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Electric and hybrid electric vehicles use valve-regulated lead @8RLA) cells that are subjected to dynamic operation with
charge, rest, and discharge periods in the order of seconds. Such operation requires more sophisticated models that incorporate the
electrochemical double layer. While this effect has been incorporated in a handful of electrochemical systems, the lead-acid cell,
with its sluggish reaction kinetics, is one of the few where it is significant. This significance is demonstrated with use of the
current-interrupt technique, where the model is used to provide guidelines for the estimation of various resistances. The usefulness
of the modeling approach is exemplified by its ability to explore the effect of changing electrochemical area and concentration
with state of charge, and the role of parasitic side reactions in the voltage response of the cell. Simulations of pulse charging and
dynamic stress test of VRLA cells, where considerable differences are shown when including the double layer, illustrate the need
for modifying the presently used modeling approach. In addition, simulations are compared to current-interrupt experiments on
commercial cells in order to evaluate the applicability of the model and to identify the differences.
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With renewed interest in the development of electric and hybrid by the incorporation of the double-layer capacitance. When the con-
electric vehicles over the last decade, advanced batteries have rstant current is interrupted, although the external current is zero, the
ceived much attention. At present, only the valve-regulated lead acidlouble layer remained charged, resulting in local currents in the
(VRLA) and the nickel-metal hydridéNi-MH) battery are being  porous electrodes. These currents are caused by the discharging of
actively considered for these applications, while Li-ion cells could the double layer onto the electrochemical reaction, which results in
become more popular in the future when all safety-related issues arthe potential changing to reach its equilibrium value with a finite
resolved. Of the two candidate battery systems, the low cost andime constant. This time constant can be estimated by equating the
ease of operation of the VRLA battery assures it a prominent role indouble-layer charging current to the current going to the faradaic
the years to come. This can be seen from the choice of the VRLAreaction. Using linear kinetics, this can be approximated {3 be
battery as the main power source in a number of electric vehicles
(EVs) and as a high power source used in conjunction with an in- RTC
ternal combustion engine in hybrid electric vehiclefEVs). TRt = —— [1]

This renewed interest has spurred research in this area, with fo- Fig
cus on improving the performance of the system and tailoring the

manufacturing process to achieve the requisite power and energ ) . . . .
demands. In particular, the ability of the battery to handle the sim-‘y"here the symbols are defined in the notation section. Equation 1

plified federal urban driving schedulSFUDS and the dynamic ~ Snows that the time constant for the process changes linearly with
stress testDST)! are being extensively studied, as they provide a the specmc capacitand€) and |nve_rsely with the c_axchange curre_nt
suitable yardstick to characterize the performance of EV batteriesd€nSity (o). In other words, reactions that are kinetically sluggish
These schedules, which involve repeated discharge, rest, and char%UIOI result in a large time constant, while those that are facile
periods, each lasting a few seconds, test the dynamic response of tffgPuld have a smaller time constant. For gxamplze,lﬁhe zinc electrode
system. In addition, recent evidence that the cycle life of the VRLA has facile kinetics with, in the order of 10° A/cm*, ™ which leads
battery can be extended considerably by the use of smart chargintp @ value ofr in the order of 50us, using a value of double-layer
algorithmg has spurred interest in current interrt), pulse, and  capacitance of 2QuF/cn? at room temperature, while the nickel
“burp” (i.e., where a short discharge pulse is incorporated during ahydroxide electrode, with ain, of 10~* A/cm?,*® leads tor of 5 ms.
pulse charge processharging of the batterd. This small time constant has been the reason the phenomenon has
While considerable effort has gone into testing batteries undeeen largely ignored in most mathematical models for batteries. In-
these schemes, a cost-effective method of characterizing them is tHerestingly, the kinetics of the lead dioxide reaction is very sluggish
use of mathematical models that describe the operation of the celwith i, on the order of 10’ Alcm?,® leading to time constants on
Not only is this approach advantageous in reducing the time rethe order of seconds, suggesting that this phenomenon could be
quired to test batteries of different design, it also provides a meangxtremely important under dynamic operation.
of understanding the underlying phenomena that govern its re- Very few studies exist that incorporate double-layer capacitance
sponse. While numerous models exist that provide a macrohomogeh the mathematical models for battery systems. Recently Ong and
neous approach to describe the systeanexample, see, Ref. 5-10 Newmart® studied the effect of double-layer capacitance in the Li-
not enough research has been undertaken in extending the responie@ cell, where they analyzed the time constant of the process and
of the models during dynamic operation of the cell prescribed forthe differences in the potential change with and without this effect.
EV applicationst! These applications have pulses and rest periods inSubsequently, this model was extended by Datlel.*’ to predict
the order of seconds, where phenomena with small time constantghe impedance response of the cell, where incorporation of this ef-
specifically double-layer charging, become important, requiringfect is crucial. Another study by Liet al*® focused on the incor-
modifications to the existing models. poration of a faradaic reaction in the model for an electrochemical
In addition, the CI technique, frequently used to estimate thedouble-layer capacitofEDLC). The authors modeled the behavior
various resistances in electrochemical cElsan be simulated only ~ of a high-surface-area carbon electrode on which ruthenium oxide
was deposited and showed the advantages of using a faradaic ca-
pacitor over an EDLC. In addition, while numerous papers study the
* Electrochemical Society Active Member. Cl experiment in p_Ianar electrodag, see Ref. 12 and }9porous
** Electrochemical Society Student Member. electrodes, especially batteries, have been largely neglected. One of
Z E-mail: cxw31@psu.edu the few papers that have analyzed the CI technique in porous elec-
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trodes is one by Lagergrest al,?’ who modeled the behavior of a  (iv) formation of PB* ions and possible transport limitations are

molten carbonate fuel cell. neglected:; §) the electrochemically active surface area is assumed
The purpose of this communication is threefald:to point out  to pe the area covered by Pp@nd Pb, and PbSQs assumed to be

the importance of incorporating the double layer in mathematicalnonconducting(vi) specific adsorption of ions at the electrode sur-

models for the lead-acid cell during various dynamic operati6is,  face is neglected,e., the mass balances are not altered by the in-

to provide insight into the various physicochemical processes duringorporation of the double layer; aridi) the capacitance is assumed

a Cl experiment, andiii) to provide guidelines for estimating the to he a constant with SOQr potential. In addition, the model

various resistances in the cell from experimental data. The papefcorporates the transport of the gas-phase species, which require

first details the mathematical mOde|, after which the |mp0rtance Ofaddition assumptions' However' for all the graphs in the paper, re-

the double-layer charging and various underlying phenomena argombination is not important and hence this is not detailed here. For

explored by simulating the CI response of the cell. Subsequentlygetails on the effect of the gassing reactions seetGal??

two examples of dynamic operation are provided, namely, the DST  pye to assumptionvi), the incorporation of the double layer

and burp charging, where the importance of including this effect isaffects the charge balance equations alone. In the matrix phase, the

clearly seen. Finally, experimental data on the CI response of &harge balance becontés?

lead-acid cell is used to gauge the applicability of the model and to

provide insight into the differences. d(ds — o)

Vo (0Vey - - agC———— =0 [7]
Mathematical Model Development

The VRLA cell modeled in this study is based on previously \yhere the source/sink term in Eq. %, depends on the electrode.
published modelS? The cell consists of a lead dioxide positive elec- |, the positive electrode, this is the sum of the reaction currents to

trode, a separator, and a lead negative electrode. All three region& :
! I . X . e e PbQ and the oxygen reactions. In other words
are porous and filled with sulfuric acid. The active material is pasted Q Yo

on a conductive lead grid. During charge, while in the positive elec- SE = aipz + agipge [8]
trode, lead sulfate is oxidized to lead dioxide according to
charge where the numbers in the subscript correspond to one of the reac-
PbSQ + 2H,0 = PbQ, + HSO, + 3H" + 2¢ E° tions 2-6. In the negative electrode, the Pb, hydrogen evolution, and
discharge oxygen reduction reactions occur. Therefdsgjs expressed as
=163 Vvs SHE (2] St = agins + asips + agins [9]

In the negative electrode the lead sulfate is reduced to lead accordss mentioned earlier, the electroactive area corresponds to that of

ing to PbO, [see assumptiofvi)] and hence the area changes with SOC
. ~ charge . and depends on whether the battery is charged or discharged. For the
PbSQ + H™ + 2¢¢ = Pb+ HSQ, E primary reactiongReactions 2 and)2his can be expressed*8s
discharge

030 V vs. SHE (3] & = amax (1 — EUCY) j =23 for discharge [10]

PbSQ is an insulatdt! and Reactions 2 and 3 are thought to occur and
by the dissolution of PbSQnto solution as Pb™ ions, which then a = am‘.ix,jEUCE j = 2,3 for charge [17]
react electrochemically to form PhQr Pb. In addition to these
main reactions, side reactions corresponding to oxygen evolution inwvhere EUC is the local electrode utilizatigestimated using Fara-
the positive electrode according to day’s law and the maximum capacity of the electiod®,,, the
N B 0 maximum specific surface area of the electrode under consideration,
2H,0 — O, + 4H™ + 4e E" = 1229 Vvs. SHE [4] and ¢ the morphology correction factaitaken to be 0.6 in this
. . ) study). In a completely charged cell, EUC is equal to 0.0, while in
and hydrogen evolution in the negative plate according to the discharged state this value is 0.2 in the Pa@d 0.27 in the Pb
2H" + 2 = H, E°=0 V vs. SHE (5] electrode for the dimensions of the electrodes chosen in this study.
For the secondary reactions and for the double-layer formation, the

also occur. Although the equilibrium potentials of both Reactions 4 SPecific surface area is calculated from

and 5 suggest that they occur during normal battery operation, the 3 = amaxfl - EUCE) | = 4-6,dl [12]
kinetics of the reactions are sluggish. While oxygen evolution is ! max, '
unavoidable under high state of chal@O0, the hydrogen evolu-
tion reaction(HER) occurs only during extreme overcharge. In ad-
dition to Reaction 5, the oxygen reduction reaction, according to

whereamay 4 = 8max28Nd8max 5= @max,s = amax3- IN other words,
the area for the main reaction corresponds to the area of the reac-
tants, which changes with SOC, while, the area for the side reaction
O, + 4H" + 4e — 2H,0 E° = 1.229 V vs. SHE [6] is that due to the PbOand Pb. This assumption is made because
PbSQ is thought to be an insulator and hence no direct electro-
occurs on the negative electrode, typically during overcharge, due tehemical reaction is assumed to occur on its surface. Notice that in
the large overpotential for the reaction. order to be consistent with the assumption that PbB@n insula-

The one-dimensional mathematical model used in this paper isor, Eq. 12 assumes that the double layer forms only on the, PbO
based on charge and mass balances derived from first principles. Thend Pb surface. If the double layer forms on both surfaces in a
model equations are similar to the one described previblsiyd similar manner, then this surface area would be the maximum sur-
are thus not repeated in this paper. Instead, only the charge balanggce area at all SOCs. However, this change does not effect the
equations, which need to be modified, are described. The followingyualitative results presented in this paper and hence is not explored
assumptions are made in developing the modglthe cell is as-  further. Note that if the area for double-layer formation changes with
sumed to be isothermalji) the mass and charge balance in the time, the area term would be in the partial differential equation in
electrodes are described using porous electrode theory, where theq. 7 (and Eq. 13 However, as the change in area is negligible in
microscopic details of the pore structure are negledi@d;the sul-  the time step used, the value is assumed to be a constant equal to the
furic acid is assumed to dissociate completely intd &hd HSQ ; value in the previous time step.
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Similar to Eq. 7, the charge balance in solution can be expressed
as

eff

V. (kW) + V- (2t — HV(IncHH| + ¢

Table I. Cell specific parameters used in generating Fig. 1-10.
The top table shows parameters that are generic for the whole
cell, while the bottom table shows those that vary for the different
sections.

F
Parameter Value
+ ad|CM =0 [13] Battery weight(kg) 19.3
ot Width of the electrodécm) 10.16
Height of the electrodécm) 12.7
wherea®" andk®" are the effective conductivities of the electrode ~ Acid concentration in fully charged stateol/cnt) 5.65x 1073
and electrolyte, respectively, which are estimated from the conduc= Posit -
L ) . ositive Negative
tivity of the4fre(§ medlum an.d the porosity based on the .Brugger.nan Parameter electrode  Separator  electrode
correction?® This correction is also used to correct the acid diffusion
coefficient. The conductivity of the solution and the diffusion coef-  Thickness, L(cm) 0.1145 0.1146 0.0785
ficient were estimated based on the correlation by Tiedemann and Porosity in the fully 0.53 0.92 0.57
Newman® The currents in Eq. 8 and 9 are expressed in terms of the ~_charged state .
overpotential and concentration using a kinetic expression. For the ’\S/Iattu_ratloncliev?_[ ./;’) 85 @ 93 85 ’
primary reactiongReactions 2 and)3this is expressed using the (Qa_g')ér??) ucvity, o 5x1 i 48x1
Butler-Volmer equation as Specific interfacial area;a 230000 - 23000
Morphology correction 0.6 - 0.6

factor, &

+\ s
|n. = | . —
j 0j, refi +
CH

e oo 5ol )
) ex RT Ci ex| RT i j=23
[14]
Results and Discussion

while for the oxygen reactiondReactions 4 and)@&his is expressed . " . .
¥d "R ) P Current-interrupt—We begin this section by analyzing the effect

as
of adding the double-layer capacitance into the model, and gauging
cHh\ i aF CSZ 3 agF the effect of the various parameters on the time constant during a CI.
inj = Tojrefl =77 ex;{ RJT le) - | o exp< - RJT “i) All the plots in this paper were generated on a VRLA battery of
Cref Ce ref nominal capacity 70 Ah, which consists of 26 cells in parallel and

four cells in series. The dimensions of the plates and other essential
features of the battery are listed in Table | and are based on the
design of a commercial cell used for EV applications. The various
equilibrium, kinetic, and transport properties used are listed in Table
11, which are reproduced from Ref. 22. Unless specified, all the plots
were generated for a constant current of 25 A impressed on the
whole battery, after which the current is interrupted. Profiles will be
shown for a single cell in the batte(gapacity 2.69 Ak correspond-

ing to a current of 0.961 A.

Figure 1 shows the potential profile when the cell at rest at 50%
C, wherein the concentration profiles are uniform, is subjected to
a 15 s discharge after which the current is interrupted. The SOC is
referenced to this nominal capacity of the batt€r® Ah) and is
considerably smaller than the true theoretical capacity based on the
amount of active material or the amount of acid. Therefore, 50%
SOC corresponds to the acid concentration and the active material
loading when the battery is discharged by 35 Ah. The figure plots
the potential profiles without the double-layer- - - -) and four pro-

files with double-layer capacitance, correspondingitothe values

j=4,6 [15]

For the HER(Reaction 53, the surface overpotential for the reaction
is large, and hence the Tafel expression is used

i = —igj i yjexL{OLCjFﬂﬂ-) j=5
nj 0j, refi CH+ RT 1

ref

[16]

The concentrations in Eq. 14-16 are estimated based on the mass,
balance expressions. The overpotentigl, is evaluated from
M= ds— de— U [17]
While the open-circuit potentidlOCP, U;) is given in Table Il for
the Pb, Q, and H reactions, the value for the Pb@eaction is a
function of the acid concentration as given by BSd&he double-

layer current is calculated using
(e — by of the parameters as listed in Table(t+—); (ii) with the diffusion
s e [18] coefficient of HSO, close to infinity (----); (iii) the value ofi, of
at reaction 2 ten times the value in Table(#--—); and(iv) the value

) ) ~ofi,of reaction 3 ten times that in Table(H-—). Note that in plots
Equations 7 and 13 are the only two equations that are modified inji)-(iv), all other parameter values other than the one changed were
the present model in order to predict the effect of the double-layerkept the same as that in Table II.
capacitance in the cell. For more details on the other model equa- Comparison between the curves with and without the double
tions, see Ref. 10 and 11. layer clearly shows the importance of incorporating the effect. The
time required for the profile to reach a steady state, seen to be in the
order d 5 s inFig. 1, asserts to the importance of incorporating this

The resulting equations were solved using a computation fluideffect under such dynamic operations. When the diffusion coeffi-
dynamics(CFD) technique. The equations are discretized using thecient of the acid is increased, so as to eliminate any diffusion limi-
control-volume based-finite difference technique introduced bytation in the cell, a plot very similar to the previous case is seen.
Patankaf® The resulting set of algebraic equations were solved it- Although the two plots start to deviate aft2 s onopen circuit, the
eratively and convergence is considered to be achieved when thdifferences are minimal and correspond to approximately 0.1-0.2
relative error between iterations is less thar 6L0All simulations mV, with the potential of the cell with larger diffusion coefficient
presented in this paper were generated using 29 nonuniform grids ibeing higher. In a lead-acid cell, the OCP is related to the acid
the x direction and time steps in the range of 5-500 ms. A typical concentration, and hence any differences in the concentration be-
discharge curve for the cell, lasting tens of hours, is completed intween different points in the cell result in changes in potential. At
approximately 2 min of central processing uf@PU) time. very long times(approximately 20 min all the curves collapse,

g = aqC

Numerical Procedure
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Table II. Equilibrium, kinetic, and transport parameters used to - e e T
generate the various plots in the figures. The parameters were [ = "
taken to be the same as those in Ref. 22. 2.06 [ Z T
Parameter Value
Reference acid concentratiaf]; (mol/cn?) 5.65X 1072 &
Reference concentration of oxygen in electrolyte, 1x 108 E 1

cg2y; (molicn?) g 1
Transference number of H 0.72 £ ]
Specific capacitance (wF/cnt) 20 = i
PbO,/PbS0O, reaction o A
Exchange current density; ¢ (Alcm?) 4 x 1077 E
Exponent of acid concentration dependenge, 0.3 1
Anodic transfer coefficienty ,, 1.21 _-
Cathodic transfer coefficient;, 0.79
Pl/PbSQ, reaction .|ll|]
Exchange current densityjs et (Alcm?) 4.96% 107 0 5 10 15 20 25 30
Exponent of acid concentration dependengg, 0 Time (s)
ér;?: é?jit(:ri?;r:i;ecro::e";flﬁ:?gnf (1)‘51: Figure 1. Potentialvs. time for a 70 Ah VRLA cell when subjected to a_
Oxygen generation reaction 3 constant current of 0.961 A per cell for 15 s, after which _the current is

o 5 o7 interrupted at 50% SOC. The plot shows the curyes---) without the

Exchange currgnt dens't%“vfe,f (Afen) 25X 10 double layer, and four sets of curvies—) with double-layer corresponding
Expopent of acid conpgntratlon dependerize, 0 to the parameters in Table (-—-) with largeDy,, , (- -—) with largei;,
Anodic transfer coefficieniy 44 2 and (—-—) with largei gs.
Cathodic transfer coefficient;c, 2
OCPVvs. Pb reactionU,, Ug (V) 1.649
:zg;g%zg iﬁ?:g?g;g;&il{ (Alcrm?) 156% 10°15 on the cell potential is negligible under the conditions simulated in
Exponent of acid concentration dependenge, 1 this paper. . . .
Cathodic transfer coefficient; s 0.5 Figure 1 has often been used as a method of estimating the vari-
OCPvs. Pb reactionlUs (V) 0.356 ous resistances ina cell by measuring the potential drops after suit-
Oxygen recombination reaction able time intervalé? We_ now examine the nature of the curve more
Exchange current densitijg of (A/cm?) 25% 1073 closely in order to estimate the time for each process to dissipate.
Exponent of acid concentration dependerige, 0 Figure 2a shows the solution potentlal and 2&_3 the currents resulting
Anodic transfer coefficienty . 2 from the double layer and the primary reactions across the cell at
Cathodic transfer coefficient; , 2 50% SOC. At this SOC, the currents to the secondary reactions are
OCPvs. Pb reactionlUsg (V) 1.649 negligible and hence are not shown in the figure.

Prior to interruption, the potential of the cell does not change
appreciably, as seen in Fig. 1, and hence the double-layer current is
negligible in both electrode¢see Fig. 2h In addition, although
there is an appreciable change in the overpotential profile in the

suggesting that the cell has reached a steady state. The figure showsrous electrodegot shown, the current to the primary reactions
that although a long time is required for the concentration to equili- are uniform; a consequence of the sluggish kinetics of the reactions.
brate, the differences in potential are minimal. This small changeThe existence of the external current results in a considerable poten-
occurs because of the short discharge tide9 before interruption  tial drop across the cell, as seen from the liquid phase potential
wherein the concentration gradients do not build up significantly. If profile, with a greater drop in the positive electrode compared to the
the concentration gradients were allowed to build, then a greatenegative, as a result of the differences in their thickness.
voltage drop is expected. In a lead-acid cell, as the voltage is based At the instant the current is interrupted, current transfer from the
on the acid concentration, these gradients would result in couplingelectrode to the separator region is halted. As no current flows
with reactions which would occur at different rates at different partsthrough the separator region, the potential drop goes to zero, as seen
of the porous electrodes, making interpretation difficult. In this pa- from the solid line in Fig. 2a. However, in the porous electrode, the
per, we have tried to minimize this effect in order to concentrate ondouble layer remains charged and hence, the overpotential for reac-
the effect of the double layer. tion is maintainedreflected in the reaction currents in Fig.)2bhis

The negligible effect of acid diffusion is further asserted when overpotential results in the transfer of current from the matrix to the
the exchange current density for Reaction 2 is made ten times largesolution and consequently results in potential drops in the solution
The time constant for the process decreases by an order of magnphase, all of which remain unchanged on interruption. However, as
tude, as seen in the figure. Note that this is consistent with Eq. 1the current transferred from the electrode to the separator goes to
suggesting that the time constant seen is indeed the effect of theero, the solution potentidrelated to the current through Ohm'’s
reaction resistance. Further, when the exchange current density daw) changes at this interface so as to make the flux zero, as seen
Reaction 3 is increased instead of the positive electrode, no differfrom the solid line in Fig. 2a. As the solution potential changes in
ences are seen in the time constant. This is consistent with the fac¢his region, the double-layer current, related to the time change of
that the exchange current density of Reaction 3 is larger than that ofhis quantity, changes dramatically, as seen from the large current at
Reaction 2 by an order of magnitude, hence making this electrodehis interface in Fig. 2b. If the simulations were conducted with a
insignificant in the behavior of the cell. Note that both these curvesinfinitesimally small time step, then this profile would be a delta
result in a significant decrease in the potential on passing a currenfunction with the peak at the electrode/separator interface. The
a result of the decrease in the kinetic polarization losses with in-double-layer profile in Fig. 2b is similar to the short-term behavior
creasing exchange current density. In summary, Fig. 1 shows that thef an EDLC when subjected to a constant curtéfft?’and corre-
main cause for the time constant associated with a Cl in a lead-acidponds to a case when the matrix conductivity is large compared to
cell is the exchange current density of Reaction 2. While concentrathe solution. This similarity would extend to the case where the
tion gradients take a considerably longer time to dissipate, its effecsolution conductivity is large compared to the matrix, where the
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g 0.25 - : 3 Figure 3. (——) Double-layer and———- reaction current after the inter-
H 02 E . ; F ruption of the current in a VRLA cell. The plot shows profiles after the point
E’Ol'si m" ; in time represented in Fig. 2.
& . - ' -
A E L
§ ol Double-layer | ) o . ‘ o
Q00sE Current : However, as the interruption is continued, the lead-acid cell imi-
E OF ! Reaction al tates the behavior of an EDLC, as shown in Fig. 3, where the
g-o.os:- o+ Current \ double-layer and reaction currents are plotted across the positive
0.1F i : electrode as a function of time. This is a result of the flux of the
0.15F B;g"‘“‘“"“?"” , solution potential at the interface remaining unchanged with time
02 After Ipterrupiion. |, . (and equal to zejo With time, the double-layer current profile

moves into the porous electrode and the currents become more uni-
form, similar to that in an EDLG®2627|n addition, the area under
Figure 2. (a) Solution potential, andb) double-layer current and reaction the curve(corresponding to the total charge transferred to the double
current distributions across the cell 2 fis——-) prior to and(——) after layen remains fairly constant, which is seen from the comparable
interruption, at 50% SOC. Currents in the separator are zero and are ndleaction currents between the 10 and 50 ms curves in the positive
tshh:\,svgliljn "trr:: ifr']ggire' 1The conditions are the same as those corresponding f@|ectrode.(Note that on interruption, the total double-layer current
9- equals the reaction current in each electrpd@@e nonuniformity of
the double-layer charging profile results in passage of current from
one part of the porous electrode to another, resulting in ohmic
losses. As the profile becomes more uniform, these losses are dissi-
double-layer profile would be the mirror image of the one in Fig. 2b. pated. This decrease in ohmic losses results in the sharp drop in
For comparable values for the two, the double-layer current is largepotential with time, seen in Fig. 1, on open circuit, after the dissi-
in the two ends of the electrode and smaller in the center. pation of the losses in the separator. As the potential changes dra-
In other words, at the instant of interruption, for the case whenmatically in a short time, the double-layer term in Eq. 7 and 13
the matrix conductivity is very large compared to the solution, only dominate over the reaction terms, hence making the governing equa-
the region at the electrode/separator interface experiences changdigns similar to that of an EDLC. Considering this similarity, the
with the solution potential, solution current, and overpotential re-time constant for the profile to become uniform can be approximated
maining unchanged, prior to and after interruption, in the rest of theusing the time constant for double-layer charging, namely
porous electrodes. Therefore, the potential drop at this instant is

0.25 0.5
Dimensionless Distance

2
solely due to the resistance of the separ#fidrhis is similar to a Tohmic = M [19]
high-frequency impedance experiment where the resistance mea- Ko
sured corresponds to the separator resistéfiocghe case when the
matrix phase conductivity is large compared to the sol)tibtow- When the dimensionless tim&,tgnmic, iS very small, the double-

ever, while in the impedance experiment this is a consequence of thiayer profile is very nonuniform and the potential drop measured by
current taking the path of least resistance across the cell; in a CI, thighe interrupter technique is that corresponding to the shortest path
is a consequence of the double layer sustaining the overpotential a&cross the cellequal to the separator resistance when the matrix
all points in the porous electrode upon interruption. conductivity is largeé As t/7gmic approaches 1.0, the profile be-
However, one difference between the double-layer current profilecomes more uniform and the value estimated is the sum of the drop
of an EDLC and that in Fig. 2b is in the flux of this quantity at the across the porous electrodes and the separator. It should be noted
electrode/separator region. In an EDLC this flux is equal to zero,that estimating the ohmic drop across the porous electrode is non-
while in Fig. 2b this is finite. Simplistically, for a case where the trivial as it depends on the exchange current density, solution con-
matrix potential is invariant, the flux of the double-layer current is ductivity, and amount of active material and hence changes with
the time change in the flux of the solution potential. In an EDLC, the SOC.
flux of the solution potential is a constaftorresponding to the After the ohmic losses in the porous electrode are dissipated
curren} during a constant current operation, and hence this quantity(approximately 10 ms for the negative and 200 ms in the pogitive
is zero. However, in Fig. 2b the flux of the solution potential kinetic losses start to dominate the process. As mentioned earlier,
changes from being constant prior to interruptiequal to the con-  although losses due to concentration variations also occur simulta-
stant currentto zero after interruption. This results in a finite flux of neously, they play a negligible part in the potential drop in the
the double-layer current at this surface. lead-acid cell. During this time, the charge in the double layer starts
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Figure 4. Representation of vari regions and the tim nstan i . . .
gure epresentation of various regions and the time constant assoc atei‘llgure 5. (—) PbG, and(——-- oxygen evolution currents as a function

with each process during a current interrupt. The time constant represents th

end of each process to dissipate. Note that the voltage losses during the tim% time when the current is interrupted from charge at different SOCs. The

for the ohmic losses in the positive electrode to dissipate are dominated b)?n gétSh%‘;viggsvéiﬁg“gg cg:ecntrsre”rltﬁ%r?r:i?eo&/:t;itrfr}\ ?S’i‘ﬂ;{ﬁ:;ﬁ‘ggg{?:- The
dissipation of kinetic losses in the negative. p Y9 u g .

to dissipate, as seen from the decreasing currents in Fig. 3 after thEI.eCtlTOde dISSI[:aIS, whose tpme c?nfttanéls @PP{thmated by E?\i 2t0'
double-layer profile becomes uniform, and the cell potential starts Inally, concentration variations start to dominate the process. Note

approaching the open-circuit value. Under these conditions, thghat the time constant is not an exact measure of the time required to
double-layer term in Eq. 7 and 13 are negligible. The time constan{eaCh a steady state and is meant to provide an order-of-magnitude

. . : - - timation(e.g, for an exponential function, one time constant cor-
for this process can be derived from the linearized concentrationS X "

ndent Butler-Volmer i¢Bq. 1 nal Eq. 1 respon_ds to the time to_reac_h 6_7% of the steady )sthteaddition,
dependent Butler-Volmer equati¢iq. 14, analogous to Eq. 1 as the regions marked in Fig. 4 indicate the end of a process and do not

suggest that no other process occurs in that regime. For example,
while the positive electrode is in the ohmic region, the negative
electrode is in the kinetic region and represents most of the potential
drop. However, considerable insight can be achieved by analyzing
the time constants based on the aforementioned approach. Specifi-
cally, experimental half-cell voltage, measured with respect to a ref-

In Eq. 20 the termag /a; appears as the area for reaction may be ; : . )
different than the area for double-layer formation, caused by thesrence electrode, combined with this model, can be used to isolate

. X ’ . ; each phenomenon separately.
assumption that PbSQs noncono_luctlng. During dlscharge these_ Having established that the main contribution to the time con-
two quantities are the same, while on charge, they increase wit

SOC. Substituting th iat ters leads t timat %&ant for the lead-acid cell is the dissipation of the kinetic resistance
- Substituting the appropriate parameters leads 1o an estimate gf y,o hositive electrode, we now examine the effect in more detail.
Tret IN the order of 300 ms for the negative and 2-3 s for the posi-

) ) o The effects are shown for the positive electrode, as the negative
tive. For the behavior considering both the double-layer and thegjecirode does not contribute significantly to the time constant after
faradaic re_actlon _vmh linear kinetics in a porous electrode with ”Ointerruption. The equilibrium potential of the oxygen evolution re-
concentration variations, see Ong and Newrjrfan. _action(OER, Reaction ¥is lower than the main reactiofReaction
At longer times, the double layer is fully discharged and all in- 7). therefore, both occur simultaneously during charge and dis-
ternal currents go to zero. However, small changes in the cell poten-charge_ While the main reaction changes sign depending on the di-
tial continue to occur due to the existence of concentration varia-gction of the currentoxidation on charge and reduction on dis-
tions across the cell. These can be estimated based on the tirrl%arge), the OER remains the sam@xidation). Therefore, on
constant for mass transfer, namely interruption, the currents to the two reactions and the double layer
L2 are distributed differently depending on whether the cell is charged
TMT = —— [21] or discharged, as seen in Fig. 5 and 6. Figure 5 shows thg D
Dh+ the oxygen currents when the cell is charged for 10 min from rest
with a current of 0.961 A, after which the cell is interrupted, for
whereL is the characteristic length over which diffusion occurs. three SOCs. The currents were calculated by integrating the reaction
Assuming this value is in the order of the separator thicknesscurrent across the positive electrode. The figure shows three distinct
(0.1146 cm provides an estimate afyr to be approximately 1300 s  characteristics, namelyj) an increase in the oxygen current with
for aDy, of 1 X 107° cm/s. increasing SOC(ii) an asymptotic decay in both currents, once the
In summary, the potential response after a current interrupt in theexternal current is interrupted, afid ) an increase in the time con-
lead-acid cell can be divided into the different regions shown in Fig. stant with increasing SOC. As the SOC increases, the overpotential
4. At times close to O s, the interrupter technique provides the valudor the OER is larger, which in turn results in a larger current to the
of the separator resistance. Frd s to the timeconstant approxi-  side reaction. Once the current is interrupted, this overpotential is
mated by Eq. 19, the profile is dominated by ohmic losses in thatmaintained; hence, as much as 10% of the total current is transferred
negative electrode. Subsequently, both the ohmic losses in the posie the side reaction. With time, the cell potential decreases, thereby
tive and the kinetic losses in the negative dissipate for a time ap-decreasing the overpotential for both the reactions, resulting in a
proximated by either Eqg. 19 or 20, as both yielded similar values fordecrease in the reaction currents. This is seen more clearly in the
the cell under study. Subsequently, kinetic losses in the positivanset plot, where the oxygen current is replotted in logarithmic scale.

RTaﬂC

TRet = CH+ ¥
Faj'oj,ref Ht

ref

[20]



A322 Journal of The Electrochemical Society50 (3) A316-A325(2003

0l T T T T ] 3 r—r—r—r7 7T T
oF = C
: ] £ .
0.1 - i ]
2 -0.2 :— _________ o —: 25 - _:
» 1 -
T -03F 1 < [ ]
5 [ 1 E 20 - .
E 04k = 2 1
&} S - I S L SR el ] C ]
g -05F e (3 - ]
3 g E ° IS -
s N 7 E o i
8 -06F = P : ]
& S T T ] - -
07F 3 10 Charge 7]
08 E F — ]
E E 5 - o o ]
09 F PbO, Current 3 [ Discharge *
[ O, Current  J -
- T T I i T BT 0 i el e — —————orbeml—l——
5 10 15 20 25 30 0 20 40 60 80 100
Time (s) SOC
Figure 6. ( ) PbO, and oxygen evolutioti— — —) currents as a func- Figure 7. Time constanvs. SOC during a Cl on charge and discharge. The

tion of time when the current is interrupted from discharge at different SOCs.lime constant was estimated H4sing the time at which the slope of the voltage-
The plot shows the reaction currents integrated over the positive electroddime curve is less than X 107"
The inset plot shows the oxygen current in more detail in logarithmic scale.

effect as compared to the effect of the changing areas.
) In addition to the differences in time constants, Fig. 5 and 6 also

Both the lower currents at lower SOC and the decay after interrup-ifer in the distribution of the current on interruption among the
tion are clearly seen. Note that the steady-state oxygen current is th@ee processes. On discharge, the main reaction is negeivec-
self-discharge current for the cell at that SOC. As both the PbO tion), while the OER and the double-layer currénot shown are
current and the oxygen current are positive in Fig. 5, the double-positive. Therefore, on open-circuit, oxygen evolution and double-
layer current(not shown is the sum of the two values, on open |ayer charging sustain the main reaction, thereby increasing the time
circuit. In other words, on open circuit, the double layer dischargesrequired to dissipate the charge. Note that on interruption, the po-
onto both the main and side reactions, thereby dissipating the chargential increases, thereby decreasing the overpotential for the main
faster. reaction, but increasing the overpotential for the side reactean

The third phenomenon in Fig. 5, namely, the increase in timeclearly in the inset plot With time, the double layer is discharged
constant with increasing SOC, can be better understood by analyzand the oxygen evolution current reaches a steady state correspond-
ing the various terms in Eq. 20. As both the capacitance and theng to the self-discharge currefithe same as that in Fig. 5 at a
exchange current density are assumed to be a constant witH@OC particular SOG. Note that the contribution of the oxygen current is
potentia), the time constant depends on two terms, nam@iythe  insignificant during both charge and discharge except at high SOCs,
ratio of the area for double-layer charging and that for electrochemi-as the kinetics for this reaction is poor in the lead-acid cell. Other
cal reaction andii) the ratio of the acid concentration to the refer- patteries(e.g, Ni-MH), where the kinetics of this reaction is con-
ence acid concentration arising from the concentration dependencsiderably larger, would show significant effects at high SOCs.
of the exchange current density. On charge, with increasing SOC, The changes in the time constant seen in Fig. 5 and 6 are sum-
the PbQ surface area increases and consequently, the Ph8a marized in Fig. 7, where this quantity is plottgd. SOC on charge
decreases. Therefore, the area for double-layer formatgh in- and discharge. For this plot, the time constant was defined as the
creases and the area for reactian) (decreases. From Eq. 20 it is time at which point the slope of the potentias. time curves,
clear that this change would result in an increase in the time constargstimated based on a two-point difference formula, is less than
with increasing SOC. However, competing with this effect is the 1 X 107* V/s. Figure 7 shows two characteristics that were de-
influence of the acid concentration. As the cell is charged, the acidscribed in Fig. 5 and 6, namelyi) the time constant on charge is
concentration increases and approaches the reference concentratigreater than that on discharge at all SOQs; the time constant
(taken to be 5.65 M in this stuglyTherefore, the ratio of these decreases with increasing SOC on discharge,(@gindhe time con-
quantities increases with SOC. This, in turn, results in a decrease istant increases on increasing SOC on charge. As mentioned earlier,
the time constant with increasing SOC, as seen from Eg. 20. Howthese changes are caused by changes in the area for reaction and
ever, the decrease is not enough to offset the large increase due tibuble-layer formation and due to changes in the acid concentration
the increase in surface area. Hence, Fig. 5 shows that on charge, ttas defined in Eq. 20. Note that Fig. 7 would be different if the
time constant increases with increasing SOC due to the increase idouble layer was assumed to form on both the Pa@d the PbS©
the area for double-layer formation. surfaces. Under such conditions, the numerator in Eq. 1 is a constant

In contrast, during discharge, decreasing the SOC results in amwvhile the denominator varies. On charge, the surface area decreases
increase in the time constant, as seen from Fig. 6. The graph plotgith increasing SOC, while the concentration of acid increases. As
the PbQ and the oxygen current when the cell is discharged for 10the acid concentration has a smaller effect compared to the surface
min at a current of 0.961 A, after which the current is interrupted, atarea, this results in a decrease in time constant, similar to the case
different SOCs. During discharge, the area for double-layer forma-when the double-layer area changes with SOC. On discharge, both
tion is the same as that for reaction; therefore, the ratio of the two ighe surface area and the acid concentration decreases, which results
always 1.0. However, on discharge, the acid concentration dein an increase in time constant with decreasing SOC, similar to Fig.
creases, therefore decreasing the ratio of the acid concentration to it Hence, qualitatively, Fig. 7 remains the same irrespective of the
reference value. This, in turn, results in an increase in the timechoice of the area for double-layer formation, although the quanti-
constant with decreasing SOC, as seen from Eq. 20. However, notetive values may be different.
that the increase in this figure is not as pronounced as that seen in Figure 7 suggests that the interrupter technique may provide a
Fig. 5, asserting the fact that the concentration change has a smalleneans of estimating the change in the electrochemically active sur-
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Figure 8. Voltageoprofile of a VRLA cell when subjected to the burp charg- g re 9. \oltage response of a VRLA cell under the DST. The power that
ing algorithm at 0% SOC. The current profile is shown in the inset. The plot s impressed on the battery is illustrated in the inset plot. The plot shows the

Ishows the voltage profile6——) with and (— — —) without the double voltage profiles( ) with and without(— — —) the double layer.
ayer.

face area with SOC in lead acid cells. Preliminary experiments on sconstant power experiments. The impressed power is represented as
commercial lead-acid cell show considerable differences in the timea percentage of the peak power of the cell. The USABC mid-term
constant between different SOCs and between charge and discharggoal for batteries is a peak power of 120 W/kg, which is assumed to
However, the time constants measured experimentally were an orddre the value for the battery simulated in this paper. Combined with
of magnitude larger than that predicted by the simulation. Thesethe weight of the batteryassumed to be 19.3 kgthis yields the
differences are explored further in the last section of this paper. impressed power, shown in the inset plot in Fig. 9. Figure 9 also
. . . . shows the potential profile of the cell simulated with and without the

Dynamic operation—We now examine the effect of adding the yqple |ayer at 100% SOC. Significant differences are seen between
double-layer capacitance on dynamic operation of the battery undefhe o profiles, especially when the cell current is switched off
the burp and DST cycles. Pulse and burp charging of VRLA cells o ejther a charge or discharge. In addition, similar to what is seen
has been |r)|t|ated as a means of increasing the charglng.effllmencu.' Fig. 8, a gradual change in potential is seen when the cell
and cycle life. When lead-acid batteries are charged, acid is progyitched from open circuit to an impressed power. In summary, Fig.
duced as seen from Eq. 2 and 3. However, fast charging of cellg ang 9 demonstrate the importance of including the double-layer

w_ould result in the nonuniform production of a(_:id across the cell offect when modeling lead-acid cells under various dynamic opera-
with more produced at the electrode/electrolyte interface. The pulsgjq,g.

charging is used to provide time for the equilibration of the acid
concentration during the rest perio@s=. 3 ). In addition, the time Comparison of the model to experimental dat&laving dem-
is useful in dissipating the heat generated in the téligure 1 onstrated the need for incorporating the double layer, we examine
shows that under such operation, the inclusion of the double layer ighe ability of the model to predict the experimental potential profile
essential in predicting the resulting potential transients. The burpon VRLA batteries on interruption. The experiments were performed
charging algorithm is an extension of the pulse operation, wherein @n a 85 Ah commercial VRLA cell that has 13 cells in parallel and
discharge pulse is incorporated into a regulafsgle inset in Fig. 8 four cells in series. The cell was first completely charged using a
The discharge pulse results in the consumption of acid, which isseries of constant currents of decreasing amplitude, after which the
thought to help in achieving a more uniform distribution. In addi- cell was discharged for 5 min at 92 A and the current interrupted.
tion, the pulse charging has been seen to aid in improving the cyclé@he resulting cell potential is plotted with timgaken at 10 ms
life of the cells by reducing the sulfation of the negative electrbde. intervalg, denoted by the symbols in Fig. 10. In the figure, zero time
However, considerable research is needed in order to understanddicates the point just prior to interrupticieorresponding to the
these effects better. closed-circuit potential Note the large time constafgreater than

A recent model of the VRLA cell has attempted to describe the 50 9 needed for the cell to reach a steady state.
pulse and burp operation of the cell, although the model does not Figure 10 also shows the predictions of the model under these
account for the double-layer effetfigure 8 illustrates the impor-  conditions. The values of the various cell specific parameters were
tance of this effect in models describing burp operation. The figurekept the same as that in Table 1. As the model predicts the behavior
shows the potential profile during one such operation simulated apf cells with electrode thickness half that of real cells, it was as-
0% SOC, with and without the double layer. The short time of restsumed that the battery consists of 26 cells in parallel. The dashed
and discharge results in significant differences in the predicted pofine in Fig. 10 corresponds to the model parameters listed in Table I.
tential when incorporating this effect. Note that the differences The differences between the model and experimental data are sub-
would change as a function of SOC depending on the differences irstantial and can be divided int@) the inability of the model to
the area for double-layer charging and reaction and on the acigredict the closed circuit potentiafii) the inability to predict the
concentration, as mentioned previously. Note that small differencedarge time constant on interruption; afid) the inability to predict
are also seen when the cell is dischar¢@dcharged from rest, with  the potential at long times. The inability to predict the potential at
the change in potential being more gradual with the inclusion of thelong times could be caused by an underestimation of the initial acid
double layer, consistent with previous studies on other batt¥ries. concentration in the cell. The inability to predict the closed circuit

Another commonly used test for EV batteries is the DST potential could be caused by added kinetic, ohmic, or mass-transfer
algorithm?! where the cell is subjected to repeated charge, dischargepolarization than that predicted in the model. Considering the dif-
and rest operations. The profile can be thought of as a series dierences in the time constant also, it was thought that the valag of
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87—~ 777 7] lower than that shown experimentally. The surface area has no effect
¢y, =581 M i i P _

Values from Table 2 e 05x107 Adera? ] on the_ tlme constant, as, on dlscharge, the area for doub_le layer
se6p /e 280 formation is same as that for reaction. However, the effed;a$

e

same as that af; in predicting the closed-circuit potential of the cell

as dictated by the Butler-Volmer equatitfeg. 14. Therefore, the,

was decreased in order to fit the time constant apihcreased

correspondingly to fit the closed-circuit potential. Infinite combina-

\c S58IM ] tions of the two, withai, kept constant at 0.025 A/cincan be used
i(23.4x10° Alem’ to generate the model plots. Usingof 3.4 X 1078 Alcm? andamay,
a=74x10° em¥em’ ] of 7.4 X 10° cm?/cm?® (instead of 2.3x 10° cn?/ent) yielded the

best visual fit to the data. Note that this valueigfs an order of

] magnitude lower than that reported previously. More experimenta-

tion is needed to see if such a low value is acceptable.

However, even under these conditions, some variations are seen
1 between the model and the data. Efforts to change the parameters to
] make the fit better were unsuccessful. It would appear that the model
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79 25 75 100 125 underpredicts the importance of mass transfer when compared to the

50
Time (s) experiment. However, the diffusion of acid does not appear to pro-
i ) ) . vide much change in potential when the cell is only discharged for a
Figure 10. Comparison of the modélines) to experimental Cl datésym-  short time, as mentioned earlier, and a considerably lower diffusion
bols) generated on a 85 Ah commercial VRLA cell. The curves show the ¢qefficient would be needed in order to make the fits better. It is
?Odzl dpl:;dégt'o:f ) ;wuthatgg ‘;63%223 -il;‘atg? dIeI(r_fc;:‘ZtV\tllrfz ! g;;ndo S possible that other rate-limiting effects.g, diffusion of PB* ions
rg+ justed, af o max aqu ' also contribute to the potential profile shown in Fig. 10, although
presents time jUSt prior to open circuit. . . . . .

their contribution appears to be of less importance than the discharg-
ing of the double layer. In addition, the potential dip effect, thought
to be a consequence of nucleation of PhS®ystals, could also

and/ori, could be different than that presently used in the model. An contribute to the data shown in Fig. 10. Finally, as the experimental
increase of the acid concentration from 5.65 to 5.81 M and a dedata was conducted on cell stacks, there is a possibility of differ-
crease in thé, from 4 to 1.05x 107 A/cm? yielded an adequate ~€NCes in concentration between cells giving rise to varying voltage
fit to the closed-circuit potential and to the potential at long times changes during interruption between the various cells, thereby caus-
(dashed-dotted line ing the differences seen between the model and the experiments.
It is conceivable that the exchange current density is actuallyHowever, the short discharge time before interruptisnmin) is

smaller than that in Table Il as considerable differences appear tgMall enough not to cause an appreciable change in concentration;
exist in the literature on the values of the exchange current densit!€nce, this effect is expected to be minimal. However, the small
and surface area. The values for these quantities in Table Il werélifferences that are still seen in Fig. 10 may well be caused by this
based on the paper by Newman and Tiedemann, which results in thgffect. _ :

value ofai, of ~0.1 A cn®.? The value ofai, is very similar to the Inclusion of one or all of these effects may yield better fits to the
value previously reported by Tiedemann and Newmarhere the data. Considering that de_talled information on the cell parameters
authors separate the two quantities by measuring the surface ar e not adequate, extensive model_-to-experlmental comparisons at
based on the Brunauer-Emmett-TelBET) technique, from which  different SOCs may not be meaningful. Controlied experiments,
thei, was reported to be & 10~ 7A/lcm?. In addition, these values where quantities like the electrode and separator thickness and po-

were found to describe the voltage response at different current{0S!ty, concentration of acid, surface area, etc., are all known, would
adequately. Values dfi, in the same range have been used by otherprOVIOIe a better means of making this comparison.

authors(e.g, see Nguyen and Whifewith a much smaller surface

area and consequently a larggr While only the value ofai, is Conclusions

important in predicting the potential drop with increasing rates due  This paper details the development of a mathematical model for
to kinetics in a porous electrode, the present study requires an accly VRLA cell with the aim of simulating the operation under dynamic
rate estimate of each of these quantities. It should be noted that thefigsponse typically used to test EV and HEV batteries. These tests
are reports in the literature of considerable higher exchange curremiaye charge, discharge, and rest periods in the order of seconds that
densities for the reaction. For example, LaFollette and Berifion require the incorporation of the electrochemical double layer in the
use a value of 1.78 mA/cfn while Guo et al”® and Carr and  existing cell models. The paper shows that the sluggish kinetics of
Hampsori® use 0.32 mA/crf all three authors suggesting that the the lead-oxide reaction results in time constants in the order of sec-
electrode reaction is facile. The latter value appears to havg origipnds when the cell is subjected to a current interrupt, thereby pro-
nated from a paper by Aguf,where the exchange current density of yiding an explanation for this experimental observation. Incorpora-
this reaction was measured using impedance spectroscopy. Howion of the double layer allows us to understand the interrupter
ever, as the author himself notes, the value is reported with respegkchnique in detail, with the aim of providing guidelines for estimat-
to the apparent area of the electrode and not the true surface aregg the various cell resistances. The technique was seen to have
Significant differences could exist between these two values, asjmilarities to electrochemical double-layer capacitors under short
noted by the author. Therefore, considering the uncertainty in thisimes. The time constant of the VRLA cell was seen to be dictated
value, the smaller value is thought to be plausible. by the kinetics of the positive electrode and seen to change with
Even if the decrease in, is acceptable, the time constant pre- SOC. These changes were explained by analyzing the current trans-
dicted by the model is an order of magnitude smaller than thatferred to the main and side reactions and by studying the effect of
observed experimentally. Although the new parameters show a smalthanges in the electrochemical area and concentration with SOC.
increase in the time constant, the differences with the data are conghile the changes in concentratigwith resulting changes in the
siderable. This slight increase in the time constant is a consequencgxchange current densjtyvere seen to effect the time constant on
of the decrease i, as predicted by Eq. 20. An even smaller value discharge, the change in area was seen to dominate the effect on
of i, would result in much better fits to the open-circuit data; how- charge. Owing to the poor kinetics for the side reactions, little effect
ever, the closed-circuit potential predicted would be considerablywas seen except under high SOCs.
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Simulation of the dynamic stress test and burp operafi@n weff

where a short discharge pulse is incorporated during a pulse charge®"
proces$ were used to demonstrate the importance of modifying ex- Tret
isting models for the cell when simulating EV or HEV batteries. ™7
Finally, experimental data was used to gauge the applicability of th
model and to provide insight into the differences. The presently used
kinetic parameters were seen to be inadequate in explaining both the-b
closed-circuit potential and the time constant for the reaction. A
decrease in the exchange current density by an order of magnitude 3
was seen to yield significant improvements; however, small differ- 4
ences still existed, which could be caused by transport limitations 2
for PP ions, a factor not considered in this study. Controlled ex-
periments, where the cell specific paramet@lectrode thickness,
porosity, surface area, etare known, would provide a means of
extracting the exchange current density and the change in the sur-
face area with SOC, by utilizing the mathematical model developed
in this paper.
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. 10.
List of Symbols 11
12.
a; specific surface area per unit volume for reaction jem?
amaxj maximum specific surface area per unit volume of reactiorf/amt 13.
EUC electrode utilization coefficient 14.
C specific capacitance, F/ém
¢ concentration of acid, mol/ctn 15
crg reference acid concentration, mol&m 16
CSZ concentration of oxygen in the electrolyte, molfem i;
cgzre, reference concentration of oxygen in the electrolyte, mol/cm
Dy diffusion coefficient of acid, cfts 19
F Faraday’s constant, 96,487 A s/equiv 20
i, exchange current density, A/ém
iojref €Xchange current density for reaction j at reference conditions, A/cm 21
inj transfer current density for reaction j, Aém 22
R universal gas constant, 8.3143 J/mol K 23
T temperature, K
t time, s 24
t%  transference number of Hrelative to the solvent
U; OCP for reaction j, V
25.
Greek
26.
a4 anodic transfer coefficient for reaction j 27
a¢  cathodic transfer coefficient for reaction j 28.
e potential in the electrolyte, V 29.
& potential in the solid matrix, V
v;:8; exponent for the concentration dependence of the exchange current density ~ 30.
m;j overpotential for reaction j, V 31.

A325

effective ionic conductivityQ ™ cm™*

effective electronic conductivity) ~* cm™
time constant of a charge-transfer process
time constant for a mass-transfer process

1

Tohmic tiMe constant for an ohmic process
e & morphology correction factor

scripts

PbO, reaction

Pb reaction

oxygen evolution reaction
hydrogen evolution reaction
oxygen reduction reaction
electrolyte phase

double layer

solid phase
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