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Ageing-Aware Charging of Lithium-ion Batteries Using an
Electrochemistry-Based Model with Capacity-Loss Side Reactions

Z. Khalik  H.J. Bergveld M.C.F. Donkers

Abstract—In this paper, we utilize a Doyle-Fuller-Newman
(DFN) model including capacity-loss side reactions to present a
model-based design method for multi-stage charging protocols.
This design method allows making a trade-off between charging
time and battery ageing in a more systematic way. The results
are leveraged by a highly efficient implementation of the DFN
model, that has a short computation time. We show that by
obtaining the Pareto front that describes the optimal trade-off
between charging time and battery ageing for a single cycle, the
results can be extended to the lifetime of the battery. Finally
we show that the negative electrode over-potential is not always
a good indicator for ageing, and that ageing will occur even
when the battery operates in over-potential regions that are
considered to not lead to ageing.

I. INTRODUCTION

Lithium-ion batteries are commonly charged using a so-
called constant-current-constant-voltage (CC-CV) protocol,
see e.g. [1], where the battery is initially charged at a set
constant current, followed by a phase where the battery is
kept at a constant voltage, until the current drops to a certain
value. This current limit and voltage limit are determined by
a trade-off between a short charging time and long cycle
life. Indeed, besides the main chemical reaction, i.e., the one
that stores energy in the battery, several side reactions occur
that eventually lead to capacity fade and power fade [2].
Shortening the charging time without affecting the longevity
of the battery is of interest, particularly for electric vehicles,
where the relatively long charging times (when compared to
refueling time of a conventional vehicle) are considered to
be problematic.

Optimizing the charging protocol to achieve short charging
times and limited ageing has received ample attention in both
the electrochemical as well as the control systems literature.
A traditional approach has been to improve on the CC-CV
protocol by introducing additional CC or CV stages, e.g.,
the CV-CC-CV protocol [1], or the CC-CC-CV protocol
[3]. However, the selection of current and voltage limits is
not trivial. To find the limits that provide a good trade-off
between battery ageing and charging time, many experiments
need to be performed, see e.g., [4].
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A more recent trend is to use model-based methods to
systematically make the trade-off between battery ageing and
charging time. The models used in these papers can vary
from empirical models, such as the equivalent-circuit model
(ECM) [5] to electrochemistry-based models that describe
the main electrochemical reaction (i.e., the reaction that leads
to storing energy) such as the Doyle-Fuller-Newman (DFN)
model [6],see, e.g., [7] or the single-particle model (SPM),
see, e.g., [8]. However, since these models do not describe
the ageing of the battery, these papers rely on estimated
states obtained through battery models, and define regions
based on these states that should be avoided in order to not
promote excessive ageing. These regions are incorporated
as constraints in the optimization problem, and show the
potential of model-based control for ageing-aware charging.

Of course, ageing can never be prevented and the transition
between excessive and non-excessive ageing is not necessar-
ily a sharp transition. Therefore, alongside this approach,
there has been attention into incorporating ageing models
into the optimization problem. These ageing models can be
empirical as done in, e.g., [9], which are used in conjunction
with ECMs, or they can be electrochemical, such as the side-
reaction model introduced in [10], which can be incorporated
into the DFN model. Some results using such side-reaction
models exist in literature, e.g., [11], which uses external
toolboxes such as CasADi [12] for simulation. However, the
use of such toolboxes does not necessarily provide a com-
putationally efficient model, which restricts the prediction
horizon in the model-predictive control approach taken in
[11].

In this paper, we present a model-based design method
for multi-stage charging protocols, where this leads to a
trade-off between charging time and ageing. The results are
leveraged by the recent development of a highly efficient
implementation of the DFN model [13]. This highly efficient
model has low computation times, which allows this model
to be used in model-based optimization methods. While we
will focus on multi-stage charging protocols in this paper,
extensions to full model-based charging can be done based
on the model implementation used in this paper. Finally, the
paper shows that the negative electrode over-potential is not
always a good indicator for ageing, and that an effective
trade-off between charging time and ageing cannot be made
by merely setting constraints on this over-potential.

II. BATTERY MODELING

In this section, we briefly formulate the Doyle-Fuller-
Newman (DFN) model [6], including the modeling of
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Fig. 1: DFN modeling approach for a Li-ion cell.

capacity-loss side reactions. The model represents the side
reactions, in which Li-ions are consumed to form an SEI
layer at the negative electrode [10]. Furthermore, we will
formulate the equations that describe the ageing model,
which is used to compute the capacity of an aged cell. The
implementation of the model is similar to the implementation
presented in [13], and is omitted in this paper owing to space
limitations.

A. Doyle-Fuller-Newman Model With Capacity-Loss Side
Reactions

The DFN model is a widely used electrochemistry-based
model introduced in [6]. Fig. 1 illustrates the modeling
approach for a Li-ion cell. In the x dimension, the cell is
divided into three regions, namely the negative electrode,
the separator, and the positive electrode. The DFN model
describes the potential and concentration gradients in the
solid and electrolyte phase that result from the main electro-
chemical reaction, i.e., the reaction that leads to storing en-
ergy. In the considered side-reaction model [10], the particles
in the negative electrode have a so-called solid-electrolyte
interface (SEI) layer, which is formed at the first charge of
the battery. During the operation of the cell over its lifetime,
side reactions consume Li-ions, which leads to a growth
of the SEI. This consumption of Li-ions leads to capacity
fade of the cell, while the build-up of the resistive SEI layer
leads to power fade of the cell. We will shortly summarize
the governing equations of the DFN model considering
side reactions. The formulation of the DFN model will be
mostly based on [14], while the side-reactions model is based
on [10]. For compactness of notation, the time and space
dependency of the variables given will be left out of the
equations.

The DFN model is governed by four coupled partial
differential equations (PDEs):

1) The Li-ion concentration in the solid phase cg(z,7,t)

for z € [0, 6,] U [L — §,, L] is given by Fick’s law as

dcs _ Ds O 2 dcs
5 = 15 (1" 5e), (1)
with boundary conditions
Jcs — Jcs —
3(;- r=0 03 7D98% r=R =J1i (1b)

with D, the diffusion coefficient of lithium in the solid
phase, and ji(x,t) is the molar flux of Li-ions de-
intercalating out of the solid phase. Furthermore, L, and

0n, and dy, are the thickness of the cell, and the negative
and positive electrode, respectively (see Fig. 1).

2) The Li-ion concentration in the electrolyte phase
ce(x,t) for z € [0, L] is given by

et = g (D) +as(l=19)jn,  (a)
with boundary conditions
ff dce _ peff de. _
D gslamo = Do @i le=, =0 (2D

where j, = j1 + jo is the net molar flux exiting the
particle, in which jo is the side-reaction flux of Li-ions
being consumed by the SEI layer. Note that this paper
considers only SEI build up in the negative electrode,
and therefore in the separator and in the positive elec-
trode j, = 0. Furthermore, D = D, e is the effective
Li-ion diffusion coefficient in the electrolyte phase, in
which €. is the electrolyte phase volume fraction, p
is the Bruggeman porosity exponent, and D, is the
diffusion constant of Li-ions in the electrolyte. Finally,
in (2), as = 3e5/R is the specific interfacial surface
area, in which ¢ is the active material volume fraction,
and t(j_ is the transference number of Li ions.

3) The potential in the solid phase ¢, (z, t) for z € [0, d,]U
[L — 6,, L] is given by Ohm’s law, i.e.,

2 (°75) = auFii, (3a)

with boundary conditions
oM o= a2, oG, =0 GD)
ot %ﬁs e=1—5, = 0> ot %(ZS =L — %’ (c)
where F' is Faraday’s constant, off = c.0 is the

effective electronic conductivity of a porous electrode,
in which o is the conductivity of the solid material,
Agure is the area of the electrode plate, and iap, (%) is
the applied current through the battery, with i,,, > 0
indicating charging.

4) The potential in the electrolyte phase ¢.(z,t) for x €
[0, L] is given by

et G+ e 2 (1)~ 1) 20y = —a,Fj,, (4a)
with boundary conditions
Ker 92| o= el _, =0, (4b)

in which kg = kel is the effective ionic conductivity,
where « is the ionic conductivity of the electrolyte,
R is the universal gas constant, and 7' is the absolute
temperature.

The above PDEs (1)-(4) can describe the terminal voltage,
which is given by

V(t) = ¢ps(L,t) — ¢s(0,1). (5)
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B. Rate Equation for Main & Side Reaction

The above PDEs (1)-(4) are coupled by a Butler-Volmer
rate equation j,, which describes the net chemical reaction
rate at the solid-electrolyte interface. For the main intercala-
tion reaction, i.e., the reaction that leads to storing energy,
the rate equation is given by

90,1 alF a.F

1= T(QXP(RT 771) —exp(— RT 771))’

(6a)

which is only defined for = € [0, 6,,]U[L—d,, L] and assumed
zero for x € (6,,, L — 0,,). In (6a), v, is the anodic transfer
coefficient, o, is the cathodic transfer coefficient, and the
over-potential at the electrodes 7 (z, ¢) is defined as
m = Qbs - ¢e - U(Es) - FRfjna (6b)
in which U(cs) denotes the equilibrium potential of the
electrode, which can be given by a pre-defined function typ-
ically of the solid-phase concentration at the SEI ¢,(x,t) =
¢s(Rs,x,t), and Ry is the film resistance given by

OR V.
B = — o2 (6¢)

with initial condition Rj(x,0) = Ryg, and where V is
the molar volume and oy is the conductivity of the SEIL
Furthermore, the exchange current density ip; in (6a) is
given by
Z.0,1 = kocga (Cs,max - Es)aaégca (6d)
where kg is the rate constant of the electrochemical reaction,
and ¢5 max 1s the maximum concentration in the solid-phase.
The chemical reaction rate of the side reactions that
consume Li-ions is described by a Tafel equation of the form

. Z'o’g 2045’2F
= — e —_——
J2 7 P RT )

where iy2 is the exchange current density of the side
reaction, which is assumed to be a constant, and 75 is the
side reaction over-potential given by

(6e)

N2 = ¢s — ¢ — Uz — FRyjy, (6f)

in which Uy is the equilibrium potential of the side reactions,
which is usually assumed to be a constant.

Fresh cell Aged cell
Quf Negative
electrode

- = D Positive

electrode

Charge

D Li-ion loss

- - L . Battery
I capacity
Empty

Full Empty Full

Fig. 2: Schematic representation of the ageing model.

C. Ageing model

The amount of charge lost due to loss of Li-ions as a result
of side reactions can be computed as [10]

inon,loss

On
= 4 AaiF | jode. 7
7 a £ /o Jadx N

The Li-ion loss does not directly result into loss of battery
capacity [15]. To see this, it should be noted that the total
amount of charge stored in a fresh cell is given by

Qrot = WmaxYn + ZminYp = WminYn T ZmaxVp» (8a)
where 7, = €50;Cs max,idsutF, for i € {n,p}, where n
and p denote the values of the parameters at the negative
and postive electrode, respectively. Furthermore, w and z
denote the stoichiometric values at the negative and positive
electrode, respectively, while the subscripts min and max
indicate the minimum and maximum values of w and z,
respectively, for a fresh cell. The stoichiometric values at
0% and 100% for an aged battery must satisfy

WoYn + 20Yp = Qtot - Qion,loss

W100Yn + 21007y = Qtot — Qion,loss~ (8b)

Note that for a fresh cell, wgy, wigg, 20, 2100 correspond
t0 Wmin, Wmax, Zmax, Zmin, respectively. Furthermore, since
0 % state-of-charge (SOC) and 100 % SOC are defined at
specified voltages, the equilibrium potentials must satisfy

UP(ZO) - Un(w0> = Vmin

Up(z100) — Un(w100) = Vinax, (8c)

where Viax = Up(Zmin) — Un(Wmas), and Vi =
Up(2maz) — Un(Wmin). By solving (8) , solutions for wy,
w100, 20, and z1gg are obtained. These solutions can be used
to compute the degraded capacity of the cell Qpat, i.e.,

Qbat = (w100 — Wo)Yn = (20 — 2100)Vp- &)

How the ageing reaction affects the battery capacity is
illustrated in Fig. 2. In this figure, it can be seen that for an
aged cell, the charge in the positive and negative electrodes
decrease as Li-ions are lost, which leads to a decrease in
battery capacity. The capacity drop of the battery, however,
is not necessarily equal to the amount of Li-ions consumed
by the side reaction, as the side reaction also leads to a shift
in the equilibrium potential of the electrodes.

TABLE I: Parameters for the side-reaction model. Parameters
U; and oy have been extracted from [15].

Symbol  Unit Value

i02 [Am~2] 1.178 x 107
Us V] 0.21

Vi [m3mol=t] 1x107°

of [Q 'm~! 2.3 x10°¢
Ry [Qm?] 5.5 x 1073
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Fig. 3: The 2-CC-CV(3) protocol shown as an example of a
multi-stage charging protocol used for simulation. The red-
colored variables indicate the design-adjustable parameters.

III. AGEING-AWARE CHARGING PROTOCOL DESIGN

In this section, we will study the impact of several
charging strategies on battery ageing. First, we will study
ageing over a single cycle, to determine the Pareto optimal
set of parameters of several charging strategies that lead to
the ideal trade-off that can be made between charging time
and battery ageing. Then, we will study ageing over a long
period, by simulating the Pareto optimal set of parameters
over the lifetime of the battery. Finally, we investigate the
use of over-potential information to limit battery ageing.
The parameters of the main reaction model (including the
electrode equilibrium potential expressions) are taken from
[12]. Note that this set of parameters represents a high-
energy cell, for which it is generally known that the minimum
charging time that can be achieved is generally higher than
for a high-power cell. The parameters of the side-reaction
model have been selected such that a somewhat realistic
amount of ageing is observed, i.e., 80 % of the capacity
is left after around 600 charge-discharge cycles. These side-
reaction model parameters have been listed in Table 1.

A. Charging protocols

The simulation studies have been done using a CC-CV
(Constant-Current-Constant-Voltage) charging protocol and
several multi-stage charging protocols. Note that, for the
remainder of this paper, the following notation will be used to
indicate the multi-stage charging protocols: N-CC-CV(D),
where NV denotes the number of CC stages, and D denotes
the amount of design-adjustable variables. As an example of
a multi-stage charging protocol, the 2-CC-CV(3) charging
protocol is shown in Fig. 3. In this protocol, the battery is
first charged with a constant current Icc ; until a voltage
Vce,1 is reached. Then, the battery is charged with a constant
current Icc 2 until the next voltage limit Vg 2 is reached.
Finally, a CV stage follows where the battery is kept at a
constant voltage Vcv until a final state-of-charge SOC; is
reached. For this protocol there are three design-adjustable
parameters, namely Icc,1, Icc,2, and Ve, 1. The value for
Vee,2 = Vv is chosen as Viyax in (8c) for a fresh cell, and
SOCy is fixed to SOC; = 95%. Note that, for the remainder
of the paper, we constraint Voy = Ve, where n indicates
the last CC stage. Further note that we use SOC to terminate
the charging algorithm to ensure a fair comparison between

—CC-Qv(1
===CC-Qv(2

80 100 120 140 160 180 200 220 240
Charging time [min]

b

. (b)

— 2f 1

[0}

[ | |

LI_‘u)1.5

€

g ]

5

Qo5 . Ne... @ ________ ® 1
_____________ L
0 : . . .
0 50 100 150 200 250

Time [min]

Fig. 4: In (a), a comparison of degradation vs charging
time of several charging protocols is shown. In (b), selected
current profiles at several points on (a) are shown.

different charging profiles, while in practice generally the
CV stage is terminated when the current drops below a
certain value [,;,. The CC-CV charging protocol is defined
in a similar way, except that there is only one CC stage,
and therefore the only design-adjustable parameter is Ioc, 1.
Other charging strategies that are considered in this paper
are the CC-CV(2), 2-CC-CV(2), and 3-CC-CV(3). For CC-
CV(2), the design-adjustable parameters are the CC current
Icc,1 and the CV voltage Viy. For 2-CC-CV(2), the design
adjustable parameters are CC currents Icc,1 and Igco.
Finally, for 3-CC-CV(3), the design-adjustable parameters
are CC currents Icc,1, Icc,2, and Icc 3. Note that in the
case of 2-CC-CV(2) and 3-CC-CV(3), the voltage limits, e.g.
Vee,1, are fixed as Vipax.

B. Pareto Optimal Front for a Single Cycle

In Fig. 4 (a), the degradation of the cell, in terms of Li-
ions lost, i.e., Qion,loss» 1S plotted against charging time, for
the CC-CV and multi-stage charging protocols. In order to
obtain these results, the design-adjustable parameters for the
charging protocols have been varied over a range of values.
Specifically, the CC-stage currents have been varied in the
range of 0.1 C to 2.5 C, and the voltage limits have been
varied in the range of 3.7 V to 4.4 V, and in the case of
CC-CV(2), Vv has been varied in the range of 4.125 V
to 4.4 V. The curves in Fig. 4 are then obtained by taking
the minimal degradation for a given charging time, for each
charging protocol. Note that for the CC-CV protocol, since
there is only 1 design-adjustable parameter, all the simulated
points have by definition the minimal degradation for a given
charging time. Note that, as an example, the trade-off curve
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for the 3-CC-CV(3) was constructed using 8000 charge-
cycle simulations, while the other trade-off curves have been
constructed using fewer simulations. As each charge cycle
takes about 1 second to compute (on average), even the trade-
off curve for the 3-CC-CV(3) protocol can be computed
within 2.5 hours, which shows the potential of the model
implementation used from [13] for (off-line) model-based
optimization.

In Fig. 4 (a), we can first observe that the degradation
of the multi-stage protocols is always equal to or less than
the degradation using the CC-CV protocol. This is to be
expected, since multi-stage protocols are a generalization
of the CC-CV protocol. Furthermore, we see that up to
around 170 min charging time, the curves follow an intuitive
trend, where the battery degradation becomes smaller as
charging time increases. However, after around 170 min
charging time, the opposite trend happens, where battery
degradation increases with increasing charging time. This can
be explained by the fact that the degradation is computed
through an integral over time. Therefore, as charging time
increases, the integral is taken over a longer time, leading to
higher degradation.

The better performance at higher charging times in Fig.
4 (a), can be explained by observing the current shown in
Fig. 4 (b) at point 2. Here, we see that the battery is simply
charged with a constant current rate until the desired SOC of
95 % is reached. The CC-CV(2) and 2-CC-CV-(3) protocols
allow this, since the voltage limit can be chosen sufficiently
high such that it is never reached until the battery is full.
Note that the CV stage in general takes a significant amount
of time when charging, which explains why charging in CC
stages as long as possible is effective.

Finally, if we observe point 3 in Fig. 4 (b), we can see why
less degradation is achieved at high charging times. At high
charging times, the effect of the integral in (7) dominates
over the effect that lower degradation can be achieved by
applying a high charging current at low voltages. Thus, in
this instance the better strategy is to keep the current as low
as possible, until the remaining charging time is 150 minutes,
which is the highest charging time on the Pareto front of the
CC-CV(2) protocol, after which the battery is charged with,
in this case, a constant current.

C. Lifetime Degradation

In Fig. 5 (a), the battery cycle life is plotted against
the average charging time during the course of the lifetime
of the cell. This result has been obtained by taking the
Pareto optimal combinations found in Fig. 4, and simulating
for each of these combinations over the lifetime of cell,
i.e., when the capacity of the battery reaches 80 % of the
initial capacity. However, rather than performing a single
continuous simulation, the simulations have been done for
each cycle separately. Here, the stoichiometric values at 0 %
and 100 % are computed and updated at each cycle using
(8). This is mainly done for the reason that the difference in
scale between j; and jo causes numerical inaccuracies which
add up over the lifetime of the cell. Note that the results in
Fig. 4 have been obtained using only charge cycles, while the

680 ;
—CC-Qv(1)
660 |——2-cc-cv(2) ST T T T == -
— = 2_.CC- 7
T 640 - 2-CC-CV(3)
L
= 6201
G
S 600
@)
580
560 ‘ ‘ ‘ ‘
60 80 100 120 140 160
Average charging time [min]
-0.005

AQ, [Ah/cycle]
o
2

-0.015
0 100 200 300 400 500 600 700

Cycle number [-]

Fig. 5: In (a), cycle life vs average charging time for several
charging protocols is shown. In (b), the differential capacity
loss AQyat is shown. The crosses in (a) indicate at which
charging time the curves in (b) are evaluated for.

results shown in fig. 5 have been obtained from discharge-
charge cycles in order to represent actual use of the battery.
The discharge cycle occurs at a rate of -0.1 C, until a lower
voltage limit V,;,, computed from (8c), is reached, after
which the battery is charged.

As could be expected, the multi-stage charging protocols
perform better than the CC-CV(1) protocol. Furthermore,
the trends observed in Fig. 4 (a) are still visible, in which
the performance of the 2-CC-CV(2) and 2-CC-CV(3) are
almost equal up to around 100 minutes charging time, and the
performance of the 2-CC-CV(3) protocol is much better than
the 2-CC-CV(2) after around 100 minutes charging time.
Therefore, we can conclude that the trends observed over
a single cycle can be roughly extrapolated over the lifetime
of the cell.

However, while the trends at the end-of-life of the cell
are conserved, this is not necessarily true over the whole
lifetime of the cell. In Fig. 5 (b), the differential capacity loss
AQpat of the considered charging protocols at a charging
time of around 130 minutes is shown over the lifetime of
the cell. We can observe that the difference in differential
capacity loss between the charging protocols varies over the
lifetime of the cell. Until around 50 cycles, this difference
gets larger, while after 50 cycles the difference becomes
smaller. In the case of the difference between the CC-CV(1)
and 2-CC-CV(2) protocol, after 250 cycles, this difference
becomes visually indiscernible. This could suggest that when
the battery ages, there is less to gain when choosing different
charging strategies. However, if we observe the zoomed-in
plot in Fig. 5 (b), we can also see that at some point, the
2-CC-CV(2) protocol actually has a higher AQy.; compared
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Fig. 6: Results showing the side-reaction over-potential 7
for combinations of CC and CV levels with the CC-CV
charging protocol, where (a), (b), (c), and (d) show the
current, voltage, Li-ion loss Qion,loss, and 72, respectively.
The black dotted line indicates the points where 1 < —Us.

to the CC-CV(1) protocol, while it had a lower AQ}, than
the CC-CV(1) in the beginning stages of its lifetime. This
suggests then that even if a charging strategy is better than
another for a fresh battery, it does not necessarily mean that
it is better than the other strategy over the lifetime of the
cell. Thus, we can conclude that in order to retain optimal
performance over the lifetime of the cell, it is crucial to have
a smart (model-based) charging strategy, which can adapt to
the changing conditions of the cell over its lifetime.

D. Side-Reaction Over-Potential as Ageing Indicator

The side-reaction over-potential 7o over time plotted for
combinations of CC and CV levels can be seen in Fig. 6.
We can see that as C-rates in the CC stage get larger, the
over-potential becomes more negative, and as the CV voltage
gets larger, the over-potential also becomes more negative.
The constraint ¢s — ¢, > 0 is often used to prevent lithium
plating in the battery, e.g. in [7]. This constraint is equivalent
to m2 > —Us, which is the black dotted line shown in
Fig. 6. However, from Fig. 6 (c), we can see that even at
the highest C-rate, where the minimum charging time is
reached, this constraint is still not violated. The blue curve
shows a scenario where this constraint is violated, which is
at a combination of high currents and high voltages. From
Fig. 6 (c), we can also see that when 7, < —U,, the Li-
ion loss increases significantly. Note that the blue curve is
not actually fully charged, as the solid phase concentration
became saturated before the battery could become fully
charged. Of course, even in the other two cases of the black
and red curves, even though the over-potential constraint is
not violated, there is still a difference in how much the
battery ages with each of the current profiles, as we can
see from Fig. 6 (c). Still, it can serve as a hard constraint

to prevent extreme scenarios that lead to lithium plating.
However, as shown by the above analysis, side reaction
over-potential cannot be used to make a trade-off between
charging time and battery degradation effectively.

IV. CONCLUSIONS

In this paper, we have utilized a Doyle-Fuller-Newman
(DFN) model including capacity-loss side reactions to
present a model-based design method for multi-stage charg-
ing protocols. This design method allows making a trade-off
between charging time and battery ageing. The results have
been leveraged by a highly efficient implementation of the
DFN model, which has a short computation time, introduced
in [13]. We have shown that by obtaining the Pareto front that
describes the optimal trade-off between charging time and
battery ageing for a single cycle, the results can be extended
to the lifetime of the battery. Finally, we have shown that
the negative electrode over-potential is not always a good
indicator for ageing, and that ageing will occur even when the
battery operates in over-potential regions that are considered
to not lead to ageing.
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