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h i g h l i g h t s
� C/LFP cells were submitted to 11 storage conditions during at least 450 days.
� Capacity fade rate is both SoC and temperature dependant.
� We model capacity fade based on aging results on nine static conditions.
� Life model was validated against data obtained in time varying environments.
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a b s t r a c t

In applications such as electrical transportation, most of the battery life is spent under storage. Under-
standing and estimating aging under storage, also named as calendar aging, is therefore a prerequisite for
cell life prediction. This work investigates aging behavior upon storage of a commercial 15 Ah lithium-ion
graphite/iron phosphate cell. Performance decline during 450 days of storage under nine stationary
conditions is analyzed using non-destructive electrochemical tests. Temperature is found to be more
detrimental than State of Charge (SoC). Most often, degradation models express the accumulated
degradation with respect to time and aging conditions. In this article, a simple modeling approach is
proposed focusing on the degradation rate to predict capacity fade. This permits predicting cell degra-
dation under time dependent storage conditions (SoC and temperature) which are usually experienced in
real applications. Model prediction is compared to experimental calendar aging data obtained over 625
days in a controlled time dependent temperature storage conditions. Predictions are in good agreement
with experimental results as the absolute error on capacity prediction never exceeds 3% over 400 days
and 5% over 625 days.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Lithium-ion battery (LIB) technology is a promising candidate
for automotive applications due to their impressive energy and
power densities. However, long cell lifetime required for these
applications (up to 15 years) is still uncertain for LIBs.
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LIB performances decline over time as a consequence of diverse
physical aging causes that depend on electrode and electrolyte
used. Aging occurs during both cycling and storage mode. Consid-
ering that a personal car spends about 95% of its life in parking
mode, the study of lithium-ion battery aging during storage seems
particularly relevant.

Many studies about lithium-ion battery aging during storage can
be found in the literature [1e7]. During storage, lithium-ion bat-
teries like other chemical storage systems experience capacity loss
which is composed of two terms, a reversible and an irreversible
one. The reversible capacity loss fraction also called self-discharge
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Abbreviations

BMS battery management system
EIS electrochemical impedance spectroscopy
EV electrical vehicle
LFP LiFePO4

LIB lithium-ion battery
SoC state of charge
SoE state of energy
SoH state of health
SEI solid electrolyte interface

Table 1
Cell ratings.

Parameter Value

Nominal capacity at 1Cnom, 25 �C (Ah) 15
End of discharge voltage (V) 2.00
End of charge voltage (V) 3.65
End of charge current (A) 0.75
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can be recovered by fully re-charging cell after storage. Aging
processes depends not only on storage conditions but also strongly
on the materials used for electrodes and electrolyte [8e10].

According to [11] the numerous aging processes have three
main consequences leading to cell degradation:

(i) Loss of cyclable lithium: side reactions with lithium-
consumption may occur at both electrolyte/electrode in-
terfaces (e.g., growth of passivation layers at both electrode
sides due to electrolyte decomposition). If the rate of lithium
consumption at the negative electrode is different from the
rate at the positive, the cell experiences a loss of cyclable
lithium due to an increase of the cell imbalance.

(ii) Loss of active materials (e.g., material dissolution, structural
degradation, particle isolation, and electrode delamination)

(iii) Impedance increase of the cell (e.g., passive films at the
active particle surface and loss of electrical contact within
the porous electrode).

Nowadays, the majority of commercial lithium-ion batteries use
graphite as negative electrode material. Parasitic reactions occur-
ring at negative electrode/electrolyte interface seems to play a
major role in LIBs degradation and have been intensively studied
[12e14]. Although Solid Electrolyte Interface (SEI) proposed by
Peled et al. [15] plays a protecting role as it prevents the graphite
from further electrolyte degradation, continuous growth of the SEI
layer is obviously detrimental to the cell performance of LIBs as
lithium is irreversibly consumed and may cause an increase of the
overall cell resistance. Moreover, when the SEI layer becomes too
thick, some portion of active material can become electrochemi-
cally inactive leading to active material loss of carbon negative
electrode [16].

All studies demonstrate that, high temperatures are more
detrimental for cell life upon storage by activating parasitic re-
actions. SoC influences also cell degradation during storage but to a
lesser extent; fully lithiated graphite is indeed considered to be
unstable because the intercalated lithium tends to diffuse to the
graphite edges where it may interact with the solvent components
[13]. Furthermore, commercial lithium-ion cell studies demon-
strated also possible interactions of positive electrode with the SEI
layer. LiMn2O4 spinel and the LiFePO4 (LFP) have been reported to
release transition metals (Mn2þ, Fe2þ) that can be reduced on
negative side and incorporated into the anode SEI which leads to
catalytic effect accelerating cell degradation [6,8].

Since its introduction in 1997 by Padhi [17], LFP based cells have
attracted significant interest for automotive application as a cath-
ode material for LIBs. Indeed, it constitutes a low cost material with
excellent safety characteristics and it has the potential of providing
a long cycle and calendar life due to the relative stable and safe
olivine chemistry structure.
Cycling induced aging of graphite/LFP cells has been intensively
reported [6,16,18e20]. An empirical cycling model has been pro-
posed for a commercial 2.3 Ah graphite/LFP cell [21]. Their results
suggest that capacity loss is mainly affected by exposure time and
temperature but calendar aging has not been considered. In pre-
vious work [11], authors reported on one year aging both under
cycling and under storage at 25 �C and 45 �C. Extent of capacity fade
is larger for cells under cycling in comparison with cells under
storage for the same aging time. Post-mortem analysis [22,23]
reveal that for both storage and cycling conditions, aging is domi-
nated by the loss of cyclable lithium due to the growth of the SEI
layer at the graphite electrode. Degradation of the carbon negative
electrode was only observed for long-term cycling at elevated
temperature.

As most of the battery life is spent under storage in applications
such electric vehicles (EV), predicting aging under storage is a
prerequisite for life evaluation. Ability to simulate battery perfor-
mance and aging under different modes of operation (both storage
and cycling) is highly desired for the purpose of battery-life pre-
diction. Moreover, life predicting models are required not only for
the optimal design of the battery but also for onboard battery
management systems (BMS) during its operation in an EV.

This study presents calendar aging results on a commercial
energy-designed 15 Ah graphite/LFP cell and proposes in a second
part an empirical model for estimating capacity decline over time.
Finally, model predictions are compared with experimental aging
data upon storage acquired in a variable temperature environment
on the same cells.

2. Experimental

Experiments were conducted on 33 similar commercial cylin-
drical 15 Ah graphite/LFP cells. Electrochemical characterization
tests were performed using multipotentiostats (VMP3, BioLogic)
connected with 20 A boosters except for tests performed at labo-
ratory CEA/LSE (VersaSTAT MC, Princeton Applied Research). The
electrolyte composition details of this cell are not known. The cell
ratings given by the cell manufacturer are summarized in Table 1.

Before characterizing their initial performance, the cells were
preconditioned by applying 6 charge/discharge full cycles in order
to remove possible outlier cells. Thereby, a constant current cor-
responding to the nominal rate of the cell (1Cnom ¼ 15 A) has been
applied until cell potential reached 2.00 V, followed by 30 min rest.
Then, cells were charged with a classical Constant CurrenteCon-
stant Voltage (CCeCV) charge up to 3.65 V and potential was held at
3.65 V until a cut-off current jIcut-offj ¼ Cnom/20 followed by another
30 min rest period. The measured capacity of this cell at 1Cnom was
14.8 Ah at 25 �C with a standard deviation of around 0.3 Ah.

2.1. Tests conditions

Two parameters have been investigated: the State of Charge
(SoC) and the temperature of storage. Three SoC and three tem-
peratures are considered: 30%, 65%, 100%, and 30 �C, 45 �C, 60 �C
respectively, as indicated in the test matrix on Table 2. Laboratories
where the aging tests and the aforementioned preconditioning



Table 2
Test matrix. Each entry corresponds to a set of storage condition (temperature and
SoC). An index is also provided to identify each aging test condition.

Temperature (�C) SoC (%)

30% 65% 100%

30�C IFSTTAR/LTE (1) IFSTTAR/LTE (2) IFSTTAR/LTE (3)
45 �C IFP Energies

Nouvelles (4)
IFP Energies
Nouvelles (5)

IFP Energies
Nouvelles (6)

60 �C CEA/LSE (7) CEA/LSE (8) CEA/LSE (9)
30//45 �C CEA/LSE (10) Not tested CEA/LSE (11)
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tests were conducted are also indicated. After preconditioning tests
and before been initially characterized, cells were stored at low
temperature (<10 �C) and at medium SoC. Initial performance of
the cells was performed in approximately the same timingewithin
two months e in test laboratories.

At each SoC/temperature, 3 cells are studied in order to avoid
errors and to characterize possible discrepancy of behavior. In
addition, it allows the removal of cells at the middle and at the end
of the aging tests for post-mortem characterizations [23].

Besides cells stored in static storage conditions, two groups of
three same technology cells were stored in a variable temperature
climatic chamber (KBF 720, Binder). The temperature profile vari-
ation between 30 �C and 45 �C was repeated daily (Fig. 1). The two
cell groups were respectively stored fully charged (SoC¼ 100%) and
at SoC¼ 30%. These additional tests were conducted at the CEA/LSE
laboratory. Results of aging of high power lithium batteries sub-
mitted to variable environments are relatively scarce in the litera-
ture. Hence, very few confrontations of simulation results with
experimental values obtained in variable environments have been
proposed so far.

During storage, cells were disconnected, thus cell voltage is free
to evolve during storage. Periodically, performance degradation of
the cells over aging was evaluated using non-destructive electro-
chemical methods aiming to estimate cell capacity and cell resis-
tance. More than 450 days of storage were achieved for all test
conditions.
2.2. Performance characterization

Periodical electrochemical characterizations of the cells were
performed at 25 �C. The time to reach temperature equilibriumwas
Fig. 1. Daily repeated temperature profile for dynamic storage conditions.
assumed to take less than six hours. Periodicity of characterization
tests has been set to 2 months for storage temperature of 30 �C and
45 �C, and shortened to 1-month for experiments at 60 �C as aging
is expected to be more severe.

First of all, three discharge/charge cycles at 1Cnom at 25 �C were
performed in order tomeasure the remaining capacities of the cells.
During storage, cells experienced indeed self-discharge which
means that a substantial part of the capacity loss can be recovered
after a full charge using the CCeCV protocol defined above.
Therefore, consecutive discharge/charge cycles are necessary to
unfold the reversible and irreversible part of the capacity loss. The
measured capacity which only includes the irreversible loss is
named as the irreversible capacity. The State of Health (SoH) refers
to the loss of irreversible capacity upon cell aging and is defined as
follows:

SoH ¼ QcellðtÞ
Qcellðt0Þ

(1)

where Qcell(t) and Qcell(t0) are respectively the cell irreversible ca-
pacity measured by fully discharging at 1Cnom ¼ 15 A rate after a
storage period of t days and the cell total capacity measured during
the initial electrochemical test before storing cells. Alternatively,
the State of Energy (SoE) is also used in this paper, which refers to
the loss of available total energy during a discharge and is defined
as follows:

SoEðtÞ ¼ EcellðtÞ
Ecellðt0Þ

(2)

where Ecell(t) and Ecell(t0) are respectively the cell total energy
measured after a storage period of t days and the cell total energy
before storing cells. The total energy Ecell is measured by integrating
the instantaneous electrical power supplied by the cell during the
full discharge. Hence, SoE encapsulates both capacity loss and
additional power loss due to internal resistance increase.

In addition, cell resistance was evaluated at different nominal
SoC using discharge current pulses (at SoC ¼ 100%, 80%, 60%, 40%)
and charge current pulses (at SoC ¼ 20%, 40%, 60%, 80%). Intensities
of current pulses are set to �1Cnom (discharge) and 1Cnom (charge).
Each consecutive current pulse lasts 720 s. Discharge pulse resis-
tance is classically defined as:

Rp ¼ Vt � V0

I
(3)

where VteV0 is the potential difference caused by the current pulse
at a specified time t and I is the algebraic value of the current in-
tensity (�1Cnom ¼ 15 A). In this work, a 10 s pulse resistance was
considered as depicted by Fig. 2.

Discharge pulses were separated by a 30 min pause followed by
an Electrochemical Impedance Spectroscopy (EIS) measurement
whereas charge pulses are only separated by a 30 min rest.

At the end of each performance characterization test, a 1Cnom
discharge was applied to the fully charged cells in order to reset the
SoC before storage, during either 21 min or 42 min for SoC ¼ 65%
and 30%, respectively.
2.3. Modeling of experimental data

Since SEI formation appears to be the dominant aging source,
the majority of phenomenological models are based on SEI
continuous growth responsible for cyclable lithium consumption
especially upon storage. In order to simplify the problem, some
authors consider an only kinetic-limited mechanism considering



Fig. 3. Discharge capacities at 1Cnom and T ¼ 25 �C of the tested cells for the 9 aging
conditions. Data points of each storage condition have been linked for clarity.

Fig. 2. Potential evolution of a fresh cell caused by a �1Cnom discharge peak.
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reactant species are provided in excess [24,25] and others consider
diffusion-limited mechanism where transport of reactant through
the SEI is the rate determining step [2,26,27]. Detailed modeling
work compared to experimental data suggested that the reaction
upon storage is more under diffusion control than under kinetic
control [28]. However, depending on the assumptions made, these
approaches require a detailed physic-based battery model and
agreement between lifetime predictions of such model and
experimental aging data over a wide range of conditions have not
been proposed so far.

On the other hand, a wide variety of empirical degradation
models have been proposed so far in the literature for performance
prediction. Some of them are purely empirical without making any
assumption on the underlying aging mechanisms [29e31]. Alter-
natively, exponential relations have been also suggested to model
SEI growth [7]. Cell degradation (resistance increase or capacity
retention) is expressed as a relation between stress level and
exposure time. For models predicting degradation under storage
conditions, temperature is commonly taken into account using an
Arrhenius law. SoC of storage is more rarely taken into account as it
is often observed as having minor influence.

These models are often proposed in a capacity loss cumulative
form deduced form experimental data obtained under constant
stress conditions (temperature and SoC); however, in real appli-
cations such as electric transportation, stress conditions are far
from being constant over time. Therefore, it is highly valuable to
develop models based on the degradation rate which permit pre-
dicting degradation under non-constant stress levels conditions as
suggested by Thomas et al. [32].

In this work, a simple empirical expression for predicting ca-
pacity fade is proposed:

dQloss
dt

¼ kðT; SoCÞ$
�
1þ QlossðtÞ

Cnom

��aðTÞ
(4)

with:

� k(T,SoC) is the kinetic dependence of the capacity fade evolution
with T and SoC during storage. Its expression is determined in
the Section 3.2.

� QlossðtÞ=Cnom is the fractional capacity loss at aging time t.
� the term ð1þ QlossðtÞ=CnomÞ�aðTÞ with a(T) > 0 can be related to
the diffusion limitation of solvent molecule inside the SEI layer
which tends to decrease the capacity fade rate. Transport
properties of solvent molecule through SEI layer are tempera-
ture dependent [22].

Setting a¼ 1 and integrating Eq. (4) with Qloss¼ 0 at t¼ 0 lead to
the equation:

QlossðtÞ þ
1
2
$
QlossðtÞ2
Cnom

¼ kðT ; SoCÞ$t (5)

This equation is similar to the equation proposed by Broussely
et al. [2] to describe capacity loss of lithium-ion cells on calendar
aging where a parabolic relation (t1/2 evolution) between aging
time and loss of lithium was observed. However, using this equa-
tion lead to rather poor quality fit with reported data. Although it
has no real physical meaning, tuning the a value of Eq. (4) permits
fitting with good agreement the capacity decay with time. The
model proposed here is therefore more flexible as it can also match
aging data where a strict t1/2 evolution is not observed which is the
case for reported data.

The proposed rated model is motivated by observing a
decreasing rate of degradationwith SoH. Integrating (5) assuming T
and SoC remain constant, it comes:

t ¼ Cnom
ðaþ 1Þ$kðT; SoCÞ$

(�
1þ Qloss

Cnom

�aþ1

� 1

)
(6)

Numerical values of model parameters a and k can be estimated
using non-linear regressions conducted on capacity loss data pre-
sented previously using Eq. (6). Non-linear regressions were per-
formed using the nlinfit function from MATLAB (The MathWorks,
Inc). Contrary to ordinary least-square regression, influence of
possible outliers is decreased by using robust regression. The
weighting function is the bisquare function with its default
parameter value.
3. Results and discussion

3.1. Aging results

3.1.1. Discharge capacities
The graph on Fig. 3 displays the discharge 1Cnom capacity evo-

lutions of the tested cells measured during periodic characteriza-
tion tests. Data points of each storage condition have been linked
with straight lines to improve clarity. The conventional limit of 20%



Fig. 4. Chargeedischarge curves at 1Cnom measured at T ¼ 25 �C (storage condition
T ¼ 60 �C, SoCnom ¼ 100%).

Fig. 5. Averaged pulse resistance (after 10 s discharge pulses) variations versus ca-
pacity loss for cells stored at T ¼ 60 �C.
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capacity loss referring to the nominal capacity 15 Ah is also dis-
played as well as the 40% capacity loss limit. Amongst all tested
cells, three exhibited a faster capacity decline comparing to the two
other cells of the same batch submitted to the same aging condi-
tion. Their results are consequently not presented to avoid
misinterpretation.

Storage temperature has a strong impact on capacity fade rate:
cells stored at 30 �C experienced less than 10% capacity loss after
450 days of storage whereas, at 45 �C, capacity fade extents 20% for
fully charged cells (SoCnom ¼ 100%). For fully charged cells stored at
60 �C, 20% capacity loss is reached in approximately 60 days only.

Cells stored at higher SoC experienced faster capacity fade. At
60 �C, a 20% capacity loss is reached in 100 days for cells stored at
SoCnom ¼ 30%. Obviously, SoC influence increases with storage
temperature. All capacity fades seem to follow a fairly linear evo-
lution on the presented time frame at 30 �C and 45 �C, whereas at
60 �C capacity fade evolution is no more linear with storage time.
For the cells aged under severe aging conditions (e.g., 60 �C,
SoCnom ¼ 100%) dispersion in capacity is higher for aged cells
compared to fresh ones, suggesting an additional dispersion due to
aging.

Cells stored at T ¼ 60 �C and SoCnom ¼ 30% exhibit a particular
evolution pattern with time as cell capacities stabilize after 150
days of storage. This result must be attributable to the check-up
protocol defined in Section 2.2: as the amount of discharged Ah
to reset the SoC before storing cells is constant during the entire
aging test, the effective storage SoC of the cells progressively
decline due to progressive capacity fade. As a result, capacity fade is
no more observed in this fortuitous case.

As interval between two consecutive characterization tests
were reduced to one month at 60 �C, number of tests carried out
on those cells were consequently doubled. Current flow during
the characterization tests may cause or accelerate internal side-
reactions resulting on a faster capacity decline. Considering that
more than 2000 cycles can be carried out at 25 �C and at 1Cnom
according to the cell manufacturer, degradation upon cycling
should be rather limited before the cell reaches its End-Of-
Life. However, as previous stated, effective SoC of storage is
altered by our protocol which seems to have a non-negligible
impact on aging. For these two reasons, influence of more
frequent characterization test on capacity fade needs to be further
investigated.

3.1.2. Charge/discharge curves at 25 �C
The chargeedischarge curves at 1Cnommeasured at T¼ 25 �C on

a selected cell stored at 60 �C and SoCnom ¼ 100% for the three first
characterization tests are presented on Fig. 4. For this severe
condition, cells exhibit a very rapid capacity decline and an in-
crease of cell resistance as cell potential becomes lower during
discharge with aging. Although cell potential is obviously affected
by aging, the cell resistance increase has only minor impact on the
energy loss of the cell as SoE and SoH remain almost equal upon
aging.

Capacity charge and discharge voltage curves measured at
T ¼ 25 �C do not reveal a major increase of resistance even for
significant aging states. At 1Cnom rate, staging voltage plateaus
at the graphite anode are not distinctively observed. Valuable
non-destructive methods inferring aging mechanism such as
differential-capacity and differential-voltage analysis are therefore
not applicable for this discharging rate.

3.1.3. Pulse resistance increase
Current peaks at �1Cnom (discharge) and at 4 different nominal

SoCs (100%, 80%, 60% and 40%) are performed during character-
ization tests as reported in the “Experimental” Section (2.2).
Relative variations of Rp derived from �1Cnom (discharge resis-
tance) current pulses at SoCnom ¼ 80% for cells stored at T ¼ 60 �C
have been averaged and are represented on Fig. 5. Although their
variations exhibit a relative high spread, pulse resistances seem to
increase linearly with loss of capacity for all considered condi-
tions: the resistance increase is about 40% for a capacity loss of 15%
and about 70% for a capacity loss of 40%. These results are slightly
larger than other observations made on same chemistry cells
submitted to calendar aging at T ¼ 45 �C where the maximum
increase of pulse resistance were less than 20% for 15% capacity
loss [11] but are in the same order of magnitude of resistance
increase reported for same aging conditions [5]. However, varia-
tions are much lower than drastic increase of pulse resistances
measured in same conditions reported for cycling induced aging
(up to 400% for only 13% capacity loss) for C/LFP based cells of
different design but having a very close nominal capacity [19]. As
suggested by Safari and Delacourt [11] and confirmed by post-
mortem analysis [22] active material loss resulting in a decrease
of the active surface area manifests by severe increase of the cell
impedance. In this paper, moderate internal resistance increase is
compatible with the effect of loss of cyclable lithium to SEI
continuous growth that has been previously reported for this cell
chemistry upon storage [5,11].



Table 3
Estimated a values from Eq. (6) with 95% confidence intervals.

Temp. (�C) SoC (%) a value
estimates

Inf Sup Chosen
a value

30 �C 30%
65% 3

100%
45 �C 30% 2.78 0.57 4.99

65% 1.67 0.10 3.24 3
100% 2.92 2.18 3.66

60 �C 30% 13.04 6.97 19.11
65% 7.58 6.69 8.46 7

100% 6.03 3.86 8.20
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Fig. 7. Estimated k(T,SoC) values using Eq. (5) for each storage condition. Fitted model
of k(T,SoC) using Eqs. (7)e(9) is also displayed using broken lines.
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3.2. Capacity fade model parameters

Estimated values of a using robust non-linear regression of ag-
ing data using Eq. (6) are given in Table 3 with their 95% confidence
intervals for the nine aging conditions. All estimates obtained at
T ¼ 60 �C are larger than those at T ¼ 45 �C which tends to indicate
that a increases with storage temperature. The large width ob-
tained of confidence intervals motivates the choice of a fixed value
at a given temperature. The chosen value for each temperature is
given in the last column of Table 3.

For storage conditions T ¼ 30 �C, the optimization routine was
unable to find a good fit to data points which could be explained by
the relative strong discrepancy for these conditions. Therefore, a
was arbitrarily set equal to the chosen value at T ¼ 45 �C and
k(T,SoC) values were adjusted manually. Data points expressed in
capacity losses (Ah) of the nine cells stored at T ¼ 30 �C and model
fit are plotted on Fig. 6.

Once a is defined for each storage temperature, non-linear re-
gressions of aging data are conducted again using Eq. (6) in order to
obtain estimated of k(T,SoC) plotted on Fig. 7. It appears that k(T,SoC)
follows a linear dependence with SoC whereas it increases expo-
nentially with temperature. The followingmodel capturing SoC and
temperature dependence for k(T,SoC) is proposed Eqs. (7)e(9):

kðT; SoCÞ ¼ AðTÞ$SoCþ BðTÞ (7)

AðTÞ ¼ kA$exp

(
� EaA

R
$

 
1
T
� 1
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(8)
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BðTÞ ¼ kB$exp
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1
T
� 1
Tref

!)
(9)

where R is the ideal gas constant (R¼ 8.314 J mol K�1). In the above
expressions, T is expressed in Kelvin and Tref was fixed to 298 K
(25 �C) and SoC in %. Numerical values of model parameters in
Table 4 were determined using the Excel solver (Microsoft) using a
least squares method over all the nine conditions. Whereas model
agreement is excellent for T ¼ 45 �C and T ¼ 60 �C, it is less optimal
for the last condition. Indeed, the model predicts a quasi-constant
value for k although values were significantly distinct. However,
value of k at T ¼ 30 �C were obtained manually and are not very
precise due to the relative strong discrepancy between cells (Fig. 6).

The degradation model was simulated using Eq. (5) and
compared to all aging data presented in Section 3.1.1 expressed in
capacity losses on Fig. 8. A good agreement between experimental
data and model prediction is observed over all the storage periods
except for the condition T¼ 60 �C, SoCnom ¼ 30% as the model over-
predicts continuously the capacity loss after 250 days of storage
(explanation given at the end of the Section 3.1.1). For the presented
simulations, storage temperature and SoC of cells were considered
as constant parameters. As discussed in Section 3.1.1, the effective
storage SoC of the cells for conditions SoCnom ¼ 30% and
SoCnom ¼ 65% progressively declines due to capacity fade which is
not taken into account in the presented simulations.

Capacity prediction error has been calculated for each experi-
mental data points. Distributions of prediction error expressed in %
for all storage conditions are plotted on Fig. 9. On each box, the
central mark is the median value of errors; the edges of the box are
the 25th and 75th percentiles. The whiskers extend to the most
extreme data points without considering outliers which are plotted
individually (cross marker). Points are considered as outliers
if they are larger than q75 þ 1:5$ðq75 � q25Þ or smaller than
Table 4
Estimated model parameters of Eqs. (7)e(9).

Parameter name Value

kA 4.39 � 10-5

EaA 182 kJ mo�1

kB 1.01 � 10�3

EaB 52.1 kJ mol�1
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q75 � 1:5$ðq75 � q25Þ, where q25 and q75 are the 25th and 75th
percentiles, respectively. Mean errors of predicted capacity are
equal or very close to 0% for all storage conditions and q25, q75 are
less than 2% for all storage conditions at 30 �C and 45 �C. Higher
error values obtained for the three last conditions (T ¼ 60 �C) are
easily explained by the relative high discrepancy of data collected
for theses extremely severe conditions. Nevertheless, even for these
conditions, edges of the box are respectively between �4% and 2%
which are satisfactory results.

Finally, estimations of cell lifetimes using the presented model
for lower temperatures are reported on Table 5. The temperature
and SoC is assumed to have constant values. SoC is fixed to 100%
but, as previously stated, below 30 �C, influence of SoC upon
storage predicted by our model is minor. At 20 �C, the model
Table 5
Estimated end-of-life of the cells for different storage temperatures.

Storage temperature 20 �C 25 �C 30 �C

Estimated end-of-life (years) 20 13.5 9
predicts that cells can be stored upon 20 years which is fully
compatible with electric transportation. However, increasing
temperature from 20 �C to 30 �C cuts in half the expected life of
the cells.

3.3. Validation against non-static storage conditions

The proposed model framework allows simulating degradation
induced by storage under non-static conditions by using the de-
rivative form Eq. (4). Thus, degradation induced by the daily tem-
perature profile (“thermal cycling”) presented in Section 2.1 was
simulated using parameter values from Table 4 for 625 days. To
ensure a sufficient precision, a maximum time step of 1 h was
allowed.

Fig. 10 compares evolutions of capacity loss measured during
successive characterization tests (markers) for thermal cycling
conditions (T30//45 �C) and simulated SoH (broken lines). Experi-
mental values and simulation results for static temperature envi-
ronments 30 �C and 45 �C at the same SoC are also displayed.
Amongst the 6 tested cells under thermal cycling conditions, one
cell exhibited a faster capacity decline for storage condition 30%.
Such unpredictable rapid capacity decline has been already
observed for three cells submitted to static storage conditions as
reported in Section 3.1.1. Only values of five cells are therefore re-
ported. Measured capacity loss of the remaining cells exposed to
thermal cycling lies between those measured on cells stored in
static temperature environments 30 �C and 45 �C for both condi-
tions. Scattering between cells is larger for cells under thermal
cycling without obvious explanation. The simulated responses of
the model agree very well with the experimental data for non-
static storage conditions. According to Fig. 11, capacity prediction
error lies between�5% and 3% over all 625 days of aging for all cells
submitted to thermal cycling.

Although limited to only two non-static storage conditions, the
relative good agreement between our measures and our pre-
dictions tends to comfort the assumption that the current degra-
dation rate depends only on storage conditions and on the SoH and
not on the history of aging. In such case, no detailed history is
required to predict future capacity degradation.

4. Conclusion

27 commercial 15 Ah C/LFP cells were stored under nine static
different conditions: three temperatures (30 �C, 45 �C, and 60 �C)
and three nominal state of charge (30%, 65%, and 100%). Beside pure
static temperature conditions, 6 identical additional cells were
stored in a controlled 30 �Ce45 �C variable temperature environ-
ment at two different nominal SoCs (30% and 100%). Degradation of
the cells (capacity loss and resistance increase) was periodically
monitored by non-destructive electrochemical characterizations.
Storage temperature has a strong impact on degradation rate and
SoC of storage is of secondary importance compared to storage
temperature, but its influence increases with temperature. Fully
charged cells stored at 45 �C experienced a capacity loss of 20%
within 450 days. All cells stored at 60 �C experienced a minimum of
20% capacity loss within 150 days. Cell resistance derived from
discharge current pulses exhibits moderate increase which has no
significant impact on the available energy at 1Cnom discharge rate
and at 25 �C, even for severely aged cells. These observations
derived from non-destructive characterization are fully compatible
with the loss of cyclable lithium due to SEI layer growth which has
been previously reported for this cell chemistry submitted to cal-
endar aging.

Parameters of a simple empirical rate-based model predicting
capacity fade upon storage have been derived from collected
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aging data. The model frame was specifically chosen to allow
simulating degradation performance upon storage in time vari-
able conditions (SoC and temperature). Predictions of capacity
fade (SoH) were compared to experimental data of additional
cells stored in a controlled 30 �Ce45 �C variable temperature
environment. Considering scattering due to aging, the prediction
error on cell capacity over 625 days of storage lies between �5%
and þ3%. Good agreement between prediction and capacity loss
comforts the assumption that the capacity fade rate depends only
on storage conditions and not on the history of aging. In such
case, no detailed history is required to predict future capacity
degradation.

The proposed model allows to simulate under various condi-
tions and to estimate degradation upon storage over time. A
promising use of such model consists in evaluating the impact on
the battery life of different thermal and SoCmanagement strategies
upon storage. Ought to the fact that knowledge of the detailed
chemistry is not required, our approach is expected to capture
rapidly diverse lithium-ion battery technologies.
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