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bstract

Determining state-of-charge (SoC) in a battery has been an important subject for the industry for decades. Despite significant efforts in the past
ocusing on methodologies to accurately estimate SoC in a battery, the fundamental understanding of the SoC issue has not been clear, at least in
he industry where testing, control, and operation are concerned. Recently, we have been working on developing reliable techniques to identify
apacity loss mechanism in rechargeable lithium batteries and to quantify contributions to capacity loss from different origins. That prompted us to
e-visit the SoC issue. Strictly speaking, SoC is a static thermodynamic property of battery chemistry, which should be determined at equilibrium.
n the other hand, cell capacity is a quantity of practical interest often determined by kinetics; thus, it is rate dependent. We conducted a few
xperiments to illustrate the accurate estimate of SoC through proper measurements. We also explained the proper correlation between SoC and
ate capacity. A better understanding of the charge and discharge behavior in a battery under different rates in relation to the SoC is therefore
erived.

2007 Elsevier B.V. All rights reserved.
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. Introduction

A very important step in predicting battery service life is to
uantify contributions to capacity loss during the life of bat-
ery operation. A quantitative identification of various attributes
o capacity loss in commercial cells under laboratory evalua-
ion is a significant step toward that goal. An ultimate goal of
ur approach is to enhance the convenience, reliability, util-
ty, and mobility of a power source in real-life applications.
o date, predicting battery service life in practical applications
emains problematic due to the lack of well-established and reli-
ble techniques to enable such prediction. Recently, we began
o employ protocols used in conventional cycle life tests for cell
valuation; including those using constant current charge and
ischarge regimes, measurements of equilibrium open circuit

oltage (OCV) of the cell, and incremental capacity analysis
ICA) [1]. We were able to separate contributions to capacity
oss due to intrinsic and extrinsic origins.
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Any useful battery life prediction tool is expected to be able
o apply laboratory test results to real-life operations. In any
ttempt to prevail battery life prediction in real life, the first step
oward developing such a tool relies on how well a battery’s
egradation mechanism is understood and proper analysis of
apacity loss mechanism becomes feasible.

With this objective in mind, we thus developed a combina-
ion of “close-to-equilibrium” OCV (cte-OCV) measurements
nd ICA to analyze capacity loss in batteries for better mecha-
istic understanding of the cell chemistry and degradation [1].
his capacity loss analysis allowed us separate undercharging

UC) and underdischarging (UD) issues from degradation of
ctive materials that led to capacity fade. In our approach, the
quilibrium OCV measurements can accurately determine the
tate-of-charge (SoC) of the cell. With high sensitivity, the ICA
an detect capacity loss from different contributions, includ-
ng improper charging or discharging. Similar techniques have
een used by others (e.g. [2–4]) to analyze lithium intercala-

ion in cathode materials in the past, but their main interests
ave been focused more on material characterizations or the
elated electrode reactions. Not much has been used for cell test-
ng or quantification of capacity or power loss for mechanistic

mailto:bliaw@hawaii.edu
dx.doi.org/10.1016/j.jpowsour.2007.06.185
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C/3. Fig. 1 is a typical representation of cycling test results, in
which the same EoCV leads to the belief that the same return
of charge (for the same charge regime) has been achieved, thus
the cell has been assumed to return to the same “fully charged
122 M. Dubarry et al. / Journal of P

nderstanding. As we combining these two techniques for cell
valuations, we were able to correlate the capacity loss with an
ccurately estimated SoC; thus, we can separate certain origins
f capacity loss and quantify the amount of contribution from
ach, including undercharging and underdischarging in battery
peration [1].

Since one of the key issues to develop such a predictive tool is
o correlate the capacity loss with the SoC, determining SoC in
he battery chemistry accurately is a necessity. However, a con-
istent and reliable method is still missing. The difficulty lies in
he fact that the commonly used SoC term is determined by the
ell capacity (e.g. [5]), through which it is very difficult to find
reference point to allow reliable SoC inference. Therefore, to
ate, no matter how intelligent an inference method is used, the
ncertainty on SoC remains. We shall call the SoC determined by
he capacity-based methods (e.g. coulomb counting with various
inds of curve fitting, from least square estimate to fuzzy-neural
nference [6–11]) “engineering-SoC,” or “e-SoC”. The e-SoC
uffers a common problem in its inability to accurately define
he “state” of the battery, because it does not correspond to a
ell-defined relationship with the battery’s composition and the

xtent of reaction in the active materials. True SoC is supposed
o be a thermodynamic property of the system [1]; therefore, it
hould be defined by thermodynamic conditions and constraints;
hus, by the composition of the active materials defined by the
hase relationship in the system. We shall call SoC determined
y the thermodynamic constraints a “thermodynamic-SoC” or
t-SoC.” In order to infer the correct SoC, t-SoC needs to be
sed. A known technique that can determine t-SoC is the equilib-
ium coulombic titration (ECT) [12–16], which usually involves
hanging the composition of the active materials in the system
otentiostatically or galvanostatically, followed by an equilib-
ium OCV measurement to determine the potential of the system
gainst a well-established state at the reference electrode. The
otentiostatic intermittent titration technique (PITT) and the gal-
anostatic intermittent titration technique (GITT) [12,13] are
wo well-established techniques suitable for this purpose. This
s the most important aspect in our application of the cte-OCV
easurement to determine the t-SoC in the cell during cycle life

valuation.
It should be emphasized that most capacity loss involves the

hanges not only in the thermodynamic aspects but also in the
inetic aspects of a battery. Therefore, to understand loss mech-
nisms, we need to identify both thermodynamic and kinetic
rigins that cause the capacity loss. In other words, accurate
nderstanding of the loss mechanism and reliable prediction of
ts impact on the battery life can only come true with proper
orrelation of capacity loss with t-SoC.

Extending this knowledge to battery life modeling and
rediction, we need to emphasize the importance of using
he proper SoC correspondence in the model treatment. For
nstance, in our recent effort to use an equivalent circuit model
o simulate battery performance and life prediction [17–19],

e realized the importance of a precise SoC determination

n order to utilize correct parameters in the model for an
ccurate prediction and validation of the battery chemistry
1,19].
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In this work, we use experimental results obtained from the
valuation of commercial lithium ion cells to depict the impor-
ance of the SoC determination and how to interpret the correct
oC from the experimental data.

. Experimental

Commercial 2.0 Ah graphite|LixCoO2-based (LCO) 18650
ells manufactured in the same lot were received from a com-
ercial manufacturer. Upon reception, the cells were physically

xamined, weighted, and stored for further evaluation. Before
ny evaluation, the cells were conditioned for five cycles with

charge process recommended by the manufacturer and a
ischarge regime at C/5 rate to determine its rate-dependent
apacity using a Solartron 1470 station. A cell that has been
onditioned and met with product specification was then used to
un a few charge and discharge cycles at C/3, C/5, and C/25 rates,
s shown in Fig. 1. The capacities at C/25, C/5 and C/3 (denoted
s C25, C5, and C3, respectively) were measured with the same
nd-of-charge voltage (EoCV) at 4.2 V and end-of-discharge
oltage (EoDV) at 2.8 V. The C25 and the associated charge
nd discharge curves were used to establish the performance
aseline and as the basis for the SoC determination. Although a
recise OCV versus SoC curve should be determined by PITT or
ITT, a sufficiently accurate approximation may be obtained by

aking the average potential between the charge and discharge
ranch at C/25 and the normalized C25 capacity as a “close-to-
quilibrium” SoC to yield a cte-OCV versus cte-SoC curve and
se it as the good-faith OCV versus SoC curve.

. Results and discussion

Fig. 1 shows the charge and discharge curves and the capac-
ties measured in a LCO cell at C/25, C/5 and C/3 rates. The
ell exhibits a strong dependence of polarization, and capacity
s well, on the rate. As revealed in the test, more than 30% of
he C25 capacity is not accessible when the cell was cycled at
ig. 1. Charge and discharge curves of a commercial 18650 LiCoO2 (LCO) cell
t different rates.
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noticeable charge loss. As such, tallying the amount of charge
in and out of the cell at different rates can account for the dis-
crepancy between C25 and C5 mainly in the EoC state. In other
words, it becomes apparent that all discharge curves reach the

Fig. 3. A series of charge discharge curves measured on the LCO cell with the
ig. 2. (a–c) Different interpretations of the relationship between cell voltage
and capacity) and SoC measured in the LCO cell.

tate.” By convention, this “fully charged state” is considered
00% SoC. The question is whether the “fully charged state” of
00% SoC reached by different charge regimes corresponds to
he same t-SoC or not. This intriguing issue remains problematic
o date.

To resolve this issue, we shall consider the following three
cenarios as posted in Fig. 2 for further discussion.

Scenario (a), as shown in Fig. 2(a), is the same as in Fig. 1
s the conventional representation, in which, even though we
o not know if we started each discharge regime from the same
fully charged state,” the cell capacity primarily depends on the
olarization of the discharge regime. As the polarization over-
otential increases with rate, the electrochemical reaction runs
o the extent that is determined by kinetics, in accordance with
he extent of lithium insertion into the cathode active material
CAM) during discharge. Therefore, the capacity is predomi-
antly determined by the kinetics of the discharge regime (most
ikely in the cathode, which limits the capacity).

In Scenario (b), as shown in Fig. 2(b), we however rescind the
alidity of the assumption that the capacity was dominated by
he polarization of the cathode reaction. Instead, we consider the
harp voltage drop at the end-of-discharge (EoD) a sign indicat-
ng that the cathode reaction was nearly completed, disregarding
he discharge rate and the starting composition reached by the
harge regime. In other words, we postulate that the character-
stic, abrupt voltage drop at the EoD always reflects that the
eaction has reached the “completely discharged state.” Accord-

ngly, as we line up the charge and discharge curves to the same
oD state, the figure also reveals that the polarization overpo-

ential in the charge and discharge regime is comparable and
bout the same magnitude. This exhibition intriguingly portrays

f
a
a
S
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hat the polarization in the charge regime may have determined
he end-of-charge (EoC) state, which is, of course, rate depen-
ent. Therefore, the disparity in the capacity is predominantly
overned by the charge regime.

Scenario (c), as displayed in Fig. 2(c), is a conciliation of the
revious two, where the kinetics played a more complex role
eading to the composition (primarily in cathode) of the system
uctuating between the fully lithiated and unlithiated states at
ifferent rates. An appropriate model to describe this behavior
s a dynamic “shrinking core model” typically used to explain
he progression of solid state reaction in a solid particle in terms
f chronicle consequence of product evolution.

In the last two scenarios, it should be noted that the difference
etween t-SoC and e-SoC becomes apparent. This is what has
een a troubling issue in the determination of SoC.

To fully exploit this issue, in lieu of which scenario is most
ikely the one that describes the correct pathway for the charge
ischarge behavior, the following experiments and analyses
ere conducted:
The experiment involves a series of charge and discharge

ycles at different rates to deduce the corresponding t-SoC. Fig. 3
resents a sequence of cycling events in which the LCO cell was
rst charged at C/25 (curve ), then cycled at C/5 (curves –
in which odd numbers are charge regimes and even numbers
re discharge regimes, all at C/5 rate), and finally recharged
gain at C/25 (curve ). It should be noted that the charge at
/25 in curve is a replication of the same regime as in curve
. The subsequent C/5 cycles from to are symmetrical

nd reversible; thus, disregarding if the series is from to or
nversely from to , the results should be identical.

The figure shows that either charge or discharge curves that
orrespond to the same rate coincide with one another. It is
eproducible and consistent with coulomb counting without any
ollowing chronicle order: curve charge at C/25, discharge at C/5, charge
t C/5, discharge at C/5, charge at C/5, discharge at C/5, and charge
t C/25. The coulomb counting of capacity is clearly demonstrated. The related
oC change can be inferred from the SoC scale on the top.
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Fig. 5. Close-to-equilibrium OCV (cte-OCV) measurements of the LCO cell at
the end-of-charge and end-of-discharge conditions at C/25, C/5 and C/3 charge
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ame EoD state, independent of either charge or discharge rate.
t is also clear that the C/25 and C/5 cycles can be executed
eversibly (per curves – – and – , respectively), but C5
nly accounts for 84% of C25, almost exclusively due to the dif-
erence in the EoC state. As the result of this analysis, we can
ow assign the t-SoC scale to the charge and discharge curves,
s shown in the upper scale of Fig. 3.

From Fig. 3 and the above analysis, it appears plausible that
t the end of C/5 charging ( or ) additional capacity may
e available if the cell were allowed to be charged at a lower
ate (as shown by ). We thus performed an ICA using the data
isplayed in Figs. 1 and 3. The results are shown in Fig. 4, in
hich the C/25 cycle (from Fig. 1) is depicted in dashed lines,
hile those from the C/5 experiments in Fig. 3 are in solids.
hree dominant incremental capacity (IC) peaks are observed.
he origin of these three peaks can be analyzed as follows: there

s a predominant phase transformation on CAM, which gives
he nominal 3.8 V plateau. The graphite anode has three staging
rocesses evolved through the entire capacity range. Therefore,
he three IC peaks primarily come from the anode staging. The
eparations among the peaks also correspond to the potential
ifferences exhibited in the anode staging. The position, shape,
eight and width of each peak depend on the nature of the staging
eaction and the associated kinetics; therefore, they are most
ikely rate-dependent. Based on the IC curve of C/25 (derived
rom Fig. 1), we can conclude that the pair of IC peaks intersect
t 3.81 V is related to the primary phase transformation in the
CO chemistry. The second pair of prominent peaks at 3.71 V

s related to the same phase transformation, but was split from
he primary pair due to the staging in the graphite anode. The
olid solution region is the broad band above 3.9 V with an onset
etween the charge and discharge branches close to 3.92 V. This
olid solution regime does not terminate even at 4.2 V. Knowing
he features on the IC curve, we can infer the rate dependent
ehavior in the IC responses upon cycling as depicted by those
n Fig. 3.

With what has been postulated in Fig. 3, we further infer that

he higher polarization with C/5 (than C/25) leaves a portion of
he solid solution formation beyond the EoCV (curves and

) and the corresponding capacity becomes unavailable at this
ate. Thus, the incomplete recharge leads to less capacity at this

ig. 4. An incremental capacity analysis (ICA) of the data shown in Figs. 1 and 3.
he IC curves of C/25 charge and discharge regimes are shown in dashed lines,
nd the C/5 curves (taken from curve – in Fig. 3) are shown in solid lines.
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nd discharge regimes, respectively. Excursion of SoC in the cell is clearly
llustrated.

ate. The inaccessible capacity may become available if the cell
ere charged at a rate slow enough to allow full reaction of

he unreacted portion of the solid solution. This is exactly what
ranspired in curve , which depicts a C/5 discharge after a
/25 charge. Curve follows other C/5 discharges (i.e. and
) except the portion above 3.84 V where the additional solid

olution capacity is present.
Finally, all the above-mentioned hypotheses and deductions

re put to attestation by the cte-OCV measurements, which
llow the t-SoC to be determined and validated. This approach
llows the cell to reach equilibrium when resting, so equilib-
ium t-SoC can be determined. Fig. 5 presents the C/25 charge
nd discharge curve as well as the cte-OCV of C/25 (�),
/5 (©), and C/3 (�) at the EoD and EoC, respectively. The
te-OCV for each EoD condition clearly confirms our postula-
ion that the discharge regime at different rates reaches almost
he same EoD composition, or the variants are truly negli-
ible. On the contrary, the cte-OCV for each EoC condition
t different rates displays the vast disparities in the t-SoC’s,
nd thus the capacity. The origin of the disparity from the
harge regime is clearly identified. The projected C5 and C3
re about 84% and 69% of C25. These results are consis-
ent with those measured experimentally from the discharge
egime.

. Conclusion

A clear explanation of the relationship between cell rate-
ependent capacity and SoC is achieved in this work. The
ranslation of e-SoC to t-SoC has been proven to be impor-
ant in order to reflect the real changes in the active material
n a battery with rate and upon cycling. This realization is also
ssential to establish a good model for battery performance and
ife prediction.
Such understanding of the relationship between rate-
ependent capacity and SoC can be achieved using several
xperimental and analytic techniques. In this paper we pre-
ented three techniques that can be utilized to reveal such
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relationship. The first one is a well crafted and executed
harge discharge cycles with various rates to tally the coulomb
ounting with respect to rate change. This approach can reveal
he capacity differences in relevance to the rate and the end-
f-charge (EoC) and end-of-discharge (EoD) states. Another
seful and definitive technique is the close-to-equilibrium OCV
cte-OCV) measurements and analysis, which directly deter-
ine the SoC in equilibrium in the cell with respect to any

harge and discharge regimes. This measurement will provide
reliable reference point for any subsequent analysis of the

ell behavior with SoC. This cte-OCV measurement in con-
unction with the coulomb counting approach in cycling can
ield full understanding of the cell polarization performance
ith accurate SoC information. The last approach demonstrated

n this work is the incremental capacity analysis. The evolu-
ion of the incremental capacity peaks under various cycling
ates can provide an overall view of how the kinetics affects
he capacity inventory and help to infer the subsequent SoC
stimates.
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