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HIGHLIGHTS

e Proposed energy transfer efficiency metrics from (one-way) and to (round-trip) CDI.
o Presented a model to predict energy transfer between a CDI cell and a supercapacitor.
e Energy transfer efficiency of CDI-to-SC can be ~90% for reasonable system parameters.

ARTICLE INFO ABSTRACT
Keywords: Energy recovery from capacitive deionization (CDI) has the potential to increase overall desalination efficiency.
Capacitive deionization We here define the storage (one-way) and utilization (round-trip) efficiencies between a CDI cell and an energy

Energy recovery efficiency
Buck-boost converter
Energy transfer
Supercapacitor

storage device using a generic direct current/direct current (DC/DC) converter circuit. Presented is a closed-form
analytical model for the case of a supercapacitor (SC) as the energy storage device and a buck-boost converter as
the DC/DC converter. The model is benchmarked with a numerical model, showing good agreement. Also
presented is a comparison among energy transfer methods wherein desalination productivity is fixed. For con-
stant current operation, this condition requires higher currents to compensate for the inactive time introduced by
the converter. For fixed productivity, the mean current of the converter circuit approaches the constant current
value for higher initial voltages and lower capacitances in the supercapacitor. Finally, we show the effect of
relevant parameters of the SC in the storage and utilization efficiency. The model predicts storage and utilization
efficiencies of at least 90% for an initial voltage of 1 V or higher and reasonable CDI and SC parameters. Lastly,
we provide engineering operational parameters to maximize the efficiency of energy transfer and guidance in the
selection of electronic components.

primary energy input of CDI is electric power at low voltage [22,23].

A typical CDI architecture consists of at least one pair of activated
carbon porous electrodes. Under an externally applied electric field,
ionic species are trapped within electric double layers inside pores [23].
The applied bias (during the adsorption step) can be supplied at constant
current [24-26], constant voltage [24-26], or arbitrary functions of
either current or voltage [27]. After some adsorption, the CDI cell is
discharged creating a high salinity brine solution. Interestingly, by far
the most common discharge method to date for CDI is simply short
circuit (0V) [10,11,22,23,28-32]. Such discharge offers no opportunity
to recover or reuse energy.

1. Introduction

Water [1,2] and energy [2] scarcity is a global concern. There has
been a growth in interest over the last decade for methods for treatment
of moderate and low ionic strength solutions, such as brackish water
[3-6]. Capacitive deionization (CDI) provides an interesting alternative
and energy efficient [7-9] technique for desalination of relatively low
salinity (e.g. brackish) water streams [10-13] and for selective removal
of contaminants [14-21]. Unlike reverse osmosis or thermal desalina-
tion, CDI does not require high pressure or temperature [10,11], and the
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Nomenclature

Cepr Effective capacitance of the CDI cell

Csc Capacitance of the supercapacitor

Ecprree  Energy recovered into the CDI cell from the energy storage

(ES) device

Energy stored into the ES from the CDI cell

Eincpr Energy input into the CDI

Eings Energy input into the ES

Energy lost (e.g. to heat) within the CDI cell during charge
Epcprais  Energy lost in the CDI cell during discharge

Erpc-pc Energy lost in the DC-DC converter

EES sto

EL.CDI ch

Ep scen Energy lost in the SC during charge
Epscais  Energy lost in the SC during discharge
Eoucpr  Energy output from the CDI

Eout s Energy output from the SC

Eg External energy input (top-off) required to drive a
desalination cycle ( Es is equal to the summation of all
energy lost in the cycle)

L Maximum CDI output (input) current which triggers buck-
boost switch during discharge (charge) of CDI

I Maximum SC input (output) current which triggers buck-
boost switch during charge (discharge) of SC

Al Current window defined as (I — I;)

I Constant current value representing typical research-type
operation using a sourcemeter

Imean Mean current for buck-boost operation, defined as the

arithmetic mean of I; and I,

Imeanp Mean current for buck-boost operation and for fixed
productivity

Irms Root mean square (RMS) current used to calculate energy
losses for a triangular current profile

Irmsp RMS for condition of fixed productivity

L Inductance of inductor

qcpr Change of electrical charge in the CDI cell

dsc Change of electrical charge in the SC

Req.cor Sum of series resistance of the CDI cell and inductor
resistance

Reg.sc Sum of series resistance of the SC with the inductor
resistance

Repr Series resistance of the CDI cell

Res Series resistance of the energy storage component

Ry Series resistance associated with the inductor

Rsc Effective series resistance of the supercapacitor

tec. dis Total time to discharge a CDI cell at constant current I,

Lais total Total time to discharge a CDI cell as the addition of t

with Lon,dis

toff dis Total time spent actively charging to or from the SC (CDI
inactive time) during the discharge of a CDI cell

Lon dis Total time spent actively charging to or from the CDI cell
(CDI active time) during discharge of CDI

Aty g Time spent in an individual buck-boost cycle in the SC
during discharge of the CDI cell

At,ngis  Time spent in an individual buck-boost cycle in the CDI cell
during discharge of the CDI cell

Vepri Initial voltage of the CDI cell

Vepig Final voltage of the CDI cell

Vsci Initial voltage of the SC

Vscs Final voltage of the SC

Nl Utilization (round-trip) efficiency

Nuiscpr  Overall system efficiency for utilization (round-trip) and
desalination

Nsto Storage (one-way) efficiency

Naorcor  Overall system efficiency for storage (one-way) and
desalination

Over the last decade, several groups have employed various DC/DC
converters to harvest electricity from low power applications, including
solar cells [33,34], thermoelectric generators [35], and fuel cells [36,
37]. CDI is an ideal candidate for energy recovery with a DC/DC con-
verter, as the stored energy in the electric double layers (analogous to an
electrolytic supercapacitor, SC) can be transferred into a storage device
(or another CDI cell). For CDI, energy harvesting is an opportunity to
increase the overall desalination efficiency. There have been several
efforts towards efficient energy transfer from CDI cells [38-47]. The
type and values of figures of merit related to energy transfer vary widely
among these studies. For instance, Kang et al. [38] showed energy
transfer from an MCDI cell to a supercapacitor (and not vice versa) with
a buck-boost converter and defined energy transfer efficiency as the
recovered energy into a supercapacitor over the total energy input into
the membrane capacitive deionization (MCDI) cell. The reported energy
recovery efficiency ranged from less than 5% to up to 45%. A study
published by Alkuran et al. [41] reported measurements for energy
transfer between an electrical circuit designed to emulate a CDI cell and
a supercapacitor using a buck-boost converter. Alkuran et al. [41]
defined energy efficiency as the energy stored into the SC (starting at
0V) divided by the total energy input into the capacitor of the CDI cell
circuit. The reported efficiencies varied from 51% to 64%. Pernia et al.
[39,40] considered the transfer of energy to an SC using an electrical
circuit to emulate a CDI cell and showed efficiencies of up to 84% [39]
and 89% [40]. To date, there are no systematic definitions of figures of
merit for CDI energy transfer. Also, models have to date provided no
direct analytical relations useful in the identification of key parameters.
Further, to our knowledge, there have been no studies of the energetics

associated with the transfer of energy from the CDI cell to a storage
device and then the transfer of energy back to the CDI cell (i.e., no
“round-trip” type studies).

We here consider two scenarios of CDI energy transfer. First, the
energy is transferred from the CDI cell to the storage—a one-way
transfer of energy. Second, the energy is transferred from the cell to
the storage and then the energy is transferred back from the storage to
the cell. We define clear figures of merit for a generic DC/DC converter
for each scenario and compare and contrast these with existing similar
figures of merit. To model the system, we chose a buck-boost converter
to transfer energy and a supercapacitor (SC) for the storage method. We
first present a computer simulation which models dynamics of the buck-
boost converter dynamics in a piecewise manner leveraging solutions to
ordinary differential equations (ODE) for each charging step. Next, we
develop and propose an analytical model which is benchmarked with
the piecewise-ODE simulations. This analytical model is advantageous
in identifying key parameters and in design and control efforts to predict
energy losses, storage efficiency, and utilization efficiency. Finally, we
show the effect of circuit and control parameters to the figures of merit
we propose. These provide insight into the selection of electronic com-
ponents and key operational parameters required to maximize the en-
ergy transfer efficiencies.

2. Energy transfer efficiency for storage (one-way) or utilization
(round-trip)

DC/DC converters offer a convenient method of recovering energy
from CDI systems. For low power applications, some of the available



D.I. Oyarzun et al. Journal of Power Sources xxx (Xxxx) XXX

A E out,CDI E ES,sto C

E

in,CDI

E 2
"DC " CLES.ch =
~I" Ry is,ES —
S
o
3
o
o

2 2
EL, cpI, chNI RCDItch E LCDI, disNI R
B LES,ch

Stora,ge + _ EES,sto _ EES,sto EL’DC'DC
desalination % y,+cpi—

CDI tdis

vidt  E,cortEr corentEL coras

efficiency:
Storage ;7 - EES,SI‘O - EES,StO
e . 1
efficiency: " E,,cor EgsaoTELgsentELpene

time, ¢ [s]

Fig. 1. (A) Schematic of the on-way energy transfer (i.e. energy storage) with a generic DC-DC converter from a CDI cell to an energy storage (ES) device. Labels
Ein.cot, Eout.cor, and Eip s correspond to the total energy into the CDI cell, out the CDI cell, and into the ES respectively. Egs g, is the effective energy stored into the ES.
The red arrows represent energy losses, ELj, from each component j. (B) Definition of the recovery efficiency that includes CDI performance 7, cp; and the current
proposed definition which accounts for only the storage efficiency 7. (C) Schematic of a standard power consumption curve of a CDI cell operated at constant
current (charge and discharge) with energy recovery. Shaded areas are labeled as in Fig. 1A. Inset shows the schematic of a CDI cell at constant current operation
without energy recovery. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

configurations are boost [48], Cuk [48,49], buck-boost [49], or SEPIC For example, there are two categories [51] in photovoltaic systems:
[49,50] converters. The choice of the converter depends on the cur- stand-alone and grid-connected application. The former is used for en-
rent/voltage characteristics of the system and the final use of the energy. ergy storage, while in the latter energy is directly consumed. In CDI, the
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Fig. 2. (A) Schematic of the full cycle of energy transfer with a generic DC-DC converter from a CDI cell to an energy storage device, ES. Es is the extra energy that
should be supplied to the cycle during the charge of the CDI cell.Ei, cpr, Eout.cor, Eings, and Eqye gs correspond to the total energy into the CDI cell, out of the CDI cell,
into the ES, and out of the ES, respectively. Ecpy . is the recovered (or utilized) energy from the storage device. Egg g, is the energy stored in the ES device. The red
arrows represent energy losses, ELj, at each j component. (B) Definition of the recovery efficiency that includes CDI performance 7, , ¢p; and our proposed definition
that only accounts for the utilization efficiency #,,;. (C) Schematic of a standard power consumption curve at constant current of a CDI cell (charge and discharge)
with energy recovery. Shaded areas are labeled as in Fig. 2A. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 3. (A) Schematic of the simplified circuit of a buck-boost converter for
energy transfer between a CDI cell and an SC during the discharge of the CDI
cell. (B) ODE model predictions of current versus time for typical parameters for
energy transfer with a buck-boost converter. I; and I, represent the upper and
lower current limits. The current window is given by I; - I or Al The time at
positive slopes in the schematic corresponds to the active time, Aty 4, while the
time at negative slopes to the inactive time, Aty 4 , during discharge. Fixed

parameters used in this figure are as follows: Ccp; = Cs¢ = 10F, Vepr; = 1V,
VCDLf =04 V, VSC.i =-1 V, Al =20 IIIA, RCDI =3 .Q, RSC = 0.1 Q and RL =
0.01 Q.

purpose of the DC/DC converter can be either storage or utilization of
the electrical power in the next desalination cycle. Therefore, a
bi-directional converter (such as the buck-boost converter) is an
attractive option for energy recovery in CDI. In this section, we provide a
framework for energy recovery efficiencies that applies to any DC/DC
converter. We recognize and present two possible energy recovery
schemes, a one-way energy transfer for energy storage and a round-trip
for energy utilization in the CDI cell.

2.1. Energy transfer for storage (one-way) in CDI using a generic DC/DC
converter

Fig. 1A shows the schematic of a system consisting of a CDI cell
connected to a DC/DC converter. The generic converter is connected to a
(generic) electrical energy storage (ES) device. In Fig. 1A, the arrows
represent the total energy into or out of the components of the cycle due
to an energy flux across the boundaries of the CDI cell, DC/DC converter,
and the ES device. Ei;cpr, Eourcor, and Ejgs are respectively the total
energy into the CDI cell, out of the CDI cell, and into the ES. Further,
Egpssto is the energy stored into the energy storage device. Egsg, is
calculated as the subtraction between Ej, gs and the energy lost Ej gsch
during the charge of the ES. The red arrows represent energy losses from
the system (e.g., due to heat).

Fig. 1B shows a comparison between the proposed metric for energy
storage efficiency 7, and a standard definition of energy transfer
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efficiency (i.e., storage plus desalination efficiency, 7, cp;). The latter
definition is a quantification of the overall system efficiency, which
combines desalination and energy recovery efficiency. Note that overall
system efficiency includes the energy losses associated with and
inherent to simply operating the CDI desalination process, irrespective
of whether energy is transferred in or out using a DC/DC converter.
Although the overall system efficiency is a global indicator of the per-
formance of the system, 7, cp; is not applicable to the reporting of the
volumetric desalination energy. Hawks et al. [52] defined volumetric
desalination energy consumption as E, = (Ei, — nEeu)/Vy. Here, Vg is
the volume of desalinated water, Ej, is the total energy input into the CDI
cell (analogous to Ej, cpr in Fig. 1A), Eoy is the total recoverable energy
from the CDI cell (analogous to Eqy cpr in Fig. 1A), and 5 is the recovery
efficiency which represents the fraction of E,, recovered during
discharge of the CDI cell.

The overall system efficiency #,.cp characterizes the energy
recovered from E;, cp;. However, the recovery efficiency n from Hawks
et al. [52] should represent the energy recovered from E,, cp;. Here, we
propose a metric in agreement with the recovery efficiency 5 used to
report the volumetric desalination energy of CDI. This metric is slightly
different for storage and utilization of energy. For the case of energy
storage, we refer to this metric as energy storage efficiency (or more
briefly as storage efficiency). The storage efficiency is associated with
the transfer of energy from the CDI cell into an energy storage device.
We further define 7, as the energy stored into the ES, Egs «,, divided by
the maximum recoverable energy, Eqycpr (cf. Fig. 1B). Hence, the pro-
posed energy storage efficiency enables the quantification of the
recovered energy from the CDI operation.

The definition of storage efficiency 7, and overall system efficiency
Nsorcpr are also depicted in the schematic of Fig. 1C. This schematic
presents a typical adsorption/desorption power curve in CDI, and the
nearly linear power consumption profiles show a typical behavior for
CDI at constant current operation. Our definition of the storage effi-
ciency corresponds to the ratio of the energy delivered to the energy
storage device Egs g, (discharge area of power curve minus the energy
losses, Fig. 1C main), over the recoverable energy from the discharge of
the CDI cell E,y cpr (discharge area of power curve minus the energy
losses, Fig. 1C inset). In contrast, the overall efficiency 7, o is defined
as Egs g Over the total area during charge Ej, ¢cpy (Fig. 1C main).

2.2. Energy transfer for utilization (round-trip) in CDI

We here present an analysis of the storage and then reuse of the
stored energy in a subsequent CDI adsorption cycle (Fig. 2). To complete
the desalination cycle, we provide additional top-off energy, Es. This
additional energy accounts for all the energy losses in the cycle and can
be introduced directly to the CDI cell or into the energy storage device.
Fig. 2A shows a schematic of the energy transfer for utilization from and
to the CDI cell. The terms Ein cpr, Eout.coi, Eings, and Egy gscorrespond to
the total energy inputs or outputs to the components. Further, Ecpi rec
and Egs «, are the effective energy recovered into the CDI cell and the
effective energy stored in the ES respectively. For instance, Ecpyrec is
calculated as Ej cpr minus both the energy lost Ey, cp; n during charge of
the CDI cell and the top-off energy, Es.

Fig. 2B shows the comparison between utilization efficiency 7,,; and
overall system efficiency #,;, cp;- The latter includes all the energy losses
(Es = ) E;jj = CDI,ES,DC — DC) in the denominator, while the former

j

includes only the losses due to both the DC-DC converter and the
dissipation in the energy storage. Here we explicitly express utilization
efficiency as

Ecprrec Ecpirec a

Nyeit = = .
Eoucor Ecpirec + 2Epe-pe + Epgscn + EL s dis

Note that in CDI studies, it is relevant to report volumetric
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desalination efficiency, E,. Therefore, the recovery efficiency metric, 7,
to report E, should be 7, or ,,;, depending on the final use of the energy
(storage or utilization).

3. Theory and simplified analytical approximation

Presented here are analytical and numerical tools to characterize the
energy transfer process between a CDI cell and an SC (as the storage
device) with a buck-boost converter (as the DC/DC converter). We
neglect losses due to switching effects for three reasons. First, we assume
moderate to low switching frequency, which is controlled by the
inductance and current window. Second, the series resistance dominates
energy losses over switching losses. Third, switching losses are
approximately accounted by the model by using a resistor in series with
the inductor. This resistance is assumed to account for all losses of the
buck-boost converter.

3.1. Second order ODE model for energy transfer using a buck-boost
converter

Fig. 3A shows a schematic of the circuit of a simplified buck-boost
converter for energy transfer between a CDI cell (capacitance, Ccpr)
and an SC (capacitance, Cgc). A set of two ODE:s is used to predict the
temporal evolution of charge in the left (CDI) and right (SC) circuit loop
as follows

Ldj + qu]' + (Rj + RL)q/‘ =0,

(3]
j=CDI,SC,

where L is the inductance of the inductor that is located between the CDI

2 2

_ 2
= Ecpravait — IpysReq.sclog diss

and SC circuits. C; and R; are the capacitance and electrical series
resistance of both the CDI cell (for j = CDI) and the supercapacitor (for
j = SC). We implemented a MATLAB script to solve the two ODEs
numerically. The overall structure of the code for the discharge of the
CDI cell can be summarized as follows: first, the ODE for the CDI circuit
is solved until the current in the circuit increases to I;. At this point, the
inductor is disconnected from the CDI circuit and connected to the SC
circuit. Thereafter, the SC ODE equation is solved until the current de-
creases to Io. The time spent during discharge at the CDI cell corresponds
to the active discharge time step, At gis, While the time spent during the
charge of the SC is the inactive discharge time, At 4. Since at each
time step At a small amount of energy is transferred between circuits,
the total number of switches to fully discharge the CDI cell varies with
the magnitude L of the inductance and the current window AI = I; — I.
Fig. 3B shows a computed current profile as a function of time from the
ODE model for typical CDI parameters. The overall structure described
here is analogous for the charge of the CDI cell.

3.2. Analytical model for energy transfer using a buck-boost converter

Multiple approaches are available to derive analytical models for
circuits. A common methodology to model buck-boost in CDI is a line-
arization of the potential at each At. With this simplification, one can
iterate to find the final voltage in the SC to determine the total transfer
time [39,40]. To derive an analytical model, we recognize that the
magnitude of the inductance L has negligible effect on the total transfer

1 1
=Csc (Vﬁc‘}f - Vﬁc,i) = =Ccp; (Vzcm_i - Vi, f> — TapsReg.coitonais — TyyysReq.sclog.dis,
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time or final voltage in the SC (cf. Fig. S1 and associated discussion).
This section presents a derivation of the analytical model for the
discharge of the CDI cell, but the procedure is analogous for the charge
of the cell. First, we approximate the total active and inactive time as

Tondis = Z(Aton.dis)j = M,

,- Incan

Csc (Vsey — Vsc) 3)

taff.dis = Z(Ataff_di:)i = T

A Imecm

Lais total = Tondis T Loff diss

where Vj; and Vjy (j = SC, CDI) are the initial and final voltage,
respectively. The mean current, Imean = (I1 +I2)/2 is an approximation of
the actual value Inesn = 1/At [I(t)dt, assuming approximately linear
profiles for each phase. This assumption is not valid near energy
depletion (~0V) of the CDI cell. However, from an operational
perspective of CDI (particularly without ion-selective membranes), the
lower limit for voltage should be no less than ~0.2V to ensure a high
double layer efficiency [53].

We consider resistive energy losses of the form I?Rt. Since current
oscillates as a triangular wave (Fig. 3B), the triangular wave root mean
square (RMS) current is an accurate representation for the energy losses
as given by

I —L)\?
Trnts = A Do + (( 12\/;)) . 4)

From energy conservation, the explicit expression for the available
energy in the CDI cell transferred to the SC is then

)

where R.q; = Rj + R, (j = CDI, SC) is the equivalent series resistance.
Combining equations (3)-(5), we obtain a second order algebraic
equation with final voltage in the SC as the only unknown. Solving for
Vscs we derive a closed-form solution of the form

2
\/ C§C (1 %QMSReq.SC + Dnean Vsc,i) + 2Ecpr avait Cscl iean — Cscl %MSR(%SC

CSCIm:'an

Vscr =
(6)

To determine the total energy transfer time, t,s 4, we replace the
final voltage in the SC (calculated from eq. (6)) in the discharge time
equation (eq. (3)). Once we know the final voltage in the SC, the total
energy loss Ej; is calculated as follows

1 1
Elpss = <§CCDI (Vém_,’ - Vzcm,f)) - <§CSC (V»%Cuf B Vi“))' @

Fig. 4A shows the final voltage in the supercapacitor computed with
the analytical and ODE model as a function of the current window for
different mean currents. The average relative difference between the
models for the predicted final voltage in the SC is ~1%. This difference
increases with AI and I, up to a maximum of ~5%. Fig. 4B shows the
total transfer time computed with the models versus the current window
for several I... The total transfer time shows a good agreement be-
tween models, the average relative difference between the models for
the predicted total transfer time is ~0.2%. Again, this difference in-
creases with Aland Ipeq, up to ~1%.
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In section 1, we introduced the two possible scenarios for energy
transfer, storage and utilization of energy. Here, we define storage 7y,
and the overall system efficiency 7, , -p; in terms of the parameters from
the analytical model as given by

Ej, ks (%CSC (Vgcf - VéCj))

r’slo = -
Eigs + ELEsen
&5 + Evgs.h GCSC <V§C=/ - Vﬁcv[)) + (PyssRegscloga)

: (8

and

2 2
Engs (%Csc (VSC’/ B VSCJ))

Nsto+cpr = = :
Eivis + Eioss
. : <%CSC (Vg‘(?,/ B Vi‘C.i)) + Eloss

9

Here, the generic subscript energy storage ES corresponds to the
energy stored in the supercapacitor SC. Note that R.sc is used to
calculate the energy losses due to the series resistance of the super-
capacitor and resistance of the inductor. Finally, we calculate the utili-
zation 7,,; and the overall system efficiency 7, cp; as
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comparison penalizes the buck-boost circuit device for the time it spends
delivering charge to the storage unit.

We first estimate the total charge transferred from the CDI to the SC
as follows

gepr = Cepr (VCDI.i - V(‘DI,f)» 12)

where q¢py is the charge transferred from a cell of capacitance C¢p; with
a voltage window from Vcpy; (CDI initial voltage) to Veprs (CDI final
voltage). We set V¢pr; to 1V to avoid Faradaic reactions at higher
voltages, while V¢py is fixed to 0.4V to avoid depletion of the electric
double layers. The total time to transfer the energy from the CDI to the
SC at constant current, I, using a sourcemeter is given by

tce,zli.x = qICDI" (1 3)

where t, 4 corresponds to the total time to discharge the CDI cell at
constant current with a sourcemeter. In contrast, when we incorporate a
buck-boost converter to discharge (charge) the CDI cell, we introduce
inactive time to the desalination cycle (Fig. 3B). The transfer time to
deliver energy to the storage component then depends on the total

- (s (Vies = Vi) ) = GhusRescorton)  (usRerstor o)
rlulil = - = k] (10)
E, rec+E,'.c1+E."ix

e b b <%CSC (V§C.1' - Vé(‘,i)) - (1 %eMsReq-CDl ’m-t‘h) + (1 ?eMsReq-,SC’zz/'/ldiS)

and
E, (%CSC (Vgc:r - Vgai)) - (IIZQMSRE‘(LCDII""-C;’) - (I?eMsReq,SC’off -fh)

o CDI,rec 11)

Nusit+cor = (

4. Energy recovery metrics for DC/DC buck-boost converter

Presented here are regimes in which a buck-boost converter will
operate efficiently. The operational conditions required to discharge/
charge a CDI cell at fixed productivity are first compared to a classic
constant current operation. Then, the dynamics of the buck-boost con-
verter operation are explored with respect to a constant current scheme.
Also presented are a side-by-side comparison between the energy
transfer efficiency for storage (one-way) and utilization (round-trip).
Finally, engineering operational parameters are presented which help
maximize the performance of the energy transfer process.

4.1. Charge or discharge conditions at fixed productivity

Productivity relates the treated water throughput to the projected
area of the electrodes [52]. We here impose a condition of equal pro-
ductivity for basis of comparison among charging and energy storage
operations. To compare to typical research-type operation using a con-
stant current source, we equate the constant current charging time to the
total time used by the buck-boost circuit (i.e. the sum of the times the
buck-boost converter is active and inactive). Note this basis of

Ecotree + Euoss '
CPlree foss (%CSC (Vg'(‘_f - Véj,)) - (IngsReq,CDltun,ch) - (]%MSR('q‘SCtuﬁ.rh) + Elm.v

charge stored into the SC. The charge stored in the SC is then as follows
gsc = Csc (VSC,/ - VSC.i)7 a4

where the initial voltage Vs¢; and capacitance Cs¢ are operational pa-
rameters. Note that the final voltage of the SC, V¢ is calculated using
eq. (6).

Next, the condition to maintain fixed productivity is derived by
recognizing that the total time to discharge the CDI cell at constant
current t. g4 is equal to the total active and inactive time during
discharge with a buck-boost converter, as given by

Leedis = Tondis + Tofy.dis = depi + qi7 (15)

Lyeanp  Tmean,p

where Iyeqn p is the modified current for fixed productivity. Rearranging
eq. (15) to find an explicit expression for Leqnp gives

Ineanr =L <7‘1“” - q“) ~ 1, (1 +ﬂ>‘ 16)
qcor qcor

We then rewrite the RMS current describing dissipative losses for the
modified current at fixed productivity as in

2 L — L\’
Trtsp =A\| Lyeanp + ) 17)
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Solving the system of equations (6), (16) and (17), we can derive an
expression that quantifies the proximity of the losses between source-
meter and buck-boost converter discharge. This efficiency, which we
term the constant current efficiency is given by

2 (Ry+ Ry + 2R, (tec.air) L,

" Lo p (Rt Ry + 2R0) (tomats + Lo ais) AR,
() )

18

Nee

Note the latter analysis implies that the buck boost circuit operation
is in a mid- to low-frequency region where specifically switching losses
are negligible.

Fig. 5A main shows a plot of total transfer time during discharge
(defined in eq. (7)) versus the initial voltage in the supercapacitor
ranging from 0 to 5V for 1, 2.5, 5, 10, 20, and 40 F values of capaci-
tances. At constant mean current I, the total time to discharge the
CDI cell increases at low initial voltages and high capacitances in the SC.
This effect is primarily due to a rise in the total charge accumulated in
the SC (eq. (14)). This is attributed to a higher Cg¢ and to an increment of
the difference between V¢ (eq. (6)) and Vg, for decreasing values of
Vsci- Fig. 5A inset shows the total dissipative losses (eq. (7)) for Vsc;
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Fig. 4. Comparison of the final voltage in the SC (A) and the total transfer time
(B) between the second order ODE model (symbols) and the analytical model
approximation (solid lines) as a function of the current window I, — I, (AI) and
for various mean current values, ... Both simulations use the same input
parameters: Ccpr = Csc = 10F, Veprg = 1V, Vepry = 04V, Vsc; = 0V,
Repr =32, Rse = 0.1 Q, and R, = 0.01 Q. An inductance of L =100 mH was
used in the second order ODE simulation.
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from O to 5V for SC capacitances of 1, 2.5, 5, 10, 20, and 40 F. Similar to
the total transfer time, the increase in the total transfer time at low
values of Vsc; leads to higher energy loss Ej in the energy transfer
process.

Fig. 5B main shows the modified mean current at fixed productivity
versus the initial voltage in the supercapacitor ranging from 0 to 5 V for
SC capacitances values of 1, 2.5, 5, 10, 20, and 40 F compared to a
constant current discharge at I.,. = 30 mA. The modified current Iyean p
increases for low initial voltages and high capacitances in the SC. This
increase is attributable to the one-to-one correlation with the transfer
time. That is, the higher the transfer time, the higher the modified
current for fixed productivity and vice versa. Fig. 5B inset shows the
final voltage in the SC versus the initial voltage in the supercapacitor for
different capacitances. The value of Vs gets closer to Vsc; for high
values of both Vg¢; and Csc. Also, storing charge at higher voltages
implies less current to transfer the same energy, therefore less energy
loss.

The main plot of Fig. 5C shows the total transfer time as a function of
the initial voltage in the supercapacitor (ranging from 0 to 5V) for 1,
2.5, 5,10, 20, and 40 F values of capacitance, when the modified current
Imeanp (for fixed productivity) is used instead of the constant mean
current I.qn = 30 mA (as in Fig. 5A). Since productivity is kept con-
stant, the transfer times collapse to 200 s as this is the time to transfer
gcpr from the CDI cell at I.. The latter collapse holds for all initial
voltages and capacitances of the SC. Moreover, this collapse is a result of
the restriction for transfer time imposed in equation (15). The inset of
Fig. 5C shows energy lost versus Vsc; and Csc. The energy loss trends are
similar to the energy losses from Fig. 1C; but the magnitudes are higher
due to the increase in the modified mean current associated with the
assumption of fixed productivity.

Fig. 5D shows the constant current efficiency (defined in eq. (18)) for
a fixed current window AI versus the initial voltage in the super-
capacitor ranging from 0 to 5V for 1, 2.5, 5, 10, 20, and 40 F values of
capacitance. 7., quickly decreases for low initial voltages in the SC. This
decrease is attributable to the increase of the modified current at fixed
productivity for lower values of Vgc;.

Fig. 6A shows the energy losses (eq. (7)) as a function of the mean
current at constant current and voltage window. The energy loss for a
given I, increases with the current windows AI. However, the extra
dissipative loss due to a higher current window is at most ~25% more
than the energy loss at AI = 0. Fig. 6B shows the inactive time (the time
spent in the SC during discharge/charge of the CDI cell) versus the
current I.. and current window AI Inactive time decreases with either
high I, or AL as expected. High current translates into more energy loss
and, hence, less available energy to transfer from the CDI cell to the SC
and an associated reduction in the inactive time. Finally, Fig. 6C shows
the constant current efficiency versus the current I, and current window
Al For a fixed I, a high current window shows a decrease in the .. At
first glance, eq. (18) might suggest that the buck-boost converter should
be operated with the smallest possible current window. However,
smaller current windows increase the number of switches required to
transfer the same amount of energy. Therefore, a limiting factor in
choosing AI is the potential increase in switching losses (which are
neglected here).

4.2. Storage (one-way) versus utilization (round-trip) energy transfer
efficiency

Discussed here are the comparison and contrast of the energy
transfer efficiencies for storage (one-way) and utilization (round-trip).
Considered are conservative yet realistic values for the series resistances
of 10 Q and 1 Q for the CDI and SC, respectively.

The main plot of Fig. 7A shows the storage efficiency (eq. (8)) versus
the initial voltage in the supercapacitor (ranging from 0 to 5V) for
1, 2.5, 5, 10, 20, and 40F values of capacitance. Storage efficiency
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Fig. 5. (A) (main) Total time to transfer energy from a CDI cell to an SC using a buck-boost converter as a function of the initial voltage in the SC for several SC
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CCDI =10 F, Vepri = 1 vV, VCDIf =04 V, Al = 20 mA, Repr = 3 Q, Rsc = 0.1 Q, and R, =0.01 Q.
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decreases for decreasing values of Vsc; and high Csc. 7, shows the
highest numerical values among all of the considered efficiency metrics.
This is expected as the energy lost during the charge of the SC is the only
loss adversely affecting 7,,,. The inset of Fig. 7A shows the overall system
efficiency 7, cp; (€q. (9)) versus Vgc; for 1, 2.5, 5, 10, 20, and 40 F
values of Cg¢. The trend of 1, ¢p; as a function of the initial voltage and
capacitance of the SC shows a similar behavior than the trend for 7.
However, the magnitude of 7, -, is significantly lower than 7, as the
former also considered desalination losses. In fact, the system efficiency
Nsorcpr (sometimes imprecisely called energy recovery efficiency
[38-41,43,45,46]) is about half of the magnitude of storage efficiency
N for the chosen realistic parameters.

The main plot of Fig. 7B shows the utilization (round-trip) efficiency
(as per eq. (10)) as a function of the initial voltage in the SC and SC
capacitances of 1, 2.5, 5, 10, 20, and 40F. Utilization efficiency de-
creases at high values of Cs¢ and low values of the V. 17,47 shows lower
values of efficiency than 7, as utilization efficiency takes into account
the charge and discharge losses associated with the SC. However, for a
Vsci of 1V or higher, ,; shows efficiency magnitudes of ~90% for all
the capacitances ranging from 1 to 40 F. The inset of Fig. 7B shows the
overall system efficiency #,,;. cp; (eq. (11)) versus Vsc; for Csc of 1, 2.5,
5, 10, 20, and 40 F. The system efficiency #,,;, cp;, again similar to 7,
decreases with low initial voltages or high capacitances in the SC.
However, the overall system efficiency 7, ¢p; includes all the terms for
energy losses in the system and therefore represents the overall system
efficiency when a buck-boost converter is used to recover energy. As
expected, the system efficiency #,,;. cp; also shows the lowest efficiency
magnitude among the four energy transfer efficiency metrics (egs. (8)—
(11)). Lastly, the energy losses associated with the CDI series resistance
(included in #,4, cp; and 71, cp;) penalizes only the available energy to
recover, and not the efficiency of the recovery process with a buck-boost
converter.

In summary, high recovery efficiencies (for both storage and utili-
zation) from (and to) a CDI cell with a buck-boost converter can be
achieved, even taking into account dissipative losses in the cell. For
instance, at Vsc; of 1V and Cs¢ from 1 to 40F, the storage 7, and uti-
lization efficiencies 7,,; are ~95% and ~90%, respectively.

[J]

1-D [o/o] n
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4.3. Engineering estimates for energy transfer efficiency in CDI

Presented here is a discussion of the effect of the mean current
magnitude and SC series resistance on the storage and utilization effi-
ciencies. The initial voltage of SC is assumed to be Vsc; = 0 V. Note that
higher values of Vs¢; result in higher efficiencies (Fig. 52).

Fig. 8A shows the storage efficiency versus the mean current Ineqn
values ranging from 1 to 50 mA for SC capacitances of 1, 2.5, 5, 10, 20,
and 40F. Storage efficiency 7, increases for lower values of capaci-
tance. Each curve of 5, as a function of Inen at a fixed Csc exhibits a
local maximum (efficiency peak) at Iy near ~7 mA. The efficiency
peak is a consequence of a decrease in the energy lost near Iyeqn of
~7 mA; therefore, the peak in efficiency is attributable to the behavior
of energy lost as a function of I.q. Two parameters regulate the losses,
namely, the total transfer time and the magnitude of the mean current.
For fixed series resistances the model predicts an increase in the energy
lost as Ieqn approaches zero. This increase in the dissipative losses is
sublinear with respect to total transfer time at lower mean currents,
hence the efficiency 7,,, diminishes at Iow Ieqn. On the other hand, the
energy lost scales with I?; and so, higher mean current results in a rise in
the energy dissipated. Simultaneously, the total transfer time reaches a
plateau as mean current increases. As a consequence, there are higher
energy losses at either high I;,.q, values or as I;.qn approaches zero (with
a local maximum at moderate mean currents ~7 mA). Fig. 8C shows the
utilization efficiency #,,; versus the mean current for Cs¢c of 1, 2.5, 5, 10,
20, and 40F. Utilization efficiency #,; (similar to 7,) increases for
lower Csc and exhibits an efficiency peak. The reasons for the local
maximum in #,,; are analogous to that of 5,,. However, utilization ef-
ficiency #,,; does show a more rapid decay of efficiency than storage
efficiency 7, for decreasing the initial voltage in the SC.

Fig. 8B shows storage efficiency as a function of the series resistance
in the SC and Cs¢ of 1, 2.5, 5, 10, 20, and 40 F. As expected, 7, shows a
monotonic decrease for increasing SC resistances. Moreover, the
reduction in efficiency is strongly affected by the capacitance of the
supercapacitor with higher capacitance causing lower efficiency. This
effect of Cs¢ on 7, is explained with the increase in the total energy lost
(eq. (7)) for higher values of Cs¢ (Fig. 5A inset). Fig. 8D shows utilization
efficiency versus Rg¢ for SC capacitances of 1, 2.5, 5, 10, 20, and 40 F.

1]

C

65 70 75 80 85

loss
05 1 15 2
< <
E E
0 100 200 0

A I[mA]

100
A I[mA]

200 0 100

A I[mA]

200

Fig. 6. (A) Contour plot of energy losses (defined in eq. (7)) for several I.. and AI values. (B) Contour plot of the inactive duty cycle for different values of I, and Al
(C) Contour plot of efficiency of the proximity between constant current discharge with buck-boost converter discharge, 7., for different values of I.. and Al. Fixed
parameters used in this figure: Ccpy = 10F, Vepr; =1V, Veprs = 0.4V, Csc = 1F, Vsci =5V, Repr = 3Q, Rse =0.1Q, and R, = 0.01 Q.
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Fig. 7. (A) (main) Storage (one-way) efficiency (eq. (8)) as a function of initial
voltage in SC. (inset) The system efficiency for desalination and storage 1, cp;
(eq. (9)) as a function of Vg¢;. (B) (main) Utilization (round-trip) efficiency (eq.
(10)) as a function of initial voltage in SC. (inset) The system efficiency for
desalination and utilization 77,4, cp; (eq. (11)) as function Vsc;. Fixed parame-
ters used in this figure: Cepr = 10F, Vepry = 1V, Vepry = 0.4V, Inegn =
30 mA, Al =20mA Repy = 10Q, Rs¢ =1 Q, and Ry = 0.01 Q.

Like 7, utilization efficiency 7,,; monotonically decreases at higher
Rsc. Lastly, utilization efficiency compared to storage efficiency shows
overall a lower magnitude for all the capacitances and resistances of the
SC.

4.4. Desalination performance with buck-boost

We coupled the current model to a model for the dynamics of a CDI
[54] in order to evaluate desalination performance metrics for a CDI
cell/storage system. The buck-boost converter output is taken as the
forcing function of the cell desalination model. The converter output
considered here is approximately a constant current operation but also
contains some high-frequency elements associated buck-boost opera-
tion. Section 3 of the SI summarizes the results of these simulations. Also
presented is a comparison of the classic constant current operation with
CDI/storage system. Importantly, this comparison is performed
assuming equal salt concentration reduction and equal productivity. To
take into account the “down time” associated with power transfer, equal
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productivity is achieved by increasing the instantaneous currents (and
hence instantaneous power dissipation) supplied to the CDI cell in the
CDI/storage system. Despite the non-ideal components of the forcing
function, energy recovery with a buck-boost converter shows signifi-
cantly improved energy performance for the overall system. For fixed
productivity and a series resistance of 5 Q, the simulation suggests a 1.4x
decrease in system volumetric energy consumption relative to standard
CDI cell operation without energy transfer. For a CDI cell with only 1 Q
series resistance, the system volumetric energy consumption is
decreased by a factor of 4.7. See Section 3 of the SI for further details
including CDI parameters and model assumptions.

5. Conclusions

We defined and compared efficiency metrics that account for energy
storage (one-way) and energy utilization (round-trip) in CDI. These ef-
ficiency metrics account for the energy transfer between a CDI cell and a
generic energy storage device using a DC/DC converter. We compared
the recovery efficiency metrics (1, and 7,,;) to metrics accounting for
overall system efficiency (17, cp; and 77,4, cpy)- For the quantification of
the various efficiencies, we derived an analytical model with closed-
form expressions for the energy transfer between a CDI cell to an SC
(as the energy storage device) using a buck-boost converter. We
benchmarked this analytical model with a numerical model leveraging a
direct and accurate prediction of the energy transfer with the buck-boost
converter. We also proposed a methodology in which the CDI cell is
operated with the aid of a buck-boost converter at constant productivity
compared to the constant current operation. To this end, we defined a
metric called constant current efficiency 7. to quantify the comparison
between the constant current energy losses (best-case scenario) and the
energy losses due to buck-boost operation (which requires higher mean
currents to decrease the total transfer time to match productivity).

The analytical model showed good agreement with the numerical
model for several current windows and mean currents. The relative
difference between models was ~0.2% for the total transfer time and
~1% for the final voltage in the SC. Using the analytical model, we
found that the total transfer time increases at low initial voltages and
high capacitances in the SC. This increase in transfer time was attributed
to an increment in the total charge accumulated in the SC for low Vsc;
and high Csc. To decrease the transfer time (for fixed productivity), we
found that a higher modified mean current is needed for longer periods
of total transfer time (and vice versa). Using Inean p, the constant current
efficiency 7., was ~80% for an initial voltage of ~5V in the SC.

As expected, the overall system efficiencies (1, cp; and 7,4, cp)
were significantly lower than the storage and utilization efficiencies (17,
and 7,,;) for a CDI cell series resistance of 10 Q. Even at high CDI series
resistances, the model predicted storage 7, and utilization efficiencies
i of ~95% and ~90%, respectively (for an initial voltage in the SC of
1V and SC capacitances from 1 to 40 F). For the same operational pa-
rameters, the efficiencies 5, cp; and 7, cp; Were ~54% and ~34%,
respectively. The energy lost in the overall desalination system due to
the CDI series resistance penalizes only the available energy to recover
and does add additional penalty (over a standard CDI) to the recovery
process. Therefore, we recommend employing either storage 7, or
utilization #,,; efficiency as the recovery efficiency [52] to calculate the
recovered energy from CDI when reporting volumetric desalination E,
energy.
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