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ABSTRACT Salinity gradient power (SGP) derived from sea and fresh water through reverse electrodialy-
sis (RED) is an emerging discipline with huge potential for carbon-free energy harvesting. SGP technology
is still in an infant stage and there is a need for accurate mathematical tools to study its energy harvesting
process. Previous models assume a constant salinity gradient with a continuous flow of sea water with
constant salinity. In the case of recycling used sea water, such assumption is no longer valid because the
salinity gradient reduces with operating time. This paper presents a generalized RED model that covers
both of the continuous and recycle modes. It combines an improved kinetic battery module (KiBaM) with
an electrical circuit module (ECM), for capturing the behaviors of both RED stacks operating in continuous
mode (C-mode) and those in recycle mode (R-mode). To intuitively describe the compound effects of salinity
variation and concentration polarization on electrical performance of the R-mode RED stack, nonlinear
capacity effects (i.e., recovery effect and rate capacity effect) and self-consumed effect are introduced into
the proposed model. The derivation and extraction procedures of the proposed model are included. An RED
stack prototype with 50 pairs of alternating membranes is constructed for model validation. Various pulsed
and constant current discharge experimental tests are performed to validate the accuracy of the proposed
model.

INDEX TERMS Continuous mode, generalized hybrid model, recycle mode, reverse electrodialysis (RED),
salinity gradient power (SGP).

I. INTRODUCTION

Wind and solar energy are the two dominant renewable
and carbon-free energy harvesting methods in the power
industry [1]. Salinity gradient power (SGP), which is avail-
able by mixing two solutions with different salinity, is a
kind of renewable energy sources with huge potential but
not well explored [2]. This SGP idea is intriguing because
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the salinity gradient between the oceans and rivers can be
considered as a huge renewable energy storage, similar to a
large fully charged battery. The global estimated SGP is in the
range of 1.4-2.6 TW based on the global discharges of rivers
to oceans [3]. This considerable amount of potential power
inspires various attempts to develop technologies required for
electrical power generation from SGP [4].

Reverse electrodialysis (RED) is an emerging membrane-
based technology to harness SGP, featuring the advantage
of continuous electricity conversion [5]. In the RED stack,
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cation exchange membranes (CEMs) and anion exchange
membranes (AEMs) are structured in an alternating pattern
between the anode and cathode to form low-salinity solution
compartments and high-salinity solution compartments [6].
When the solutions are fed into the stack, the selective trans-
port of cations and anions through the membranes driven
by the concentration gradient results in an electrochemical
potential, which can be converted into electricity by the redox
reaction on the electrodes [7].

Generally, the RED stack operates in either of the two oper-
ation modes: 1) continuous mode (C-mode) and 2) recycle
mode (R-mode), of which the schematics are shown in Fig. 1
(a) and Fig. 1 (b), respectively. In the C-mode, fresh feed
solutions are continuously fed into the compartments [8].
As an analogy of a battery, the constant salinity gradient
across the membrane in an RED stack is similar to a constant
state-of-charge (SOC) in a battery. In the R-mode, the feed
solutions are recirculated or recycled in the stack, until the
chemical potential is depleted [9]. The equivalent SOC will
decrease as energy continues to be harvested from the stack.
Therefore, an accurate RED stack model for R-mode will
automatically cover the C-mode under which the equiva-
lent SOC is kept constant. C-mode RED stacks are widely
applied in power generation scenes, such as large-scale pilot
plants [10], due to their constant power output, while R-mode
RED stacks are normally adopted for energy storage appli-
cations, such as concentration gradient flow batteries, due to
their high energy utilization efficiency, lower costs and longer
operation lifetime [11]-[13]. To facilitate the RED stack
interfacing with other components such as power electronics
circuits and energy storage devices, a high-fidelity model is
indispensable [14].
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FIGURE 1. An RED stack operating in (a) continuous mode (C-mode) and
(b) recycle mode (R-mode).

To date, a variety of electrochemical models have been pro-
posed for RED stacks [15]-[21]. These models can describe
the chemical processes taking place in the RED stack [22].
However, establishing these models requires detailed knowl-
edge of the chemical processes and the identification of a
range of system parameters [17]. Although there are pub-
lications on various modeling approaches of RED stacks,
very few of them involve the R-mode operation of the RED
stack. In contrast to the time-invariant salinity in the C-mode
RED stack, the concentrations of two solutions in the R-mode
RED stack significantly change over time and approach the
equilibrium concentration finally [21]. This characteristic
remarkably complicates the chemical process and poses a
barrier for directly applying the existing electrochemical
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models which are proposed for C-mode RED stacks to
R-mode RED stacks.

In Ref. [21], a modified electrochemical model is pro-
posed to describe the concentration variation of an R-mode
RED stack, by introducing an operating factor standing for
the mixing content of solutions. Nevertheless, an influential
phenomenon, i.e. the concentration polarization phenomenon
(which has significant effects on reducing the electromotive
force over the membrane and introducing additional resis-
tances of the interfacial ionic charge transfer through dif-
fusion boundary layer [24]) is ignored in this model [23].
Moreover, similar to the existing electrochemical models
established for C-mode RED stacks [15]-[20], this modi-
fied electrochemical model in [21] for the R-mode RED
stack is based on constant current (CC) discharge profile,
which is inapplicable to other discharge profiles, e.g., pulsed
current (PC) discharge profile, as the state transformation
of the concentration polarization induced by load-step is
not covered. In the PC discharge profile, the concentration
polarization is gradually weakening during the idle period
between two pulses. It has been proven that the PC dis-
charge profile is effective to alleviate the adverse effects
of two essential issues, i.e., concentration polarization and
fouling, which contributes to an intensification of electro-
dialysis [25]. However, to the best of authors’ knowledge,
there is no publication for RED stack modelling based on PC
discharge profile. In summary, although the model work for
C-mode RED stacks is fairy matured, the work for R-mode
RED stacks especially that with PC discharge profile, is still
rare. Extremely complex chemical processes in R-mode RED
stacks induced by salinity variation and concentration polar-
ization bring great challenges to the model construction.

In this paper, a generalized hybrid model integrating an
improved kinetic battery module (KiBaM) and an electrical
circuit module (ECM) is proposed to capture the perfor-
mance of R-mode RED stacks. It automatically covers the
C-mode which is simply one operating condition of this
generalized model. This proposed model is able to capture the
I-V dynamic characteristics of the RED stack under various
discharge profiles, e.g. CC and PC discharge profiles.

To summarize, the main contributions of this paper are:

1. The proposed generalized hybrid model is the first
uniform model covering both C-mode and R-mode
operations of the RED stack, which are important for
its system design.

2. This is the first modelling work for RED stacks cov-
ering both constant and pulsed current discharge pro-
file. In addition to describing its electrical character-
istics under the constant current discharge profile as
most previous models do, the proposed model can also
accurately characterize RED stacks’ dynamic electrical
performance under the pulsed current discharge profile
due to its capability to include dynamics of the stack.

3. An improved kinetic battery module is introduced to
model chemical processes of the RED stack by a kinetic
process with only one-order differential equations.
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It simplifies the determination of the parameters in the
equivalent circuit of the RED model, which achieves
a breakthrough in the study of interfacing RED stacks
and other power-electronics-based circuits and energy
storage devices. Besides, due to its ease of compu-
tation, the model provides an unprecedent opportu-
nity for real-time performance prediction for power
management and real-time maximum power tracking
implementation of the RED stack.

The rest of the paper is structured as follows. In Section II,
the electrical characteristics of R-mode RED stacks are ana-
lyzed based on the effects of concentration polarization and
salinity variation. Section III describes the proposed general-
ized hybrid model, corresponding the details of the model to
the electrical characteristics stated in Section II. In Section IV,
methods of model extraction are provided by using one pro-
totype of the RED stack as an example. In Section V, com-
parison of simulated and experimental results is presented to
validate the proposed model and the reasons for errors are also
discussed. Section VI concludes the paper and highlights the
contributions of this generalized model for RED stacks.

Il. ELECTRICAL CHARACTERISTICS OF R-MODE RED
STACKS
In the RED stack, the voltage drop across one ion exchange
membrane (IEM), i.e., the trans-membrane potential, can be
described according to the Nernst Equation [27]. Based on
this equation, a higher concentration difference between two
sides of one IEM generally leads to a higher trans-membrane
potential, and results in a higher total capacity. In the R-mode
RED stack, due to the mass transport by ion diffusion dur-
ing the circulation of solutions, the concentration of the
low-salinity and high-salinity solutions gradually increases
and decreases, respectively, which diminishes the concentra-
tion difference between them [13]. Thus, the trans-membrane
potential will decrease over time domain, resulting in the
reduction of the open circuit voltage. Meanwhile, the salinity
variation consumes the total capacity of the RED stack.
Theoretically, the total internal resistance of an ideal RED
stack is the sum of the resistances of the IEMs, solution resis-
tances and electrode resistance, i.e., resistance of AEMs and
CEMs, low-salinity solution, high-salinity solution, anode
system, and cathode system. However, in the practical state,
with the supply of current, a boundary layer is produced
on the interface of the IEM because of the fluid viscous
resistance. Take the situation of the boundary layer beside
one CEM as an example. As shown in Fig. 2 (a), concentra-
tions distribute nonlinearly in the boundary layer, where the
depth of shade represents the concentration level. In the high-
salinity solution side, the closer to the membrane surface,
the lower the concentration is, while the situation is totally
opposite in the low-salinity solution side. This phenomenon is
called concentration polarization, which decreases the actual
concentration difference between solutions [30]—[34]. As a
result, the practical trans-membrane potential is lower than
the theoretical value, which leads to a lower open circuit
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FIGURE 2. The diagram of the concentration polarization in the boundary
layer. (a) State 1: under constant current load condition; (b) State 2: under
no load condition (The effect of ion free diffusion is insignificant
compared to that of electrical-driven diffusion, which is ignored in

State 2).
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FIGURE 3. Equivalent circuit of the R-mode RED stack.

voltage (Vi) of the stack. This contributes to the earlier
arrival of the stack voltage to the cutoff voltage, which implies
a less delivered capacity. Meanwhile, concentration polar-
ization increases the total internal resistance of the stack
by introducing an additional resistance [35], [36], which
also exerts a negative effect on V,.. Moreover, the concen-
tration polarization effect is often exacerbated by a larger
discharge current [30] and relieved by a lighter load. Under
the CC discharge profile, the boundary layer remains in
State 1 (Fig. 2 (a)), while under the PC discharge profile, the
boundary layer experiences a gradual transition from State 1
(Fig. 2 (a)) to State 2 (Fig. 2 (b)) during rest period and
an inverse transition during discharge period. Under no load
condition, concentration polarization can only be induced by
the free diffusion, whose effect is almost negligible compared
with the effect brought by electrical-driven diffusion.

The equivalent electrical circuit of the R-mode RED stack
can be simplified as a voltage source V,. in series with an
impedance Zg,cx as shown in Fig. 3. The electrical char-
acteristics of the RED stack operating in R-mode induced
by salinity variation and concentration polarization can be
summarized as:

Characteristic (a): V,. decreases over time domain due to
the reduction of concentration difference between solutions;

Characteristic (b): The total capacity is lessened over time
domain resulting from the salinity variation. This part of
consumed capacity is irrecoverable;

Characteristic (c): Vo experiences an extra decrease due
to concentration polarization, which will be mitigated by a
smaller current;
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Characteristic (d): The concentration polarization is
insignificant under no load condition, which can be ignored;
and

Characteristic (e): The equivalent impedance Zg, is
affected by salinity variation and concentration polarization.

lll. THE PROPOSED MODEL

Based on the aforementioned characteristics, a generalized
hybrid model consisting of an improved KiBaM and an ECM
is proposed for the R-mode RED stack as illustrated in Fig. 4.
It is capable of capturing the influence of concentration polar-
ization and salinity variation on the electrical performance of
the stack in a more intuitive way. In this generalized RED
model, nonlinear capacity effects, i.e., rate capacity effect and
recovery effect, as well as self-consumed effect are brought
in to replace the effects of concentration polarization and
salinity variation, respectively.

Cs(SOC) CL(SOC)
Voe(SOC) Vstack

/’lz Bound Available|

Capacity Capacity
y X .
Al — i(?)
e (l-c)l Improved lM'c ¢ or
KiBaM

FIGURE 4. A generalized hybrid RED model combining an improved
KiBaM with an ECM.

The rate capacity effect refers to the situation that less
capacity will be drawn under a larger current condition, while
the recovery effect means some previously unavailable capac-
ity turns into available when the load shifts to a lighter one,
which leads to a recovery of state of charge (SOC). These
two effects are inherently correlated. It should be noted that a
higher SOC in the R-mode RED stack corresponds to a higher
open-circuit voltage V,.. Thus, with recovery effect, V,. can
be increased under a smaller current due to the recovered
SOC. This matches Characteristic (c) in Section II. Self-
consumed effect refers to the spontaneous reduction of the
total capacity and SOC over time domain during the operation
of the R-mode RED stack, regardless of whether there are
loads connected, which is in accordance with Characteristic
(b) in Section II. Owing to self-consumed effect, open circuit
voltage V,. will reduce over time-domain due to the reduced
SOC. This fits Characteristic (a) in Section II. As shown
in Fig. 4, two outlets are introduced at the bottom of capacity
wells in KiBaM to represent self-consumed effect.

In the proposed model, the flow rate ratio of these two out-
lets is set to a specific value, with the purpose of ensuring zero
height difference between bound capacity well and available
capacity well under no load condition. Thus, nonlinear capac-
ity effects can be ignored under no load condition as there
is no conversion between available capacity and unavail-
able capacity. Due to the correspondence between nonlinear
capacity effects and concentration polarization effect, con-
centration polarization effect can be neglected in this case.
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This characteristic of the proposed model conforms Charac-
teristic (d) in Section II. In the proposed ECM, the equiva-
lent impedance Zg,ckx of the R-mode RED stack is replaced
by a series of RC networks. It should be noted that the
values of these resistors and capacitors are related to SOC,
which is determined by the improved KiBaM that reflects
nonlinear capacity effects and self-consumed effect. In this
way, the relationship between Zg,cx and nonlinear capacity
effects together with self-consumed effect is established. This
principle fits Characteristic (e) in Section II. As a result,
the proposed model fits the characteristics of the R-mode
RED stack well, of which the details are illustrated in the
following sections.

A. IMPROVED KINETIC BATTERY MODULE (KIBAM)

As aforementioned, an improved KiBaM (shown in the
left-hand side of Fig. 4) is utilized to capture the RED stack’s
nonlinear capacity effects [28] and self-consumed effect. An
available capacity well and a bound capacity well make up
the improved KiBaM [29], [37]. Different from the KiBaM
proposed for conventional batteries, both two capacity wells
have an outlet representing the self-consumed effect at the
bottom, which is shown in Fig. 4 (depicted in red color).
The heights and capacities of the available capacity well and
the bound capacity well are denoted as /1 and 4>, and x and y,
respectively. The initial total capacity is distributed between
two wells at the ratio of ¢ (0 < ¢ < 1). The capacity flows
from y to x through the valve k whenever there is a height
difference between A1 and h;. A larger discharge current i(z)
will lead to a larger height difference, which implies the
nonlinear capacity effects. M represents the flow-out rate
of the capacity through two outlets at the bottom of two
wells. That is, the self-consumed capacity flows out from two
outlets at the rate of M - c and M - (1 — ¢), respectively. Except
height variations caused by nonlinear capacity effects, 41 and
hy decrease simultaneously due to the self-consumed effect.
When h; becomes zero, the available capacity is depleted.
Consequently, the variations of x and y can be expressed as

d_); = —i(t) + k [ha(t) — i ()] = M - ¢

d
dy ey

= —k [ho(t) —hi(D] =M - (1 —©),
dt
where i(t) is the discharge current, x = ¢ - h; and
y = (1 — ¢) - hy. In fact, any discharge process under a
time-varying discharge current condition can be divided into
several time segments, during which the current is a certain
constant value or zero, which is:

) I, to<t<ty
i(t) = (2)
0, ty<t<t,

where f, t4 and f, are the initial time, the discharge end time
and the end time of the rest period, respectively.
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By using Laplace transform and inverse Laplace transform,
the solutions of (1) are obtained as

(zock’ — I — Mc)[1—e K t=10)]

x(t)=xge K =10 4 o
(I + M)clk'(t — tg) — 1 + e K t=10)]
!
¥() = yoe 70 + (1 — e)z[1 — e 7))
I(1 = O)[K'(t — to) — 1 + e ¥ t=10)]
k/

—(I=c)M (1 —19),
3

where tgp < t < t, k' = ﬁ, X0, Yo and zq are initial
conditions of x, y and z, where the relationship among them
is determined by zg = xg + yo.

Thus, the height difference §(t) between two wells can be
expressed as

(n  x@
8(1) = ha(t) — (1) = 2 — 22
l1—-c c
, I 1= K@=t
_ S(to)e_k (t=t0) 4y _ . ¢ ) 4)
c k'
The unavailable capacity of the RED stack is
Cunavailable () = (1 — ¢)d(2), ®)

and it can be further expressed as:

Cunavailable(t )
/ I 11— e V010
K (t—
Cunavailable(fo)e @ tO)-f-(l —c) - Z . o i
N <t =14
_k’ —
Cunavailable(Z4)e @ td), tg <t <t.
©)

It shows that the unavailable capacity is irrespective with
M, i.e., the symbol of the self-consumed effect.

The relationship among the total capacity Ciga), the
available capacity Cavailable(f), the unavailable capacity
Cunavailable(?), the self-consumed capacity Cself—consumed(?)
and the delivered capacity Cgelivered(?) can be expressed as:

Cavailable(t) = Ctota] - Cunavailable(t) - Cself—consumed(t)
— Celivered(?), (7)
where Caelivered(?) = fi(l)dl, and Cgelf-consumed(t) = fMdt-
Therefore, the SOC of the R-mode RED stack can be
calculated as [43]
Cavailable (t )

total
_ Cdelivered(t ) + Cself—consumed(t ) + Cunavailable(t )

Ciotal

SOC(t) = = SOCinitial

’

®)

where SOCipitial 1s the initial state of SOC.

This improved KiBaM easily and intuitively reflects the
nonlinear capacity effects and self-consumed effect of the
R-mode RED stack from the view of the kinetic process,
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which is complex to describe from the view of the chem-
ical process. However, it does not describe the electrical
dynamic characteristics of the stack, which brings challenges
to RED-driven circuit system design. To solve this issue,
an ECM is introduced into the proposed model.

B. ELECTRICAL CIRCUIT MODULE (ECM)

An ECM (shown in the right-hand side of Fig. 4) is inte-
grated to capture electrical dynamic characteristics of the
stack. The SOC-controlled voltage source V. is determined
by the real-time SOC obtained from KiBaM. The resistor
Rgeries Tepresents the instant discharge energy losses. Rg and
Cs, Ry and Cp, describe the short-term and long-term tran-
sient response, respectively. Vipck stands for the terminal
voltage of the RED stack. Theoretically, in the ECM, V,
Rseries, Rs, Cs, Ry, and Cr, are multivariable functions of the
state of charge (SOC), current and temperature. However, for
simplicity, these parameters are regarded as single-variable
parameters exclusively in relation to the SOC without suf-
fering any significant errors [38]. After observing the curve
trends of these parameters versus SOC and learning from the
equations adopted in the battery’s ECM [39], the combination
of exponential functions and polynomial functions is utilized
to do the curve fitting of V., and exponential functions are
used to fit the obtained curves of Rgeries [26], Rs, Cs, RL,
and Cr. Therefore, this model is established by the following
equation:

Vstack(t) = Voc(SOC) - i(t) * Rseries — Vtransient(t), (9)
Vtransient(t) = VS(I) + VL(l)s (10)

Vs(t) Z{Rs(soc) GO — e TS g <t <1y
Vs(tq) - e 1)/t g <t <t
(11)
VL(t) Z{RL@OC) GO =TT gy <<y
Vi(tq) - e_(’_td)/TL’ ta<t<t,
(12)

where 75 = Rs(SOC) - Cs(SOC), 11, = RL(SOC) - CL(SOC).
Voc has a relationship with SOC, determined by the com-
bination of exponential functions and polynomial functions,
which is
Voe (SOC) =nge™"59C 415 4+n380C —ng SOC? +n5SOC3.
(13)
The parameters of RC networks are also exponential func-
tions of the SOC, which are derived from

Rs(SOC) = 0 - e 150C 4 ¢ . ¢=0350C
Cs(SOC) = py - e P150C 4 py . ¢7P350C
RL(SOC) = qo - e 1SOC 4 g, . ¢~ 3SOC (14)
CL(SOC) = rg - e "50C 4y - 77350C
Reeries(SOC) = 50 - e 150C 4 5.

where ng, ny, na, n3, na, ns, 0o, 01, 02, 03, po, 1, P2, P3 40

q1, 92, 43, 1o, T'1, 12, 3, So, §1 and sp are coefficients to be
solved by least-squares fitting tool.
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FIGURE 5. The RED model under C-mode operation.
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FIGURE 6. Model extraction procedures.

The C-mode is simply one special operating condition of
the R-mode. The time-invariant salinity gradient renders the
SOC to be constantly 100%. Therefore, V¢, Rseries, Rs, Cs,
Ry, and Cy, are all constants. In this situation, the generalized
RED stack model will be reduced to a simple equivalent
circuit model as shown in Fig. 5.

IV. MODEL EXTRACTION

A. FLOW CHART OF MODEL EXTRACTION

The model extraction procedures are detailed in Fig. 6 and
illustrated by the following steps.

Step 1: The curve of open circuit voltage V,. versus time
is recorded until the cutoff voltage is reached. Along with the
variation of the SOC obtained from the proposed model in
Section III, the curve of V,. (SOC) is obtained.

Step 2: One CC discharge test and one PC discharge test
where each pulse has T1-s ON time and 7>-s OFF time, under
a same current value /1, are carried out until the stack voltage
reaches the cutoff voltage, during which the voltage curves
are both recorded. In this step, a suitable value should be
chosen for /1, which is larger than half of the short-circuit cur-
rent but smaller than the short-circuit current of the R-mode
RED stack so that nonlinear capacity effects are observable.
To render the voltage curves during discharge period under
two tests close enough, 75 should be short enough as well as
effective for calculation. Step 1 and Step 2 are used to extract
the parameters in KiBaM, i.e., ¢, M and k’.

Step 3: A PC discharge test where each pulse has Tj-s
ON time and 73-s OFF time under /; is conducted to extract
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FIGURE 7. The prototype of the RED stack.

TABLE 1. Experimental setup of the RED stack.

Number of AEMs /Pieces 50
Number of CEMs /Pieces 51
Membrane active area per cell /m? 0.054
Spacer thickness /mm 0.55
Recycled electrolyte solution KuFe(CN)o
K4Fe(CN)s
Low-salinity NaCl solution 0.0l mol/L - 8L
High-salinity NaCl solution 2mol/L* 6L
Feed solutions’ temperature /K 293
Flow rate /L-s™ 0.008
Cutoff voltage /V 0.5

the parameters of ECM. By fitting the voltage curves of
each rest period, RC network parameters under different SOC
values are obtained. Therefore, the relationships between RC
network parameters and SOC can be easily extracted, which
construct a complete ECM. Here, 73 should be long enough
to enable the stabilization of V,.. Meanwhile, a longer 73
will lead to a smaller number of discharge cycles, which may
result in insufficient data for parameter extraction. Thus, there
should be a trade-off design for T3.

B. EXAMPLE

A laboratory-scale prototype of an RED stack is constructed
for model extraction and validation, as shown in Fig. 7.
The dimension of the stack is 250 mmx450 mmx 170 mm.
The concentrations of the low-salinity solution and the high-
salinity solution are chosen respectively as 0.01 mol/L and
2 mol/L in the experiments, representing the salinity of the
fresh river water and the brine from seawater desalination
plants, respectively. Here, LED is used as a load example
of potential industrial applications of the RED technology.
Parameters of the experimental setup are provided in Table 1.

1) Voc(SOC)-SOC CURVE

It is assumed that the total capacity is depleted when the open
circuit voltage reaches the pre-set cutoff voltage. Vo.(SOC)
under no load condition is detected, as shown in Fig. 8, which
decreases totally due to the self-consumed effect. During this
process, no unavailable capacity is generated since /1 and hy
decrease evenly, so there is Ciptal = Cself—consumed- Lherefore,
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FIGURE 8. Open circuit voltage under no load condition.
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FIGURE 9. Voc(SOC)-SOC curve.

the SOC varying with time can be expressed as

M -t M -t
SOC(t)=1-— =1- =1—
Ciotal M - tocy tocv

. (15)

where focy stands for the moment when V. reaches the
cutoff voltage. Thus, V,.(SOC)-SOC curve can be obtained
as the blue line shown in Fig. 9. The parameters in (13) can be
solved by least-squares fitting, of which the results are shown
in Table 2 and the curve is shown as the red line in Fig. 9. The
RMSE is 0.0069, which implies the fitting accuracy [40].

2) IMPROVED KINETIC BATTERY MODULE EXTRACTION

In our example, I; is set as 1.1 A, and 77 and 7T, are set as
60 s and 4 s, respectively. Therefore, one 1.1 A CC discharge
test and one 1.1 A PC discharge test where each pulse has
60-s ON time and 4-s OFF time are conducted to extract the
parameters of KiBaM. The experimental results of two tests
are shown in Fig. 10. 5 (i = 1,2, ..., N, where N refers to
pulse numbers) is the moment when the rest period comes
to the end. Based on (8), SOCconstant (#i) under the 1.1 A CC
discharge condition can be rewritten as

k't

(L1+M) - ti+(1—c)- L =2

SOCconstant )= 1—
Ctotal

(16)

Since voltage curves in both discharge periods of CC and
PC discharge tests are very close to each other, SOCconstant (i)
~ SOCpuise (1i). SOCpyise (t;) can be obtained by referring to
the V,.(SOC)-SOC curve shown in Fig. 9. Therefore, based
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FIGURE 10. Experimental stack voltage Vg, under 1.1 A CC discharge
condition and 1.1 A PC discharge condition where each pulse has 60-s ON
time and 4-s OFF time.

TABLE 2. Model parameters for the RED stack.

m | 0516 | m | 699 | m | 20x10M | ny | 4229
ne | 4918 | ns| 6993 | 0o | 5755 | o | -7.807
0y | 00043 | o5 | 4588 | po | 8994 | p | -5.1x107
pr | 2339 | ps| 1156 | g0 | 009084 | g | -0.8888
g | 000029 [ g5 | 599 | | 5573 | | -8.6x107
r | 02816 | 1y | 4926 | s, | 000147 | s | -6.794
s; | 1548 | ¢ | 02087 | M| 10031 | & | 00032

on (16) and V,.(SOC)-SOC curve, ¢, M and k’ are solved by
randomly choosing several pulses, of which the results are
shown in Table 2.

3) ELECTRICAL CIRCUIT MODULE PARAMETER EXTRACTION

Since T3 is set as 60 s in our paper, as shown in Fig. 11,
the experimental result of one 1.1 A PC discharge test where
each pulse has 60-s ON time and 60-s OFF time is used to
extract the parameters of ECM. The voltage curve of each
rest period is utilized to do parameter extraction, and one of
which is zoomed in to show details. According to (9)—(12),
the stack voltage during one rest period (bold blue line section
in Fig. 11) can be expressed as

Vstack@) =0 - (1 — eip.t) +q-(1— eir't) +s
1 1
=Rs-1-(l1—-e RSCS;)‘FRL'I (1 —e RCL t)+s,
(17)

where s = V7 and Rs, Cs, R, and Cy, are obtained by curve-
fitting tool. Rgeries 1S determined by Rgeries = (V1 — Vo)/I.
Therefore, after obtaining RC network parameters under dif-
ferent SOC values’ conditions, the parameters in (14) can be
derived by using least-squares fitting, of which the results are
shown in Table 2.

V. MODEL VALIDATION AND RESULT ANALYSIS

A. RECYCLE MODE OPERATION

To validate the effectiveness of the proposed model, simu-
lation and experimental tests are carried out, of which the
results are compared. Fig. 12 illustrates the implementation

VOLUME 9, 2021



Z.Yan et al.: Generalized RED Model Incorporating Both Continuous and Recycle Modes

IEEE Access

3 .
[ 5 14 V2
=
% pmmi
=4 440 2480 2520
° o
73
2
e 2
] A
10 20
0 000 Time(%(s))o 3000

FIGURE 11. Experimental stack voltage Vi, under 1.1 A PC discharge
condition where each pulse has 60-s ON time and 60-s OFF time (bold
blue line refers to the rest period).
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FIGURE 12. The generalized hybrid RED model implemented in
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FIGURE 13. (a) Comparison of simulation and experimental results of the
stack voltage Vg, under 0.4 A, 0.6 A, 0.8 A and 1.0 A CC discharge
conditions and (b) SOC variation and estimated unavailable capacity
under 0.8 A CC discharge condition.

of the proposed generalized hybrid RED model in MAT-
LAB/Simulink. The KiBaM unit yields the SOC value, con-
sidering the nonlinear capacity effects and self-consumed
effect, and then the real-time SOC is transferred to the ECM
unit, based on which the exact values of RC parameters and
the voltage source are given.

The KiBaM unit is made up of two iteration sections,
of which the upper one is applicable for non-zero CC dis-
charge conditions, and the lower one suits the rest period
(i.e., open circuit condition). Meanwhile, the ECM unit is
constructed using components in Simscape toolbox.

The experimental tests are conducted on the RED stack
prototype shown in Fig. 7. Fig. 13 (a) shows the comparison
between simulated stack voltage curves acquired from the
proposed model and the experimental results under 0.4 A,
0.6 A, 0.8 A and 1.0 A CC discharge conditions, respectively
(from top to bottom). The voltage errors and runtime errors
are all within 5%, which implies acceptable accuracy of the
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model in capturing the transient voltage response and pre-
dicting the runtime under various CC discharge conditions.
Fig. 13 (b) shows the simulated SOC along with estimated
unavailable capacity under 0.8 A CC discharge condition
based on the proposed model. Due to the rate capacity effect,
Cunavailable firstly increases and then stays unchanged at a
relatively high level.

Fig. 14 (a) compares the simulation and experimental
results of the stack voltage under 0.9 A PC discharge con-
dition where each pulse has 60-s ON time and 60-s OFF
time. The slight difference (within 5% error) between the
simulated voltage curve and experimental curve demonstrates
that the model precisely predicts the runtime and describes
the transient voltage response under a PC discharge condition.
The calculation result without considering nonlinear capacity
effects is also presented in Fig. 14 (a), which is signifi-
cantly larger than the experimental result. It indicates the
necessity to take nonlinear capacity effects into account since
the ignorance of concentration polarization may lead to a
higher estimated voltage value, and thus induce the inaccurate
estimation of transient voltage response. Fig. 14 (b) presents
the simulation result of the SOC and the estimated unavailable
capacity. It can be seen that Cypavailable increases during the
discharge period and then decreases during the rest period,
leading to the increase of SOC in the rest period accordingly
due to the recovery effect.

7 -e-eeeeee Experimental result 101 600
. Simulation result

6iin Calculation result ignoring]
—~ nonlinear effects 90 500
25 Soc _
! ~ 80 400 2
24 g <
S e <70 300 2
Al SRR AR AR o A H
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FIGURE 14. (a) Comparison of simulation and experimental results of the
stack voltage Vg, under 0.9 A PC discharge condition with 60-s ON time
and 60-s OFF time and (b) SOC variation and estimated unavailable
capacity under the same current condition.

Fig. 15 shows the simulated and experimental stack voltage
curves under 1.1 A PC discharge condition where each pulse
has 60-s ON time and 6-s OFF time. The simulation result
matches the experimental result well, which illustrates the
validity of the proposed model in capturing the dynamical
electrical characteristics under a PC discharge condition with
a shorter rest period.

B. CONTINUOUS MODE OPERATION

As aforementioned, the C-mode is simply one special oper-
ating condition of the R-mode. As shown in Fig. 5, Vi,
Rseries, Rs, Cs, Ry, and Cy., are all constants which are derived
by substituting SOC in (13) and (14) with 100% due to
the time-invariant salinity gradient in C-mode. Consequently,
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FIGURE 15. Simulated and experimental stack voltage Vg, under 1.1 A

PC discharge condition where each pulse has 60-s ON time and 6-s OFF
time.

TABLE 3. Model parameters for the C-mode stack.

Vo SOC=100%) 652V Rearieo(SOC=100%) 2.86 Q
Rs(SOC=100%) 0.150 Cs(SOC=100%) 1692 F
RL(SOC=100%) 0420 CL(SOC=100%) 156.25 F
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FIGURE 16. Simulated and experimental V-/ curve of the C-mode RED
stack.

the results of V¢, Reries, Rs, Cs, R and Cp in C-mode are
shown in Table 3 for the reduced model shown in Fig. 5.

Fig. 16 shows both the simulated and experimental
V-I curves plotted for the C-mode RED stack, which
are linear lines. The slope of the curve indicates the
total resistance Ryota1(SOC=100%) of the C-mode RED
stack, where Riota1(SOC=100%)=Resies(SOC=100%)-+
Rs(SOC=100%)+R1(SOC=100%). The simulated and
experimental values of Ry, are 3.42 Q2 and 3.107 €2, respec-
tively. The error of the total resistance is around 10%.

Fig. 17 compares the simulation and experimental results
of the stack voltage under 1.1 A PC discharge condition
where each pulse has 15-s ON time and 40-s OFF time.
Errors within 2% imply the accuracy of the reduced RED
model under C-mode operation. Fig. 18 shows the simulated
and experimental stack voltage curves under 1.2 A PC dis-
charge condition where each pulse has 15-s ON time and
30-s OFF time. The consistency of the two curves illustrate
the model’s effectiveness in capturing the C-mode stack’s
electrical performance.

C. ESTIMATED MAXIMUM TOTAL OUTPUT POWER

A maximum power of about 3.5 W has been successfully
harvested from the RED stack prototype in this paper, which
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FIGURE 17. Simulated and experimental stack voltage V¢, under 1.1 A
PC discharge condition where each pulse has 15-s ON time and 40-s OFF
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FIGURE 18. Simulated and experimental stack voltage V¢, under 1.2 A
PC discharge condition where each pulse has 15-s ON time and 30-s OFF
time.

owns a volume of 1.91 x 1072 m? (with external dimen-
sions: 25 cmx45 cmx17 cm) and a total membrane active
area of 2.7 m? at a membrane power density of 1.3 W/m?.
As an estimation, about 3,979 RED stacks of this size can
be fitted into a standard 40-ft container box (with internal
dimensions of 1204 cmx269 cm x235 cm). This indicates
that a scaled-up version of the RED system of the size of such
container box can provide a total power of about 13.9 kW.
Since SGP can be continuously harvested and there is a vast
storage of it, this estimated figure further signifies the huge
potential of the RED technology, particularly when there is
much scope for increasing the power density in the membrane
discipline.

D. RESULTS DISCUSSION
The errors between simulation results and experimental
results mainly come from the following three aspects:

1. Model approximation: The chemical process in the RED
stack is too complicated to be represented simply by an
extremely accurate model. Thus, a model approximation is
normally made to achieve a sufficiently accurate result while
reducing the complexity of the model significantly. In this
paper, the proposed generalized model considers two of the
most significant effects in the stack, which are concentration
polarization and salinity variation by means of the improved
KiBaM, while ignores some less important effects, such as
spacer shadow effect and the influence of the electrolyte
solution [41]. Moreover, the quantification of the concentra-
tion polarization is difficult, as this involves the complicated
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TABLE 4. Comparison of the proposed model and previous models for RED stacks.

Reference Suitable for | Suitable for | Requires details | Considers Based on CC | Based on PC | Implementation | Accuracy
C-mode R-mode of chemical | concentration | discharge discharge complexity
operation operation processes and vast | polarization conditions conditions
system parameters
[15]17] Yes No Yes No Yes No High High
[20] Yes No No No Yes No Low High
Proposed Yes Yes No Yes Yes Yes Low High

mechanism of the RED stack influenced by multiple factors
such as current density, solutions’ concentrations, and oper-
ating time [42]. In this paper, due to the balance between
simplification and accuracy, the influence of current density
on the concentration polarization is considered. Hence, the
estimation of its effect in this paper may contain some trivial
eITors.

2. Model parameter approximation: Theoretically, in the
electrical circuit model (ECM), the open circuit voltage V.,
the series resistor Rgeries, and RC networks including Rs,
Cs, Ry, and Cy, are multivariable functions of the state of
charge (SOC), current and temperature. However, for cal-
culation simplicity, these parameters are regarded as single-
variable parameters exclusively in relation to the SOC in this
paper. Therefore, this simplification may result in some errors
between the simulation results and experimental results.
Besides, curve fitting is utilized to derive the relationship
between Vi, Rseries, RS, Cs, RL, CL, and the SOC. Although
the fitting accuracy is relatively high, there are slight dif-
ferences between actual values and fitted values, which also
accounts for the errors.

3. Experiment operation error:

(a) Theoretically, the R-mode RED stack starts to be dis-
charged from 100% SOC. To reach the 100% SOC, before the
experiment starts, feed solutions need to be pumped into the
stack to fill the compartments, and then it takes some time
before the ions can distribute uniformly in the compartments.
During this preparation process, the open circuit voltage
keeps rising until it stabilizes around a peak point. Due to the
random distribution of ions, the time it takes to reach the peak
voltage and also the value of the peak voltage differ slightly in
each experiment. Therefore, repeating pre-experiments gives
a reliable reference value of this peak open circuit voltage,
which is used as the symbol of 100% SOC and also the
starting point of our experiments. However, it is implausible
to achieve a perfectly same starting point for each experiment,
which renders some deviation of the experimental results. The
deviation of the starting point in our experiment is nearly 3%.

(b) Moreover, in our experiments, to exclude the tempera-
ture effect, we try to roughly fix the solutions’ temperature
at a constant value by observing the temperature sensor.
The feed solutions’ temperature is controlled at (293+1) K.
There are still small variations of the temperature in each
experiment, which may affect the results.

(¢) In addition, small manual errors of the solutions’ initial
volumes lead to experimental concentration variances, which
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also influence the results. In our experiment, the volume
errors are controlled within 2%.

(d) Furthermore, there are some inevitable minute errors
of the concentrations of the feed solutions. For example,
although the stack is flushed with clean water after each
experiment, due to the large-scale stack, there are still solu-
tions left inside the compartments, which may slightly affect
the solution concentration of the subsequent experiment.
Moreover, during the recycle of the solutions, ions may not
distribute evenly in the large solution tanks, which results
in slight deviation of the pumped-in solutions’ concentra-
tions from the pre-set value. This contributes to some dif-
ference between the anticipated results and experimental
results.

E. COMPARISON OF THE PROPOSED MODEL AND
PREVIOUS MODELS FOR RED STACKS

To clearly differentiate the advantages of the proposed model
over the previous models proposed for RED stacks, their
capabilities and degree to describe the performance of the
RED stack, as well as their implementation complexity are
compared in this section, as shown in Table 4.

VI. CONCLUSION

Based on an improved kinetic battery module (KiBaM) and
an electrical circuit module (ECM), a generalized model
incorporating both the continuous and recycle modes for
RED stacks is presented. The electrical characteristics of the
R-mode RED stack illustrated in the proposed model well fit
that derived from the analysis of chemical processes. More-
over, this model can be applied to the C-mode, when the SOC
is constant. When compared with practical measurements,
the simulation voltage results obtained from the proposed
model have less than 5% error. These results confirm that the
model is accurate in tracking the SOC, capturing the transient
voltage response and predicting the runtime. Because this
is an equivalent electrical circuit model, it can be easily
adopted into circuit simulation packages to study the inter-
actions of the RED system and the power-electronics-based
energy harvesting circuit to perform various maximum power
tracking strategies. Compared with wind and solar power,
energy harvesting from salinity gradient power is less well
explored. It is envisaged that the proposed model can be used
by the power electronics research community as a useful tool
to study the energy harvesting and storage characteristics of
the RED systems.
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