and oxygen is negated to minimise the
decomposition of the redox couple (Scialdone et al., 2012). It is imperative that the outer [IEMs are of
the same ion-selectivity, both CEM or AEM for example (Veerman et al., 2010). This is done so that
the ionic charge transport from the feed stream to the ERS is done exclusively by CI” or Na" such that:

[Fe(Cn)s]* + e = [Fe(Cn)s]*
(6)
In the case of Figure 8, positive Na' ions migrate into the ERS. In this way a reversible redox couple
is maintained in the recirculation system which can mitigate short-circuiting of the RED stack, as the
potential difference required for the reduction of the electrolyte on the cathode is counteracted by the

oxidation at the anode, thus maintaining electro-neutrality (Veerman et al., 2010).
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Figure 8. Reverse Electrodialysis Stack Diagram (Ortiz-Imedio et al., 2019)

The ideal/maximum theoretically available potential refers to the Gibbs free energy of mixing.

Assuming 100% thermodynamic efficiency, the chemical potential as a function of the concentration



gradient, through reverse electrodialysis, realised under a reversible reaction, follows Eqn. (7) (M

Tedesco et al., 2016).

. C , . C ,
Pacmix = 2RT ( QrowCrow,im In Yiow,inCLow,in YHIGH,in HIGH,m)
™

+ QuicnCHighinn
qu Ceq g qu Ceq

Where Q is the flow rate in m® s, HIGH & LOW refer to the concentrated and dilute compartments,
respectively in mol m™. Cgq is the equilibrium or average concentration in mol m~, C and y are the
molar concentrations and mean activity coefficients of the respective NaCl feed streams. Activity
coefficients can be estimated through the findings of Staples (Staples, 1981) or between [0<C<0.5M]
using the Debye Hiickel (Veerman et al., 2011) or above [C>1M] using Pitzer equations (Pitzer, 1973;
Tedesco et al., 2015). R is the universal gas constant, 8.314 J/(mol-K) and T is the average
temperature, in K, of the influent solutions. There have been numerous models developed to estimate
mean ionic activity coefficients as demonstrated in Figure 9 and Table 3. The one that comes the
closest at replicating experimental data at concentrations beyond 1M is the Pitzer Virial system of
equations, which will subsequently be used in the current model due to the high molarities that are
associated with the RED process parameters being investigated.
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Figure 9. Mean y vs molality of NaCl at 25°C modelled using various methods (Balomenos et al., 2006). Dots represent the
experimental findings of Robinson and Stokes (Robinson & Stokes, 1959).

As 100% thermodynamic efficiency is not realistic, the process efficiency (#grss) is the fraction of

actual power generated relative to the theoretically available power described by Eqn. (8).

P
Ngross = %X 100%
P pGmix ®)




The amount of electrical energy that is practically possible from these stacks is dependent

on several factors, such as concentration, composition, and temperature of the two solutions (Katz,
1979). However, the degree to which this energy can be obtained is determined by technical aspects
of the system itself, such as internal cell resistance and membrane selectivity, in which the internal
resistance is a metric that represents the difficulty ions experience when migrating from the
concentrated to dilute solution, and membrane selectivity, which refers to the efficiency of ion

passage (Allison, 1995; Katz, 1979). In this regard, the maximum power efficiency (n,,) of the RED
process is 50%. Eqn. (9) shows that under ideal conditions in which the stack is operating at
maximum power output (R; = Ry,), 1, cannot exceed 0.5. The remaining 50% of exergy is lost
irreversibly to internal resistances within the stack itself (Veerman et al., 2009).

B IR, R,
"~ I?R; +I?R, R;+R,

Mp
9

Where R; and R,, are the total internal and external resistances in the system measured in Q-m” As the
complete conversion of Gibbs free energy into electrical energy is not possible, the thermodynamic
efficiency of the process is the fraction of power generated by the system relative to the difference in
exergy that enters and exits the stack as described by Eqn. (10). The difference in exergy is due to the
two feed streams not completely mixing inside the stack, i.e. the ionic flux is not entirely converted

into electromotive force and is therefore unused energy (Moreno et al., 2018).

P

exergyin — exergyout

Nthermodynamic =
(10)

2.4 RED AT LABORATORY SCALE

In a 55 year time frame (1954-2009), only 9 papers were published in scientific journals that describe
experimental findings of the RED process with fresh and saline solutions: (Pattle, 1954), (Pattle,
1955), (Kniajev, 2001), (Weinstein & Leitz, 1976), (Audinos, 1983), (Audinos, 1992), (Jagur-
Grodzinski & Kramer, 1986), (Turek & Bandura, 2007), (Suda et al., 2007), (Veerman et al., 2008),
(Veerman et al., 2009). In the last decade however, the published literature on RED has increased
exponentially (Mei & Tang, 2018). Although the aforementioned teams proved the process was more
than theoretical, the experimental power densities were low, and the thermodynamic power efficiency
was sparsely discussed in literature. In recent times, the understanding and manufacturing capabilities
of nanotechnology has improved drastically, and innovative manufacturing processes have enabled
the production of perm-selective membranes that far exceed those tested for RED previously (Khatibi

etal., 2021). From the 9 mentioned papers, the highest practical power density was achieved by



Veerman et al., 2009 at 1.18 W m™. Recent advancements include a team (Hsu et al., 2017) that
achieved 18.2 W/m?using a KCl electrolyte solution and conical shaped steady state nanochannels,
depicted in Figure 10. This method was further improved upon by (Khatibi et al., 2021) wherein the
nanochannels were internally coated in a polyelectrolyte layer. This addition generated a power
density of 51.5 W/m?. Nearly triple that of the previous maximum in only 4 years. The positive trend
of power density improvement with time implies RED could eventually become a competitive source

of renewable energy.

Figure 10. Bare Conical Steady State Nanochannel for RED (Hsu et al., 2017).

2.5 CASE STUDIES

2.5.1 Redstack — Afsluitdijk, Netherlands

The Afsluitdijk (translated: shut-off-dike), is a 32km dam and freeway that joins North Holland to
Den Oever in the Netherlands. The construction of the dam itself effectively separated the north
(Wadden) sea from the south sea in 1932, subsequently creating the freshwater lake Ijsselmeer
(Hakkenes, 2017). Near the middle of the dam lies Breezanddijk Island, a land mass that was deemed
an appropriate building location for a RED pilot plant, displayed in Figure 11, due to the relative
proximity of salt (0.479 mol/L) and fresh (0.0034 — 0.0086 mol/L) water. The pilot plant was
operational in 2014 and had a nominal power generation of 50 kW (Ortiz-Imedio et al., 2019).
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Figure 11. Redstack Pilot Plant on Breezanddijk Island (Avrotros, 2019)

The Redstack pilot plant was developed with the intention of determining the effects that upscaling
has on RED systems. Specifically, the effects that larger stack sizes have on process efficiency and
power density, as these are critical parameters for the commercialisation of industrial scale RED
power plants (Moreno et al., 2018). These effects were studied using 4 separate stacks that employed
50 membranes each. (6x6), (10x10), (22x22) and (44x44) cm’ membranes were used, respectively,

which translated to effective membrane surface areas of 0.36, 1.00, 4.84 & 19.36 m?.
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Figure 12. A. Fractional Exergy Distribution Available in feed streams. B. Relative Process & Thermodynamic Efficiency
(Moreno et al., 2018).
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Pumping power density (W/m?2)

The Redstack pilot plant proved that the RED process efficiency increases at larger scales as shown in
Figure 12 B), with negligible detriment to thermodynamic efficiency displayed in Figure 13 D). This

also considers the greater pumping power demands required by the larger stacks displayed in Figure

13 C).
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Figure 13. RED Performance Metrics (Moreno et al., 2018).

2.5.2 REAPower — Italy

Before development, the REAPower (Reverse Electrodialysis Alternative Power) team validated
operational performance using process and fluid dynamic simulations specific to RED at higher ionic
concentrations (Tedesco et al., 2015). Built on the salt works area in Marsala, Trapani, (west coast of
Sicily) and financed by the European commission, the REAPower pilot plant uses brackish (0.034 —
0.051 M) water as the dilute solution and hypersaline (3.422 — 5.133 M) brine from saltworks for the
concentrate (Ortiz-Imedio et al., 2019). It was the first plant globally to produce electricity from
brackish and brine water. Figure 14 shows the layout of the plant, which utilises 2 stacks of 500 and 1
stack of 125 cell pairs (CP). All membranes were (44x44) cm?, equating to roughly 400m? of total
membrane area (Tedesco et al., 2017). For 5 months the stacks were tested with artificial solutions
and achieved 2.6W/m*. When real solutions were incorporated, a decrease in efficiency of up to 50%
was seen. This was due to larger ions, such as Mg®" being prevalent in the real feed solutions, of
which caused a decrease in permeation efficiency and more frequent membrane fouling in comparison
to the artificial ideal solutions (Tedesco et al., 2017). A fix for this issue could be the fractioned
crystallisation process that would synergically enable the recovery of valuable Mg(OH), from the
brine effluent (Cipollina et al., 2012). Although the performance of the pilot plant reduced by half, it
did not fall any further over extended periods of operation, implying continuous operation may be

feasible (Tedesco et al., 2017).
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Figure 14. Process Flow Diagram of the REAPower Pilot Plant (Tedesco et al., 2017).

From the computational fluid dynamic modelling and simulations, the nominal power output of the
pilot plant under ideal conditions was estimated to be 1kW. These models assumed that all 3 stacks
had 500 cell pairs of (44Xx44) cm” membranes. In practice, only 2 such stacks were employed and the
third was significantly smaller at only 125 CP, as shown in Figure 15. The pilot plant still achieved an
output of 700W which was only 30% lower than what was predicted if using 3 full sized stacks under
perfect conditions (Tedesco et al., 2017).
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Figure 15. A. First Stack, 375 CP Smaller Than What Was Employed in Computational Model. B. Second and Third Stacks
(REAPower, 2014).
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The REAPower pilot plant not only validated the use of highly saline feed streams for RED but also
the scalability of the process. 330W of gross power was generated using real feed solutions displayed
in Figure 16 B) and a maximum power density of 1.6 W/m? relative to real feed streams as shown in

Figure 16 A) (Tedesco et al., 2017).
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Figure 16. Performance Characteristics of REAPower Stacks. Real Brackish Solution (3.4 mS/cm) & Brine (190-215
mS/cm). Artificial Solutions (NaCl) of Same Conductivity (Tedesco et al., 2017).

2.6 RED wiTH SWRO

There are currently no electrical energy reduction strategies associated with SWRO desalination as
most of the processes energy reduction is derived from the recovery of hydraulic pressure in the
effluent streams (Yoon et al., 2019). These ERDs are able to re-capture up to 95% of the pressurised
hydraulic energy in the effluent back into the feed stream, greatly improving efficiency (Sanz et al.,
2007; Voutchkov & Semiat, 2008). Other efforts have been in the optimisation of pre-treatment
processes to limit membrane fouling/scaling as to minimise the rate of decrease in performance over
the membrane life span (Elimelech & Phillip, 2011). The largest power consumption in a SWRO plant
comes from the hydraulic pressure required to inverse the inherent osmotic pressure (reverse
osmosis), forcing the permeation of potable water through the polyamide membranes (Ghaffour et al.,
2013). Hybridisation of salinity gradient power technologies is an emerging theory in the efforts
towards low energy SWRO (Achilli et al., 2014) as the two processes can operate symbiotically,
depicted in Figure 17.
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Figure 17. Symbiotic Pairing of Desalination (DES) and SGP Energy Recovery (Vanoppen et al., 2016). OD: Osmotic
Dilution

The implementation of RED as a post treatment SWRO energy generation unit was rarely modelled
due to the earlier, low perm-selective membrane characteristics, thus concluding the mixing of
seawater with SWRO brine resulted in negligible power densities. Newer models using current
knowledge and up to date membranes are estimating net energy densities of 4 W m™ when utilising

brine of 2M for the concentrate feed and 0.045M for the diluate as show in Figure 18.
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Figure 18. RED Model Utilising 2M SWRO Brine (Tristan et al., 2020).

2.7 RED + FO wWwiTH SWRO

Forward osmosis (FO) refers to a dilution process that employs the salinity gradient between solutions
and subsequent osmotic pressure to generate a driving force for water transport through a
semipermeable membrane (Beaudry et al., 1999). These membranes separate a feed and draw (higher

salinity compared to feed) solution. As the feed solution has a lower salinity than the draw solution,
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an osmotic pressure is inherently generated, this ‘draws’ water from the feed solution separating the
solutes from the feed stream and diluting the draw stream (Chung et al., 2012). As an example, sea
water can be used as a draw solution and river water as a feed solution. Passing them alternately over
a semipermeable membrane will result in a diluted seawater solution at the cost of fresh (river) water.
This process generates a hydraulic head in the draw chamber as a volume of water passes from low to
high concentration compartments. This volumetric flow of liquid can be utilised to spin a turbine and
subsequently generate an electric current. Pilot plants such as Statkraft in Norway have been
producing power in this way since 2009 (Skilhagen et al., 2008). In comparison to RO, FO has a
larger rejection range of solutes/particulates and requires much less hydraulic pressure. The
membranes utilised in FO have a lower propensity to fouling than RO which allows for a longer

service life and less frequent maintenance regimes (Beaudry et al., 1999).

A hybrid combination of FO in conjunction with RED is of interest due to other low salinity feed
solutions that otherwise get pumped into the sea as effluent, such as treated wastewater (TWW). By
using a waste stream such as TWW for a feed solution it is possible to recover ‘fresh’ water that
would otherwise be lost to the ocean. A benefit of having more diluted sea water is to subsequently
run it through a SWRO plant. Instead of having pure seawater that requires greater hydraulic
pressures to drive through SWRO membranes, a more dilute solution requires less energy to produce
the same volume of drinking water. This does imply that a new set of membrane biofouling,
pumping/plumbing, health/safety risk characteristics are introduced into the SWRO plant process as
there’s only a few membranes separating treated wastewater from the potable water that is to be
distributed. A better method would be to simply generate power for the SWRO plant to offset the
large energy requirements using a hybrid system of FO-RED as shown in Figure 19. By utilising a FO
stage before RED, saltwater from the ocean is diluted with fresh water extracted from TWW that was
destined for the sea. In doing so the salinity gradient is increased between the high and low
concentration streams and results in a lower equilibrium concentration due to a diluted low
concentration solution, which is a denominator term in the potential difference Eqn. (7) implying a

greater capacity to generate power.
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Figure 19. Hybrid FO-RED system for SWRO power generation using waste streams.



2.8 SUMMARY OF LITERATURE REVIEW

SGP offers a non-intermittent source of power that, until now, has only been available through the
fossil fuel dependent power plants. This means that the system can be turned off or on to balance
energy grid fluctuations with no detriment to efficiency. Compared to solar or wind of which are both
more volatile than river or desalination flow rates. Current renewables also depend on the intensity of
sunshine and air speeds respectively. RED simply requires the flow of globally abundant ionic
solutions. There is a myriad of literature on critical parameters that determine the ultimate
performance of the RED system such as the structure of membranes (Michele Tedesco et al., 2016),
the geometry of spacers separating the membranes (Gurreri et al., 2016), influent solution
concentrations (Tufa et al., 2014), flow rates through the stacks (Zhu et al., 2015) and stream
temperatures (Brauns, 2009). Many constraints need to be overcome for RED to be competitive in the
energy industry such as the scarcity of membranes made specifically for RED, the current high price
and fouling characteristics of IEMs and the low practical power densities thereof (Zoungrana &
Cakmakci, 2021). There are very few authors in the field analysing RED coupled with SWRO
processes which makes establishing validity more challenging. There is an absence of parallel
research into the optimisation of desalination technology and RED, possibly due to the scarcity of

renewable energy research funding in the current fossil fuel based economic climate.

The most relevant parameter regarding a hybrid RED system relative to SWRO desalination is the
effect feed concentrations have on system performance. If the dilute water stream is sourced from a
river, roughly 45% of total ohmic losses are in the dilute passages due to the low conductivity
(Veerman et al., 2009). This overall stack resistance can be minimised by using saline solutions in the
dilute channels, such as diluted ocean water in conjunction with hypersaline brine, such as RO
effluent in the concentrated channels to optimise conductivity and therefore performance (Tamburini

etal., 2016).

In relation to feed stream parameters, assuming a constant/steady high concentration compartment
(HC), increasing the salinity of the low concentration compartment (LC) yields conflicting results.
The increase of free ions in solution results in higher conductivity/lower internal resistance,
promoting power generation. However, it also reduces the difference in salinity between the HC and
LC, reducing the electromotive force and subsequently the amount of power generation possible. In
regard to flow rates, reducing residence time (increasing flow rate) within the stack increases the rate
of ion migration and subsequently leads to higher electrical potential, this is at the cost of greater
pumping requirements due to a larger pressure drop (Hong et al., 2013). In regard to feed stream
temperature, greater gross power is achieved but lower perm-selectivity identified in the membranes.
Higher temperatures have a beneficial influence on feed stream conductivity, diffusivity and

membrane resistances, implying the higher the temperature, the greater the power generation capacity



(Ortiz-Imedio et al., 2019). The most interesting correlation found in literature is that utilising the
greatest difference in salinity will not yield the maximum power output, although it is well established
that power output will be maximised at LC concentrations below 0.1M. A balance between LC
compartment conductivity, and subsequent ohmic resistance, needs to be achieved to optimise the
process. If conditions can be identified in which a RED system can symbiotically generate meaningful
power when coupled to a SWRO plant, RED could be a viable method of renewable energy

generation to aid in low energy desalination.

3.0 MODEL DEVELOPMENT

Engineering Equation Solver (EES) is used in relation to the equations that match most accurately to
the system performance parameters. The following model relies on the discretisation of the cell length
(L) which is determined autonomously by the EES software. The following assumptions are also

made:

e Co-current flow between compartments.

e HC and LC feed streams are purely sodium chloride solutions, hence not accounting for
multivalent ions that are detrimental to RED efficiency (Gémez-Coma et al., 2019).

e Values are determined at average system conditions (feed stream concentration).

e The perm-selectivity of the membranes stay constant throughout the process, even though in
practice they will vary with feed solution concentration and temperature (Ortega-Delgado et
al., 2019; Zlotorowicz et al., 2017).

o The resistance of the membranes is independent to feed stream concentrations, even though
the two are highly related at lower concentrations (~10~ M) (Gémez-Coma et al., 2019;
Kamcev et al., 2018; Park et al., 2006). This has been mitigated due to the relatively high
concentrations utilised within this model and the fact that ohmic resistance outweighs that of
the IEM at low concentrations in any case.

o Diffusivity coefficients of NaCl and water remain the same regardless of concentration and
temperature.

e Each cell pair performs identically, thus assuming no ionic short circuiting and/or water
leakage between the inlet manifolds. In practice, shunt currents in large scale RED stacks may
have a prominent effect on the system’s performance (Culcasi et al., 2020).

e Temperature effects the ohmic resistance of both AEM and CEMs identically.

e The pump(s) have a constant mechanical efficiency of 75%.

Although beneficial, cell pair modifications such as using conductive spacers instead of ‘uncharged’

plastic ones, yielding a threefold increase in power density (Dlugotecki et al., 2010), or employing



wider HC compared to LC compartments (8:1), in which an 85% increase in power output was
achieved (Hong et al., 2013), will not be included in the model due to the current lack of mathematical

correlations for such conditions.

3.1 ELECTROKINETICS

In this model, a cell pair (CP) is defined as an AEM sandwiched between two CEM’s. The voltage
that is generated when co-current solutions of HC and LC are run alternately with the AEM separating

them is evaluated by the Nernst equation (Hong et al., 2013; Tedesco et al., 2015).

B = anny - BT (1 G Chig @) RT[1 (yﬁ’c‘ () Cfic (x))]
ulx) = ' . = =
e EMF |zwer PN )| F za- v (0 - CEE ()
1)
Where acgy & aag are the perm-selectivity of the respective IEMS. F is Faraday’s constant
(96485.332 C/mol). C represents the ion concentration (mol/m*) and z is the valence charge.
There is a myriad of activity coefficient models that have been developed for low molarity solutions,
as depicted in Table 3.
Model Equation Valid Range
Debye-Hiickel logy; = —Az*VI 1<10%*M
Extended Debye-Hiickel : ) < VI > [<0.1M
ogy; = —Az} | ———
¥ "\1+ Bay1
Davies VI [<05M
logy; = —Az? —0.3-1
erieaet(2 031
Truesdell-Jones | ) < VI ) b I<1IM
ogy;=—-Az; | ——=|+b;" I
gYi ‘\1+BalvI) '
Pitzer NIG 2 I<6M
Iny, = —A;|———+—In(1 + b'VT')| + mBY + m?c"
Y+ 1 [1 + b \/F b’ ( )]

Table 3. Activity coefficient models and subsequent concentration validity range.



Only the Pitzer model of electrolyte thermodynamics can accurately describe ion-ion interactions at
molarities exceeding 1M. As such, it is deemed an appropriate model for the case of the proposed
RED systems (Pitzer, 1973). The virial equations were originally derived for the prediction of
univalent electrolyte solutions under 6M and is accurate in doing so (Weber, 2000). It will therefore
be employed to determine activity (y,.) coefficients for the current model. I’ represents the specific
ion strength, m is the molality of the solution and A, is the modified Debye-Hiickel coefficient
(0.3215 at 298.15K). b’ is a constant related to the valence ratio of the electrolyte (1.2 for valence
electrolyte ratios of 1:1 such as NaCl). The virial coefficients (BY, C¥) have been derived in Appendix
A.

From Figure 20, which displays a synonymous electrical circuit diagram of a generic RED system, the
electrical power generated (£) when an external load is connected (R;) is quantified as the total
theoretical voltage from the sum of voltages produced by the cell pairs within the stack while

accounting for internal resistances (Rsucr) (Mei & Tang, 2018).

E = YEceu—J Rstack
(12)
Where E is measured in volts, Y E.;; represents the summation of CP voltages (V). j denotes
electrical current density (A/m?). Ry is the summation of internal resistance within all the cell pairs
(Q'm?). Hence, the generated voltage is the same as the voltage drop over the external load (Ry)

measured in Q-m?”. Figure 20 portrays the equivalent electrical illustration of a RED stack.

E = ] RL
(13)

Z Ecell

E " % E
% Rstack

Figure 20. Synonymous circuit diagram of generic RED system.



Figure 21 shows the discretisation of the model in respect to the length of the cell (L = 0.383m)

wherein the current density (14 in this figure) changes in respect to its position in the system.

X Ngp
R (1) Eqp (L)
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Figure 21. Equivalent Circuit Diagram Depicting Discretisation of L (Ortiz-Imedio et al., 2019).

Derived from Figure 21 and Eqns. (12) & (13), the current density (j) discretised along the

compartment length is evaluated through Eqn. (14).

YE cen(x)
Rstack(x) + R, (14)

j&x) =

A second visual depiction of the current density (A m) term is shown in Figure 22. This is a good
representation of how the power generation capacity diminishes as the respective ions in the feed
solutions permeate through the IEMs in a superficial linear direction (y in this figure). This causes the
ionic strength to decrease and increase in the high and low concentration compartments respectively.
Thus, reducing the flux in respect to L and subsequently the salinity gradient between the streams. In
this sense, the maximum current density is generated when the feed solutions first enter the stack
(L=0), which implies the lower the residence time of the solutions in the stack, (the faster the streams
move through the system) the greater the amount of energy generation is possible. This is mutually
bound in an inverse relationship to the amount of pumping power required to move the solutions

through the system, as the faster the linear velocity (lower residence time), the more pumping power



is required. Hence, implying there is an optimal balance between feed solution flow rates and power

generation.
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Figure 22. Current Density Changing in Respect to Membrane Length (Jin et al., 2021).

3.2 OHMIC RESISTANCES

The total internal resistance (R;) within a RED stack is the sum of CP resistances in series (Hong et
al., 2015). These resistances can be mostly split into ohmic/non-ohmic divisions as described by Eqn.
(15). (Mei & Tang, 2018; Post et al., 2008). The internal resistance can also be determined through
the experimental methods described in the works of Vermaas et al. (Vermaas et al., 2012; Vermaas et

al., 2011a, 2011b).

R;(x) = Ropmic(X) + Ruon—ohmic(X)

(15)
Ronmic 1s generated by charge resistivity within the membranes themselves and the resistance
experienced by the HC and LC solutions within their respective compartments measured in Q-m?
(Hong et al., 2013; Post et al., 2008; Vermaas et al., 2012). This is described by Eqns. (16) & (17).
Ronmic(x) = Ragm + Rcgm + Ruc + Ric
(16)

& n &L
82 'ECH(:(.X) 82 'ECL(:(.X')

Ropmic(Xx) = Rapy + Repy +
17)



Wherein Rz and Rcpy are the membrane resistances in Q'm?, ECc & ECyc is the specific
conductance in the HC and LC solutions respectively in Siemens (S/m). €, is the height of the spacer

(m) and ¢ is the porosity of the spacer (-).

Temperature also has an effect on the ohmic areal resistance of the IEMs as proven by (Mehdizadeh et

al., 2019). In which the empirical equation is:

Rigm(o)
1+0.027(T — Tyep) a8)

Rigy(T) =

The authors described temperature affecting both AEM and CEMs nearly identically and as such will
share the same equation, wherein R;gp (o) 1s the specified resistance from the manufacturer and Tof is

298.15 K.

Electrical conductivity (EC) or specific conductance is an imperative water quality parameter
regarding RED applications. It is easy to measure experimentally using a calibrated conductivity
meter/probe. However, it is not so trivial to model mathematically. EC denotes the ease of electron
migration through solution and subsequently affects the performance of the stack directly. EC of an
electrolyte is a function of temperature and concentration, or in other words, dependent on the amount
of ions existent in the solution. Hence, EC denotes the concentration of dissolved major ions in
solution, of which enables the liquid to conduct an electric current through ion migration and/or
changes in ion valence states within the ERS. It is defined as the reciprocal of the resistivity within the
fluid normalised to 1cm?® at standard temperature and pressure. The unit for EC is S/m (Miller et al.,

1988).

Molar conductivity (A,,), as described by equation (19), refers to the conductivity of an electrolytic
aqueous solution at a concentration of 1 mol/L when placed between a cathode and an anode that hold
a potential difference at a displacement of 1cm. The units for molar conductivity are (S-cm?)/mol.

Where C refers to the molarity of solution in mol/L.

A EC
m=
¢ (19)
Equivalent conductivity is defined as the normality of the solution, as opposed to molarity. This

details the fact that ions with a greater valence (z) can carry a larger charge. Hence, the equivalent

concentration is described by equation (20).

“ac (20)

Thus, equivalent conductance is described by equation (21).



eq —
Ceq (21)

Regarding strong electrolytes, the molar conductivity will reach an effective limit as the solution
becomes increasingly diluted (C — 0). This is called the limiting molar conductivity or molar
conductivity at infinite dilution (non-interacting ions) and is represented by A%,. So A = A° when C =
0. Between 1875-1879, a German physicist by the name of Friedrich W.G. Kohlrausch determined
that strong electrolytes at infinite dilution (completely dissociated), have each of their cations and
anions provide a specific contribution to the equivalent conductance of an electrolytic solution.

Known as Kohlrausch’s law of the independent migration of ions.

A%, = v A, + v_A;,

(22)
In which v, and v_ are the stoichiometric coefficients. Values for limiting molar conductivities can
be found in literature and are regarded as constants at standard temperature and pressure. The
following examples represent molar conductivities and diffusion coefficients for both individual
cations and anions at 25°C.
Cation AL D/ 10° Anion A, Di/ 107
[S cm? mol™'] [m?/s] [S cm? mol™'] [m?/s]
H* 349.60 9.31 OH" 197.67 5.27
Na* 50.10 1.33 Cr 74.35 2.03
K* 73.60 1.96 Br 75.50 2.01
Table 4. lonic conductivity and diffusion at infinite dilution (Vanysek, 1992)
In general, the molar conductance of an electrolyte will increase with dilution, as in the lower the
molarity of the electrolyte, the more conductive it will become per mol. However, the specific
conductance (EC) will decrease as ion-ion interaction lessens in frequency. Thus, we introduce
Kohlrausch’s law for strong electrolytes “The Square Root Rule”. This law provides a correlation
between molar conductivity and concentration, but it is only applicable to strong electrolytes at low
concentrations (C < 10mM) (McCleskey et al., 2012).
Aeg = A)q— K [Ceq
(23)
Which equates to
Ay = A% — K'VC
(24)

Where K is a known as the Kohlrausch’s coefficient and K’ is K /|z|*>. This parameter depends on the

type of solvent and solute employed. It is determined through fitting the molar conductivity (A,,) vs.



the square root of molarity (C°). In this sense the limiting molar conductivity (A9,) is the y-intercept
for the linear regression and K is a negative gradient. Given experimental data, the Kohlrausch’s
coefficient can be determined from experimental molar conductance of NaCl, displayed in Table 5,
and as seen in Figure 23. Thus, suggesting K = -0.0055. Note that A%, of NaCl is the cumulative sum
of the molar conductivities from the constituent ions at infinite dilution (refer to Table 4), which can

be seen as the y-intercept in Figure 23: [124 S cm” mol™'].

Concentration (mol-L™) Molar Conductance (S-m?-mol™)
0.1 10.674
0.01 11.851
0.0001 12.374

Table 5. Experimental Findings for the molar conductance of NaCl (Yadav, 2013)
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Figure 23. Determination of the Kohlrausch’s coefficient based on experimental data (Yadav, 2013).

In this way, we end up with an EC equation for ideal solutions in which infinite dilution is applied (C
approaches zero) summated across all dissolved ions 7 (solutes) multiplied by the concentration. A, ;
is the contribution of the represented ion to the specific conductance. This is the Nernst-Einstein

equation; however, it is accurate for limiting molar conductivities only.

F?
EC® = E A% . c; = E A° . zilc; = (— E D;Z%c;
,- m,i Ci i eq,i |z;|c; (RT) i iZi Ci (25)

Where Diis the respective diffusion coefficient. Real solutions are dependent on molar conductivities,

hence deriving the equation for the non-ideal scenario:



EC=) Ami = ) Aegy l2lc
i i

proposed by (Appelo, 2017) in which all ion-ion interactions are described by a corrected activity

factor.
EC = Z A(r)n,i YcorrCi
i
With

K
Ycorr = €Xp [_AT |Zi|1'5 \/7]

m,i

Where I (or y) is the ionic strength of the solution as described by equation (29).

1
I = Ez Zlgcl'
i

Hence

EC= Z A(r)n,i r%c;
i

Where y; is the ion specific activity coefficient and a can be determined through:

_ Inycorr _ K
Iny;  AJ; (In10) A |z;|°5

Wherein A is equal to 0.5085 M. It can be noted that K is a non-trivial coefficient that can only be
derived through experimentation. It is also sparsely available in literature so, again, proposed by

(Appelo, 2017) is a parameterisation of the correction factor in which we negate it entirely:

0.6/|z;] if 1 <0.36 |z
oa =
VI/|z; otherwise

Hence, at 25C:

FZ
ECy5(x) = (ﬁ)Z D;z2(y:)%c;

Temperature also has an effect on the conductivity of an electrolyte. A rise in temperature boosts
electrolytic conductivity through two primary methods. The first being ionic mobility. As temperature
increases, the attraction between ions in solution is reduced, hence reducing the resistance of those
ions to migrate through the solvent (lower bulk liquid viscosity). This suggests they don’t tend to
group together as frequently and are more homogenously distributed. Thus, permitting ease in

electron transference as the rate of specific ionic interactions is amplified (Hwang et al., 2017). The

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)



second is the degree to which the electrolyte dissociates, of which increases in respect to higher
temperatures. This denotes the fraction of the solute that remains in ionic form (dissociated) within
the solution as opposed to the non-dissociated ionogenic form. Permitting a greater number of free
ions to be available in solution for conduction (Benneker et al., 2018). Herein, it can be seen that there
is a fundamental correlation between electrical conductivity (EC), fluid viscosity, temperature and
subsequent diffusion coefficients. A linearisation of this correlation is used regularly in which
conductivity increase 2% for every degree increase (Hayashi, 2004). This is fairly robust but deviates
substantially at higher temperatures as seen in Figure 24. The linearisation will subsequently not be

incorporated into the model.
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Figure 24. Comparison of linearisation and non-linearisation of EC model with temperature (agion, 2021).

The Nernst-Einstein equation denotes the directly proportional interrelationship between EC and the

respective diffusion coefficients as seen in Table 5.

EC = il D,z%c; = ¢ D
= RT iZiCi—Cons T (34)

The Stokes-Einstein equation states the proportionality between the dynamic viscosity of the solution

and the diffusion coefficients, described by:

_ kgT
6w -n-r (35)

i



In which kg is the Boltzmann constant and r refers to the hydraulic radius of the dissociating ion. r can

be ignored when focusing on 7 and D at varying temperatures, T; and T for example, as it cancels out:

Dy/Ty _m2
Dy/T, M4 (36)

Equation (34) proves that there is a direct proportionality between EC and D/T, yielding:

E61=D1/T1=ﬂ
EC; D;/T, mn1 (37)

Therefore, the temperature correlation with EC becomes the rearrangement of Eqn. (37):

EC N2s

EC>s n (38)

Herein, demonstrating the compensation of EC with temperature in respect to EC and viscosity at

25°C. The dynamic viscosity of H,O lessens with rising temperature as shown in Table 6.

Temperature (°C) Dynamic Viscosity n (kg-m-1-s-1)
20 1.003-107
25 0.891-10°

Table 6. Change in dynamic viscosity of pure water with temperature (Atkins & De Paula, 2011).

A parameterisation of dynamic viscosity of pure water is proposed in the classical Atkins book of
physical chemistry (Atkins & De Paula, 2011) in which a non-linear description of viscosity over the
entire liquid range is derived with under 1% deviation to experimental findings.

A
Log (7720) A (ﬂzo) _ 104/B
n B n

(39)
Where A and B are functions of temperature described in Appendix A. Therefore, by substituting
Eqn. (39) into (38), we derive:
EC - (@) (@) — (@) 104/B
ECys \1m2o/\ 7 20 (40)
An arbitrary constant can be calculated from the terms in Table 6 (17,5/1,¢ = 0.889). Allowing the
final derivation of a temperature dependent specific conductivity equation in the form of:
EC(x) = 0.889 - 104/8 - EC,5
(41)

As concentration changes in relation to the discretised fluid’s position (x) in the system, conductivity

also changes in respect to L.



3.3 NON-OHMIC RESISTANCES

Rion-onmic 18 divided between Rpr. and Rac. Wherein Rgy is the resistance due to concentration
polarisation, which is a phenomenon where a gradient in ionic concentration occurs over the IEM,
depicted in Figure 25 & Figure 26. The polarisation effect causes a difference in ion mobility or a
‘bottleneck’ in the transport of ions. The topographic plot of Figure 25 again uses y to describe the
length of the membrane (L) but is very useful in visually representing the valleys in concentration that

occur at the solution/membrane interfaces, otherwise known as the boundary layer.
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Figure 25. Depiction of Concentration Polarisation Phenomenon in Respect to Membrane Length (y) (Jin et al., 2021).

This phenomenon causes a lower flux in the IEM due to the concentration gradient facilitating
diffusion on the LC interface and an intensification of ion prevalence in the HC, subsequently
generating a greater flux in the surrounding solutions, reducing specie permeation efficiency

(Dhugotecki et al., 2010).
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Figure 26. Concentration side profile over a cationic IEM and neighbouring solutions.



This concentration polarisation causes an inherent resistance to the boundary layer (Rz;) measured in
Q-m? (Zhu et al., 2015). This resistance is present over each IEM and is calculated through the
equation described by (Vermaas et al., 2012):

tr(x) - &
Rg (x) = 1073 - (0. 62 % + 0.05)

(42)
Wherein L represents the cell length (m), &, is the thickness (or height) of the spacer (m) & # stands
for residence time (s), defined by:
L-b-8-¢
tr(x) = Q(x) (43)
In which b is the width of the cell (m), € is the porosity of the spacers (-) and Q is the volumetric flow
rate per cell (m?/s). The linear velocity of the solutions or the local superficial velocity (m s™) is
described through:
Q(x)
Vsor(X) = b-5e, )
Rac is the resistance caused from the change in concentration of the HC/LC solutions as they flow
through their respective compartments between the inflow and effluent (Daniilidis et al., 2014; Hong
et al., 2015; Vermaas et al., 2011a). Described by Eqn. (45).
a-R-T Ay @-R-T 1+F-QL]C((J;)).-12'LC(x)
Rpc(x) = Z'F-j(x)ll <Auc>= = F o) n ) 04 (45)

CF-Quc(®) - Cre(x)
Where A is the surface area of a single membrane in m%, Q is the volumetric flow rate per
compartment in m*/s and « is the average perm-selectivity (-). For this model, CEM’s will be the
outer IEM’s. Hence the valence, z, referred to in equation (45) is that of Na" as the sodium ions will
be responsible for the redox couple in the ERS and subsequently the migration of ions at the

cathode/anode.

3.4 FLUXES

As both sodium cations migrate through the CEMs and chloride anions move through the AEMs from
the HC to LC solutions, the total flux generated is described by Eqns. (46) & (47):

j(x Dy, at at
a0 = 102 4 23t (e’ ) - o)

(46)



j(x) Dpg - -
Jerr () = 12 28t (et o) - cff o) -

Wherein Dyaci is the diffusivity of salt m%/s and &,,, is the thickness of the membranes in m. The
osmotic flux generated by solutions of different salinities between the [EMs causes water molecules
to migrate through them from low to high concentration (Hong et al., 2013; Tedesco et al., 2015). The
flux is described by Eqn. (48).

2D + _ n _
22 (e @) + €6 (0) — (e (0 + ¢ )

JH,0(%) =
(48)

Where J, 0 is the osmotic flux in (mol/(m?:s)) and Dy, 0 1s the diffusivity of water in m?/s. The fluxes

in both the ionic and water fractions of the HC and LC solutions cause the concentration of salt to
change over the distance they are in contact with IEMs in their respective compartments. The

differential equations that describe this change in respect to membrane length are:
dciE (@) _ b b Ju,0(x)
dx Quc() Quc(x) "¢ (49)

degeoo b D el
dx _QHC(x) Jer ) = Chic () Quc(x) H20 (50)

dcyd (x) b b Juo(x)
dx Qi@ Quc(x) ™ (51)

dcsb ) b o b Tie@®
dx B Qrc(x) Jer (0 = Cic () Qrc(x) H20 (52)

In which Vy, ¢ is molar volume of water in m*/mol (Veerman et al., 2008). The IEM utilisation can be

Tna+ () — CYE (x) -

Jna+ () — CYE (%) -

recognized in Eqns. (49) & (50) where it is shown that the ionic concentration reduces in the HC
compartment due to the ions migrating to the LC while water is simultaneously infiltrating the HC
from the LC solution due to osmotic pressure. This process is inverted in the LC compartment (Eqns.
(51) & (52)). As well as altering the salinity in the solution, the water flux also changes the flow rates
within both the HC and LC compartments. Generating a greater flow rate in the HC and reducing it in
the LC (Veerman et al., 2008). Described by equations (53) & (54).

dQuc(x)

P b:Ju,0(x) Vu,o 53)

dQrc(x)
dx b ]Hzo(x) Vh,0 5



3.5 HYDRAULICS

In order to describe the hydraulic characteristics within the respective compartments, the Reynolds
number (Re) is employed for standardisation. Re is depicted in Eqn. (55) where the intermembrane
distance is half the hydraulic diameter. The volume taken up by the spacer is accounted for as porosity

(Vermaas et al., 2014).

v Dpp_2:Qx)p
£b-p (55)

Where v represents velocity in m/s, Dy indicates the hydraulic diameter in m. p is the density of the
fluids in kg/m®. p represents the dynamic viscosities in (kg/(m's)). Density of water in respect to
temperature is based off of the ITS-90 Volumetric Standards Calibration Formulation (Jones &

Harris, 1992). Wherein

p = (999.83952 + 16.945176t - 7.9870401 - 10~3t> — 46.170461 - 1073 + 105.56302
-107%¢* — 280.54253 - 107 12¢5) /(1 + 16.897850 - 10~3¢) (56)
Where p is in kg/m® and t is the temperature in °C. To describe the pressure drop in a fully developed
laminar flow through an infinitely wide and perfectly uniform channel the Darcy-Weisbach equation
is used. This can then be modified and constrained to represent the two solution compartments for a
cell pair through the revision of the spacer dependent hydraulic diameter. In this way, it is possible to

model the distributed pressure drops in both the HC and LC compartments (Pa) (Tristan et al., 2020):

dpsol(x) - _ 48 ”sol(x' p, T)Qsol(x)

dx D> b-g-¢ (57)
D 4¢
h= "7 8
£ _a. 9 58
£L+(1 €) & (58)

Where 5, is the local dynamic viscosity of the solution (Pa s). The Jones-Dole model is employed to

correct the viscosity of aqueous solutions with the introduction of electrolytes.

Hsol = Hw (1 + Z A”ca) (59)
ca

In which p,, is the viscosity of water (valid for 273.16-646.15 K) using coefficients found in the
DIPPR database as described by Eqn. (60) (Thomson, 1996). Au,, is the contribution to viscosity
responsible by constituent ions in solution (ca: Na', CI') derived through the Jones-Dole equation

(61).



3703.60

Inp, = —45.9352+ ——+5.86600InT — 0.587900 - 10728.T110

(60)

Apeq = Aca*+/Cnact + Bea Cea
(61)
In which C,, is the concentration of the respective electrolytic solution (mol m™). The Aspen Physical
Property System’s database for aqueous solutions retrieves the temperature related coefficients for
Eqn. (61) as 4., equating to 5.011 m?and 7.634 m* for Na*and CI respectively. B., equates to 86.3 m*
mol™! for Na" and -7 m* mol™ for CI" (Tristan et al., 2020). When feed stream concentration exceeds

0.1M, the Breslau-Miller equation (62) is utilised.

Mg = 2.5V, Coq+ 10.5V, - C..°
(62)

B, — 0.002

V. =

Where the univalent ion specific electrolytic volume is denoted by V,in (63). The average pressure
drop in each respective compartment (Apyc , Apyc) is the summation of pressure drops in each
discretisation in respect to L. The amount of energy (W) required to surmount the inherent hydraulic
resistance within each compartment is described by Eqn. (3) and by assuming a constant mechanical

efficiency for the pump(s) (0.75) resulting in Eqn. (64).

p _ Quc Apuc + Quc - Apic
pump =

Npump (64)

4.0 DISCUSSION

4.1 MODEL VALIDATION

Using input parameters related to Perth’s Seawater Desalination Plant (PSDP) in Kwinana, wherein
the brine is discharged to Cockburn Sound at a molarity of 1.1M (65g/L) as proposed by the Water
Corporation to the Environmental Protection Authority (Authority, 2009). In conjunction with
Fumatech GmbH®™ IEM specifications, presented in section 7.1 of Appendix B. The optimal low
concentration for RED is identified to be 86 mM in which a net power density of 3.14 W m™ cp is
achieved as displayed in Figure 27. This aligns with the finding (Tristan et al., 2020) who modelled a



gross power density of 4 W m™ when implementing a brine of 2M for the concentrate feed and 45mM
for the diluate as show in Figure 18. The consensus within literature, as discussed in Summary of
Literature Review, is that maximum power density is achieved when concentrate molarity is
maximised and the diluate concentration remains below 0.1M, of which this model agrees with,
implying validity. Under the model assumptions, the higher molarity available for the HC stream, the
more energy can be generated. This is due to a greater ratio of ion-ion activity between the two feed
streams which enhances the chemical potential driving force (Giacalone et al., 2018; Giacalone et al.,
2019; Ortega-Delgado et al., 2019; Tufa et al., 2015). This is at the cost of greater pumping power
requirements due to a more viscous solution, but the detriment is negligible. Hence, why 2M (Figure

18) produces a higher net power density than 1.1M (Figure 27).

4.2 EFFECT OF CONCENTRATION

Figure 27 displays the RED relationship between an LC with a range of 0-500 mol m™ (0-0.5M) in
conjunction with a HC range of 1000-1200 mol m™ (1-1.2M) at 25°C and an initial feed stream flow
rate of 12 m® h™', corresponding to a local superficial linear velocity of 2.7 cm s™', in both
compartments. These parameters were chosen to represent seawater and membrane based desalination
effluent streams respectively in a Western Australian context. As discussed in RED + FO with
SWRO, utilising a dilution process to bring the seawater molarity down to the optimal concentration
will ensure the maximum power output of the stack. At these conditions, each square meter of cell
pair membrane area will theoretically produce 3.14 W of electrical power. The HC and LC variables
not only determine the possible SGP that can be produced as per Eqn. (11), but also the electromotive

force (e.m.f) and inherent internal resistances, both ohmic and non-ohmic within the stack.
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Figure 27. Effect of Concentration on RED Net Power Density. Power Density: [W m™ cp]

LC=HC: [mol m?]



HC ini and LC _ini represent the initial (L=0) concentration of the concentrate and diluate feed
streams respectively in mol m~. The discrepancy in optimal LC between this model and other studies
(Ortiz-Imedio et al., 2019; Tedesco et al., 2015; Tristan et al., 2020; Veerman et al., 2011; Vermaas et
al., 2012) is due to the fact that every specific HC concentration will have an individual and relative
LC concentration in which power density is maximised, hence why optimal LC in Figure 27 is
different to Figure 18 as the respective HC utilised is 1.2M & 2M. This crucial parameter will vary
significantly from study to study due to the non-standardised methods in which the RED process is
modelled in literature. Mainly in the determination of which equations and coefficients to employ for
aspects such as ion activity and conductivity, of which heavily influence the system’s performance at
lower concentrations due to ohmic resistance in the LC and the shape of the activity curve utilised as
shown in Figure 9. The model itself, and regularly entire equations and terms, are mitigated in
literature. Most of the effort within this study was devoted to the reverse engineering of equations
from the results backwards to determine the process which was followed to reach the subsequent

result. Otherwise, equations had to be derived as was the case with conductivity.

Figure 27 infers an upward trend in power density as HC concentration increases. The dip in power
density between HC: 1160-1200 mol m™ is due to the parametric evaluation method that EES utilises.
In this way, the lowest LC concentration is paired simultaneously with the greatest HC concentration.
Such that the inherent ohmic resistance in the LC at very low concentrations negates the potential of
high concentrate molarities. In actuality, a greater energy density can be achieved when employing
higher concentrations. In this case, 1200 mol m™ was inputted as a maximum HC molarity to offset
the parametric effect of EES and optimise molarities that more closely resemble the brine effluent of

PSDP (~1.1M).

The concentration of the LC compartment is the most influential parameter in the entire system. As
the more dilute LC becomes, the less conductive it is. This is counterintuitive as the Nernst equation
implies a greater capacity for power generation with a larger discrepancy between the feed solution
concentrations. Which is true, however, this is undermined by the fact that the ohmic resistance
increases as LC becomes less conductive (dilute), reducing the power output of the stack. Hence, a
balance needs to be identified in which the counteractive parameters offer the greatest power density.
The physical and thermodynamic properties of the feed streams are also influenced by their respective
molarities. The energy required to pump the solutions through the stack increased by 7% when the HC
concentration is increased from 0.3-1.2M due to a greater solution viscosity. Which results in
marginally greater pressure drops within the compartments. However, this is negligible as the increase
in gross power output due to higher HC molarities outweighs the necessary increase in pumping

power.



4.3 EFFECT OF FLOW RATE

Power Density: [W m cp]

Quc=Quc: [M3 h]
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Figure 28. A) Gross B) Net Power Densities as a Function of Initial Feed Stream Flow Rates.

As optimal compartment concentrations are determined from Figure 27, the process can be optimised
further by identifying the ideal flow rates of feed solutions through the RED system. The effect of
feed stream flow rates through the system can be seen as gross and net power densities displayed in
Figure 28. The electrolytic fluids at 25°C with initial flow rates in the range of 0.3-20 m® h™', at the
pre-determined optimal concentrations are displayed in Figure 28. It is seen in A) that the faster the
feed solutions move through the system, the greater the gross power density, rising steadily with
increased volumetric flow. This is due to a rise in average current density, from a lower rate of ion
permeation (greater concentration difference) across the membranes, and thus a greater chemical
potential is maintained along the discretised length. Mathematically shown in Eqns. (49)-(52),
inferring a greater capacity to generate energy until the concentration change in the feed stream
approaches zero, at which increasing the flow rate further has negligible effect, displayed by the
plateau region in the X-Y-Z plot. The gain in power density is also attributed to improved
homogenous mixing of solutions, which not only minimises the non-ohmic resistances such as
concentration polarisation and boundary layer concentration gradients, but also reduces the difference
in exergy due to the two feed streams mixing more completely inside the stack. i.e. the ionic flux is
increasingly converted into electromotive force (Moreno et al., 2018; Ortiz-Imedio et al., 2019). As
increasing flow rate comes at the cost of pumping power due to larger hydrodynamic losses, Figure 28
B) shows that there is a point at which flow rate is optimised, namely, when the initial HC flow rate

(Q_HC ini) is equal to 4.49 m® h™' and the initial LC flow rate (Q_LC _ini) is 6.51 m® h™". This implies
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a High:Low compartment flow rate ratio of ~0.7 is optimal, subsequently increasing the net power

density of the system to 3.31 W m™ cp.

4.4 EFFECT OF TEMPERATURE

Power Density: [W m™ cp]
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Figure 29. RED Power Density at 4) 25°C, B) 55°C.
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Although rarely influenced by the designer, as it is dependent on the location, the temperature of the

feed streams entering the stack are very influential on the systems performance. Due to a combination

of increased solution conductivity, decreased viscosity and lower membrane resistance (Eqn. (18)),

the power density of the system increases linearly by ~0.1 W m™ per K as shown in Figure 30. As

feed solution viscosity changes with temperature, it is implied that new optimal flow rates should be

determined at different influent stream temperatures in order to optimise the process at different

operating conditions

The fact that hotter feed streams boost the power output of RED systems, infers that a substantial

opportunity exists for desalination plants to not only increase the regeneration capacity through RED

in hotter months when demand for fresh water peaks (Wa'el A et al., 2018) but also to utilise low

grade industrial waste heat in the SWRO process. Machinery such as RO pumps can be retrofit with

water-water radiator systems to transfer waste heat to the RED feed streams. Any increase in the

electrolyte temperatures will be beneficial for not only power generation but also the efficiency of the

pumps themselves.

Jarrad Allery 32892911 | Murdoch University
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Figure 30. 0.099 W m? Increase in Power Density per K.

4.5 SERIES-PARALLEL LAYOUT FOR MAXIMISING OUTPUT

As there is still a substantial amount of SGP available in the effluent after passing through a single
stage of RED stacks (73%), it was proposed that a multi-stage series RED plant layout could offer the
maximum power output from SWRO brine as each downstream stack would generate power from the
unused SGP until the concentrations equalised to the point they were un-economical to harvest

(Tristan et al., 2020).

Electric External load
series control

1tpass| | —--=- Multi-stage
RO brine Series
12M| | i : :

! — —— T — 1

— > —> —

Lo g

LC " Single-stage
45 mM Parallel

Figure 31. SGP-RED Plant Layout for Barcelona SWRO. N, Parallel Units, Ns Stacks in Series (Tristdn et al., 2020).

The maximum quantity of RED units that are viable for a parallel layout is derived through the
division of the SWRO’s brine effluent flow rate (180 ML day™') (Authority, 2009) by the optimal flow
rate in the concentrated compartment at the design conditions (4.49 m* h™'). In this way, 1670 RED
stacks composed of 1000 cell pairs with an effective membrane area equal to 0.175 m? per individual

membrane would yield a net power output of 0.97 MW utilising an optimal power density of 3.31 W



m™ cp in the first stage. As PSDP has an average power requirement 24.1 MW (4.2 kWh m™), a single
stage of parallel RED stacks would recapture 4 % of the energy demand (Sanz et al., 2007). A multi-
stage arrangement as shown in Figure 31 harvests the subsequent SGP that isn’t captured from the
previous stage, allowing for a greater fraction of SGP to be harnessed from the SWRO plant’s brine.
Utilising a further 4 stages (5 total), the net power output of the plant increases nearly threefold,
increasing the capital expenditure (CAPEX) respectively. As each downstream stage has
progressively less driving force, due to the feed stream concentrations approaching each other, the net
power density reduces from 3.31 W m™ cp in the first stage to 1.36 W m™ cp in the fifth. This series-
parallel arrangement provides a balance of energy yield, obtained in the series arrangement and power
generation, obtained in the parallel network (Tristan et al., 2020). The maximum power output of this
series-parallel layout yields 2.48 MW, or 10.3% of the plant’s average energy demand through
recovered salinity gradient power. Reducing the SEC required to produce 1m® of potable water at

PSDP from 4.2 kWh to 3.8 kWh.

5.0 CONCLUSIONS / RECOMMENDATIONS

This study reveals the enormous potential for SGP to be recovered from the effluent streams of
SWRO plants, however, it also reinforces the fact that there are still efforts to be made in not only the
optimisation of RED process characteristics as to maximise net power output and efficiency but also
in the minimisation of CAPEX and OPEX. Regarding the brine characteristics generated by PSDP, a
10.3% reduction in the SEC for a cubic metre of desalinated water is obtained when utilising seawater
diluted with TWW (0.86M). Overall, a parametric evaluation of system parameters for a large scale
SGP generation plant utilising RED is conducted to provide a multi-variable optimisation of the
process. It is identified that hotter months lead to an increase in demand for desalinated water per
capita, of which generates more brine, at higher temperatures. It is during this period that RED energy
production is optimal. An economic analysis should be conducted to gain an understanding of the
costs associated with the construction of such a power plant; however, it is not within the scope of this
project. It is also recommended that the models themselves are included in subsequent studies. The
effect of multivalent ions present in real solutions needs to be investigated further, to determine
strategies that mitigate their detrimental nature. The energy efficiency and power density of the
system are mutually bound in a conflicting relationship, further investigation is required to determine
the optimal balance between the two for an industrial scale RED plant. This study proposes hybrid
plant arrangements that may maximise net energy generation and minimise CAPEX and OPEX. The
presented results have potential for subsequent integrated analyses that account for economic and
technical constraints for the development of large scale, renewable, SGP generation plants utilising

SWRO brine streams.



6.0 APPENDIX A.

6.1 DERIVATION OF PITZER COEFFICIENTS FOR VIRIAL EQUATIONS

The Pitzer virial equations have been opted for in the approximation of activity coefficients as they

cover a wider range of electrolyte concentrations in comparison to other models mentioned.

1 2
1+amZ - %) exp(—amz)]

[
BY = 2B 4+ 28M o (65)

B? = [,’(0) + ﬁ(l)e—aﬁ

(66)
CcY = 3 c?®
2 (67)
Where a is fixed ((2 kg mol™)*?). I is the ionic strength and m is the molality of the electrolytic
solution. 8(® () C¥ are functions based on the nature of the salt solution and must be determined
through experimentation. The current model uses the findings of (Weber, 2000) in which.
3(0) 3(1) ce
0.06743 0.3301 0.00263
Table 7. Binary interaction coefficients for NaCl in regards to Pitzer Virial equation determination (Weber, 2000)
6.2 NERNST-EINSTEIN / STOKES-EINSTEIN VISCOSITY RELATIONSHIP
A=1.37023-(t —20) + 8.364 - 10* - (t — 20)?
(68)
B =109+t
(69)

Where ¢ is in °C.
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7.0 APPENDIX B.

7.1 MODEL

At present and to the best of the author’s knowledge, this will be the first time in literature the model
itself is disclosed within the document. This aims to mitigate wasted time and energy in the

progression of this technology.

Conductivity Function
Function IfTest(LC)
Appelo parar for -LC
LC = 06 Else 05 Endif
if <= 036 [ Then ** _[Le
1000 3 1000
IfTest = a3

End WfTest
Environment Parameters
T = 29815 Feed stream temperature [K]
tc = T - 27317 Temperature in [C]
Teir = 647.096  Critical temperature in [C]
Physical Parameters
Qucimi = 0.001388  Initial flow rate in the HC compartments [m*/s]
Qucim = 0.001388  Initial flow rate in the LC compartments [m/s]
dQucax = D - Juzo - Vizo  Positive change to flow rate in HC
dQicax = —b - Juzo - Vizo  Negative change to flow rate in LC
Quc = Queini 'j (dQucax ) dx  Dynamic rate of change to flow rate in HC in respectto L
Qc = Qucim + j (dQucax ) dx  Dynamicrate of change to flow rate in LC in respectto L

L-b-g -¢ . .
true = e Residence time in the HC compartment [s]

HC

L-b-g -t . "

the = —— R time in the LC cor [s]
Qe
Que

vae = ——— local superficial linear velocity [m/s]

e-b-g

_ Qc
vic = T Local superficial linear velocity [m/s]
L

Electrical Parameters
Riwse = 1 Exernal load [ohm]
Estack = N - Ecelavg — lstack - Rstack  Electric potential difference of the RED stack [V]

rewse - Ceine

INaHC - Chakc
22 reic - Ceuc

Ecar = a.cem

) OCV /Nemst potential of cell pair [V]
F ZNa NaLC - Chatc

)* O.AEM
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E.
It = %- b - L Electric current through the external load [A]

R.
Rstack = N - ﬁ'— Internal resistance [ohm]

E.
lstack = % Electric current flowing through the external load, generated by the stack [A]
sack *+ Rioad

. N - Eoar — Estack & o : . 2
= 7 Electric current density in each parallel branch of the equivalent circuit, Fig 22. [A m™]
* Reat

Average cell pair resistance

Lo
[ (Reas - x) ax
L

Reetavg =

.
J xy dax + 10x10®
[
Average current density
Lo
Gi-x) ax
L

lavg =

Los

J(x) ax + 10x10*
-

Average electric potential of a cell pair
L

| (Eean - x) dx

[

Ecelavg =

™

[ (x) ax + 10x10®
.

Average stack voltage
L
| (B - %) ax
[

Estsckavg =

[ (x) dax + 10x10
]

Pgoss = Estack - lstsk  Gross power output of the stack [W]
Pret = Pgoss — Ppoump  NetPower output after pumping power requirements [W]

P,

POWerpensity = ﬁ PowerdensnyleJcp]
Fluxes
D
Jna = A+ 2 M (Cluc — Cnatc)  Sodium Flux (mol m?s™)
£ Scem
i Dnaci " 2 1
Jo = —+ 2 - (CciHe — Ceic)  Chloride Flux (mol m™s™)
F Sagm
_ 2- Duxo 2.5,
Juo = e (Cnanc *+ Ccipic = (Cnarc + Cciic))  Water Flux (mol m™s™)
==Y
M
Vizo = —22— yolumetric flux of water m* mol”’
P water
Constants

F = 96485.332 FaraaaysConstam[CmoI"]

R = 8314 |deal Gas Constant[J K" mol]

Dnaci = 456 - 107 "2 SaltPermeability coeffieicent / Salt Diffusivity [m? s™']
Duzo = 101 - 10” " Water Diffusivity [n®s™]

Mizo = 0.018015 Molar mass of water [kg mol™']

lon Specs
Zna = 1 Valence charge, 1522522p63s1

o = |- & | Absolute Valence charge, 3s23p5

Membrane Specs

A = L- b Surface area of a membrane [m?]

b = 0456 Width of a membrane, also known as cell width [m]

Li = 0 variable starting point

Lens = L variable end point [

L = 0383 Length of amembrane, also known as cell length. This is what the model is discretised against [m]
n = 1000 Cell pairs

o, + O.CEM
o = 'E"z— average membrane permselectivity

Spacer Specs
e = 0.825 Porosity of spacer between membranes [%]

g = 0.00027 Spacer thi i 270 micro m, i distance [m]

Anion Exchange Membrane: AEM
Saem = 0.00005 [m] Thickness of membrane [m]

assw = 094  Permselectivity [%]
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i 0.000105 - o o
A = 0027 - (1o - 25) Ch Loty )

Cation Exchange Membrane: CEM
Scem = 0.00005 Thickness of membrane [m]
acem = 0.98 Permselectivity [%]

R, = 0.000215 i real resi CEM [ohm m3
CEM T T 0027 (fc - 25) e G

Concentrations
HCi = 1000 Initial concentration in HC compartment [mol m*]

LCi = 10 Initial concentration in LC compartment [mol m]
Chaspicin = HCiwi  Initial concentration of Na ions in HC [mol m™]
Ccincini = HCin  Initial concentration of Clions in HC [mol m"’]
Cnatcini = LCini Initial concentration of Na ions in LC [mol m™]

Ceoitcini = LCi  Initial concentration of Clions in LC [mol m™)

b b-J

dCnaHCax = —W' Jna — Chamc - Tm Vhzo Naions permeate from HC to LC, negative change to HC
b b - Juzo

dCcicax = ——=— Jor - Couec - —=——— Vuzo  Clions permeate from HC to LC, negative change to HC

Que Que
L

Cnadc = Cnamcini * I (dCnapcax ) dX  Dynamic change of Nain HC in respectto L
tu

s

Covc = CoiHeini + I (dCcimcax ) dX  Dynamic change of Clin HC in respectto L
t

HC = HCini + Cnanc — Cnamcini + Coivc — Ccincini  Final HC concentration [mol m“”]

b - J

dCnatcax = _QLc - JNa *+ Cnalc - QLCHZO - Vizo Naions permeate from HC to LC, positive change in LC
L] b - Juo : -

dCeiicax = K Ja + Ceuc T Vhzo  Clions permeate from HC to LC, positive change to HC

&

Cnatc = Cnatcini * j (dCnarcax ) dX  Dynamic change of Nain LC in respectto L
L

L

Cac = Coucini + I (dCciicax ) dx  Dynamic change of Clin LC in respectto L
tu

LC = LCi + Cnatc — Cnatcini + Coitc — Coicimi Final LC concentration [mol m™]

Molality of Solution

HC § 1
Muc = Molality of HC bulk [mol kg™']
Puater

me = Molality of LC bulk [mol kg™']
C
MNsHe = DN"HC Molality Na ions in HC [mol kg™]
water
Ceine , . 1
MeiHe = p— Molality Clions in HC [mol kg™]
Chalc y L 1
Matc = p_ Molality Na ions in LC [mol kg™]
Cauc SR 1
Meie = p— Molality Clions in LC [mol kg™']

Water Density with temp

1000 + 16.945176 - tc — 7.9870401 - 107 ° - tc? - 46170461 - 107 % - tc® + 10556302 - 10”7 - tc* - 28054253 - 10

-2

tc

5

Puster = 3

1+ 16.89785 - 107~ - tc

Internal Resistance - ohmic & non-ohmic

Rcat = Ronmic + Rnonohmic  Total resistance (ohmic & non-ohmic) in a cell pair [ohms m'zl
Rohmic
Rommic = Rasm + Rcem + Rcondtot  Total ohmic resistance in a cell pair [ohms m'z]
- S . " s
Ruc = 2 —3  Areal of uS/cmto S/m -> 10™ [Ohm m™]

£ - Conduyc - 10

S . .
Ric = — — Areal of diluate
€ - Condic - 10

us/em to S/m -> 107 [Ohm m?)

Reomatt = Ruc + Ric

Rnonohmic
Rnonohmic = Rac + RsLwe Total non-ohmic resistance in a cell pair [ohms m'2]
- tnc
o - R-T - LC
Ric = —- In = due to change along flow axis in bulk solution [ohms m'z]
e - F truc
- g - HC

Reiwt = Rauuc + Reic  Resistance due to diffusion boundary layer build up between the membrane interface and the fluid bulk, reducing the effective

Te

-3

e -
Raiuc = 107° - [052 - ”CL L o.os] i dueto i isati HC [ohms m?)

- [
Racic = 1077 - [o.sz~ ‘°L =

+ 0.05] i due to i isati LC [ohms m'z]
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water density [kg m“]

, and therefore the e.m.f.
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Activity Coefficient Derivation - Pitzer/Weber
Mean Activity Coefficients - Pitzer model of electrolyte thermodynamics

LC
= Ag - 1000 +2-I1+b- L + B - 2o M cti fficient NaCl in HC
e = exp| —A; - = T 7000 mic mc lean activity coefficient NaCl in
AR VAT
HC
1000 2 . HC 2 - . .
e = exp| —Ag - + —-In|1+b- _— + Muc - By + muc® - C¥|  Mean activity coefficient NaCl in LC
. HC b 1000
1+ b af——
1000

TNaHC = eXp| —Ag -

. C
. ln[‘l + b f%] + Myasc - BlghcMnanc? - C | Activity of Nain HC
. Ceixe 2 ¥ . B
“In|1+b- 7000 + meic - Bhicmene” - C Activity of Cl in HC
. Cratc 2w v i
|1+ b- 000 + Myatc © BlgicMuac” - C Activity of Na in LC
. Ceouc 2w ivi i
|1+ b- 2000 + Meic - Bhte Monce” - C Activity of Clin LC

Mic
[1 - [1 +az- me® - e ” exp (—az - mic®?)

TNalC = eXp | —Ag -

|
|

roie = exp| —Ag -

Virial Coefficients - Pitzer system

B = 2- 006743 + 2 - 03301 -

o2 M
m,
[1 - [1 +az- mue®® - op? —:c )] exp (—az - muc®?)
BY = 2 - 006743 + 2 - 03301 -
o2 Muc
05 2 MNanc 05
1= 1+ o2 mane™ - @t =5 cexp (-2 Mnawc )

BYafic 2 - 0.06743 + 2 - 03301 -
2" © MNaHC

5 2 MciHe

> )] exp (- az - mewc®®)

BVCL,;C 2 - 0.06743 + 2 - 03301 -
2" - Mcike

MNaLC X
[1 - [1 + az- Myae™ - 0o - TL)] exp (- a2 - muaic®®)
Bazc 2 - 006743 + 2 - 03301 v
2 MnaLc

Meic
[1 - (1 + az- meye® - 0 - —2L H exp (—az - moc”)
Bz 2 - 006743 + 2 - 03301 -

2" - Meic

az = 2
Ay = 03215
b= 12
¢ = 3/ 2- 000263
Conductivity

F? 2 . LC ) "
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B. Temperature dependent EC of LC
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Temperature correlation
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Mole Fractions
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MasSsoivent = 1000 Mass in kg of 1L water
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ENG470: Thesis

Mole fraction of water in HC solution

_ Mol soivent
THzomC Molsoivent + Moluc
Moluc
INaCLHC

JIHC = TH20HC * YNaCLHC

Molsgivent + Moluc

Mole fraction of NaCl in HC

=1

Mole fraction of water in LC solution

Mole fraction of NaCl in LC
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JLC = YH0LC * YNaCILC
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=1

107% + 2528718 - 1077 - [M]

1+ frnacine

INaCILC
7NaCILC

Vmuc = 7H20HC - VH20 *+ INaclHC - Vmnacidc  Apparent molarvolume of HC electrolyte [m® mol™']

Vmic = 7H20ic - V20 *+ INacilc - Vmnacic  Apparent molar volume of LC electrolyte [m® mol™)
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VmHe
INaCILC
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Viscosity

Wy = €exp [— 459352 +
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] Viscosity of LC soln, MPa*S. Divided by 1000 for MPa -> Pa
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2
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Piea = - —3 Pressure drop rate in LC [Pa]
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