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Carl Larsson <, Fredrik Larsson, Johanna Xu, Kenneth Runesson & Leif E. Asp

Structural battery composites are multifunctional materials capable of storing electrochemical energy
and carry mechanical load at the same time. In this study, we focus on the laminated structural battery
design developed by Asp and co-workers, which utilises multifunctional carbon fibres as both active
material and mechanical reinforcement in the negative electrode. The positive electrode consists of
active lithium iron phosphate particles adhered to an aluminium foil. Building upon previous research,
we develop a fully coupled numerical multiphysics model to simulate the charge—discharge processes
of the structural battery full cell. The model includes non-linear reaction kinetics, pertinent to the

Butler-Volmer relation. Furthermore, we employ a simplified continuum representation of the porous

positive electrode, enabling simulations at the battery cell level. Available experimental data for
material parameters is utilised when possible, while the remaining parameters are obtained from
calibration against experimental charge—discharge voltage profiles at two different rates. Results
show that the presented model captures the general trend of the experimental voltage profiles for a
range of charge rates. Through this work, we aim to provide insights for future structural battery design

efforts.

Structural battery composites are among the group of multifunctional
materials that offer the storage of electrochemical energy in the mechanical
load path of a structure. A recent structural battery developed by Asp and
co-workers uses carbon fibres both as a negative electrode and as mechanical
reinforcement"”. The commerically available positive electrode consists of
active lithium iron phosphate (LiFePO,, LFP) particles together with a
conductive binder material adhered to an aluminium foil. The battery
composite is completed by embedding the positive and negative electrodes
together with a separator, in a two-phase matrix called structural battery
electrolyte (SBE)’. The solid phase of the SBE bonds the constituents,
enabling mechanical load transfer between the fibres. The liquid electrolyte
phase, on the other hand, allows for lithium-ion transfer between the
electrodes.

Carlstedt et al.* proposed the first fully coupled numerical multiphysics
model of a structural battery composite in a negative half-cell representa-
tion, i.e., carbon fibres vs. lithium metal. The model included features such as
chemo-mechanical coupling, known as stress-assisted diffusion or piezo-
electrochemical transducer (PECT) effect, relevant for the structural battery
application’. Furthermore, Carlstedt et al.’ assessed the model performance
by simulating charge/discharge processes and comparing them against
experiments. Three different models were evaluated against the experiment,
each having a unique formulation of the chemical potential. Reaction

kinetics on the electrode/electrolyte interfaces were modelled using a line-
arised relation of the Butler-Volmer type. This approximation is accurate
for low galvanostatic charge/discharge rates, resulting in low overpotentials,
but is less precise when higher rates are introduced’. Results show that
regardless of the chemical potential formulation, the model struggles to
capture discontinuities in the cell potential curve as the current is changed
from charge to rest. To date, no attempt has been made to model the coupled
electro-chemo-mechanical processes in a structural positive electrode half-
cell nor in a structural battery full cell.

The porous LFP-based positive electrode comes in various particle sizes
ranging from nano to microsized particles. As discussed by Grazioli et al.’,
multiphysics phenomena take place at different length scales. However, it is
not computationally feasible to resolve nano-sized LFP particles if simula-
tions are to be carried out at the battery cell level. To circumvent this issue,
Newman et al.”'’ developed models of porous electrodes in a macroscopic,
averaged sense. More recent works on homogenisation of composite elec-
trodes for conventional batteries have been carried out by Salvadori et a M
outlining the micro-macro scale transition in a coupled, thermo-
dynamically consistent way.

In this paper, we model the charge-discharge process of the laminated
structural battery full cell using a simplified, continuum (macroscale)
representation of the positive electrode. Starting with a simplistic model, we
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Fig. 1 | Galvanostatic charge-discharge profiles. a Experimental and calibrated
voltage profiles at C/20 for Cell 1. b Experimental and calibrated voltage profiles at C/
10 for Cell 1. ¢ Applied current profile for the charge-rest-discharge cycle at C/20.
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d Applied current profile for the charge-rest-discharge cycle at C/10. The shaded
grey areas in a and b indicate the experimental data spread.
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can gain insight into the level of complexity required for a representative
description of the positive electrode based on our experimental observa-
tions. This understanding allows us to incrementally introduce additional
complexity in a structured manner. Moreover, recent advancements in
state-of-the-art positive electrode design involve carbon fibres coated with
active material, altering the geometry of the electrode'. The evolving design
further emphasises the need for a flexible modelling approach. Furthermore,
we adopt non-linear reaction kinetics pertinent to the Butler-Volmer
relation adapted to the proposed modelling framework and present chemo-
mechanical coupling on the electrodes and mechanical considerations for all
domains. Finally, the model is calibrated against experimental charge/dis-
charge cycles at two different charge rates for a single cell and validated for
an independent case, i.e. a different cell and charge rate.

Results
Model and calibration outcomes
Figure 1 displays both the experimental and simulated cell voltage profiles
for the optimised material parameters 6 along with the corresponding
applied current profiles over time. In Fig. 1a and b, it is evident that the
calibrated model captures the general trend of the charge-rest-discharge
voltage profiles. The experimental voltage profiles exhibit a pronounced
non-linear evolution of the potential during charge and discharge, which
seemingly increases with decreasing charge rate. The model is currently not
able to fully capture the non-linear evolution but rather produces a fairly
linear cell potential increase/decrease during charge and discharge. The
trend towards a more linear potential evolution for increasing charge rates is
also observed for the validation case of the second cell shown in Fig. 2. Here,
the cell potential slope exhibits a more linear behaviour during charge and
discharge, leading to a more accurate prediction of the model.
Furthermore, the lithium concentration field during charge, rest and
discharge, respectively, simulated at C/10 is shown in Fig. 3. During charge,

the carbon fibres closest to the separator have higher concentrations of
lithium, and the carbon fibres farther away from the separator contain less
lithium. At cell rest (zero current), a pronounced lithium concentration
gradient is observed in the carbon fibres and electrolyte domains, which will
relax with time. During discharge, the opposite situation occurs, where the
carbon fibres closest to the separator are emptied first, and the fibres farther
away contain higher concentrations of lithium.

The magnitude of the conductivity and transference number are in line
with what is reported by Cattaruzza et al. and Pipertzis et al."*'*. Both the
conductivity and transference number relate to the corresponding mobility
coefficients in the SBE, which in turn are related to diffusion coefficients for
comparison.

The resulting diffusion coefficients, presented in Table 1 are of com-
parable magnitude. The dominance of SBE properties during cell relaxation
can be related to the fact that, at zero current, the electric potential gradient
becomes zero, eliminating migration as a transport mechanism. Con-
sidering that the separator thickness is ~60 times greater than the diameter
of a carbon fibre, and the diffusion coefficients are of a similar order of
magnitude, it is expected that the limiting transport properties are f, and
kspg- Figure 4 shows the evaluated sensitivity modes, where each parameter
is perturbed by 5%. Figure 4a shows the sensitivity of the conductivity xspg
and transference number ¢" in the SBE. Perturbation of these parameters
causes a change of slope in the cell potential during charge and discharge, as
well as affects the rate of lithium redistribution during cell rest. The fact that
the cell potential is significantly affected during cell rest further indicates that
the bottleneck related to lithium redistribution at zero current over time in a
structural battery full cell, is the transport properties ¢, and xspE.

As the current switches from charge to rest, the drop in cell potential is
overestimated both for the calibration and validation voltage profiles. This is
mainly due to the interface property ipp and the related parameters go—gs
shown in Fig. 4b. Variation in these parameters causes a change in the slope
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Fig. 3 | Lithium concentration distributions. Lithium concentration distribution cy;, at different times of the charge-rest-discharge cycle simulated at C/10.

Table 1 | Diffusion coefficients pertinent to the specific
domains

Parameter  Description Value

Dyicr Average diffusion coefficient in the 1.12x10 2 m?s™’
carbon fibres

Dy; Diffusion coefficient of lithiumionsinthe SBE ~ 2.89 x 1072 m?s™’

Dy Diffusion coefficient of X anions in the SBE 4.96x10""?m?s™!

Dy; Diffusion coefficient of lithium ions in the 1.9x10?m?s™’
separator

Dy Diffusion coefficient of X anions in the 3.27x107 2 m?2s™!
separator

Diip Effective diffusion coefficient in the positive 1.0x10 " m?s™!

electrode

of the cell potential, as well as the discontinuity obtained when the current is
switched from charge to rest and from rest to discharge.

The sensitivity analysis further shows that kcp primarily affects the
slope of the cell potential with respect to time in a linear manner, illustrated
in Fig. 4c. In contrast, the maximum concentrations of lithium in the carbon

fibres and the positive electrode, shown in Fig. 4d, impact the potential
response during charging in a non-linear sense. Both the solubility para-
meter and the maximum concentration are incorporated into the expres-
sion for the chemical potential of lithium in the carbon fibres. As expected,
perturbing the solubility parameter results in a linear change in the cell
potential, while perturbing the maximum concentration induces a non-
linear change. This is because the chemical potential, yy;, varies linearly with
kcg but exhibits non-linear dependence on Cy.

Furthermore, the effective diffusion coefficient, solubility parameter,
and electrical conductivity associated with the homogenised positive elec-
trode, Dy;p, kp, and «p, respectively, show negligible impact on the cell
potential for a 5% perturbation and are therefore not presented in a graph.
All numerical values for the model parameters considered in the analysis are
stated in Table 2 along with a list of symbols in Table 3.

Discussion

In this study, we present a first-ever model of a structural battery full cell.
Measured data for parameters are used when available, while the remaining
parameters are determined via calibration against experimental
charge-rest-discharge voltage profiles. The influence of the individual
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Fig. 4 | Sensitivity analysis. Sensitivity modes computed using Eq. (82) subjected to
a 5% perturbation, vs time. The black dashed lines separate the different stages of the
applied current profile, signifying the charge, rest and discharge processes in Fig. 2b.
Sensitivities are illustrated for: a the conductivity xspg and transference number ¢*.

b the parameters related to the exchange current density in the positive electrode,
i p. ¢ solubility parameter kcp related to the chemical potentials in the carbon fibres,
and d the maximum concentrations in the positive electrode, ¢p, and carbon
fibres, Cqp.

Table 2 | Table of material parameters

Table 2 (continued) | Table of material parameters

Parameters Description Value Source Parameters Description Value Source
E. Longitudinal carbon fibre modulus ~ 294(1-0.12c ;) GPa 15 tt Transference number 0.3684 Calibrated
Er Transverse carbon fibre modulus 21.8(1+1.07c)GPa 15 KsBE SBE conductivity 0.15Sm™ Calibrated
Gur Longitudinal-transverse shear 12.5GPa Assumed w2 Reference chemical potential in 6.7805x10*Jmol! 6
modulus carbon fibres
VT Transverse-transverse carbon 0.2 Assumed Mg Reference chemical potential in —2.9659 x 10°Jmol~'  Calibrated
fibre Poisson ratio positive electrode
vt Longitudinal-transverse carbon 0.22 Assumed wl Reference chemical potential of Li  0J mol™’ 6
fibre Poisson ratio in SBE
ar Transverse expansion coefficient 0.066 15 u Reference chemical potential of X~ 0Jmol™’ 6
in SBE
a. Longitudinal expansion coefficient  0.0085 6
k Solubility parameter in —39.8035 Calibrated
3 SBE Young’s modulus 0.7GPa 18 o carbon flores
v SBE Poisson ratio 0.87 Assumed kp Solubility parameter in positive 5.0487 Calibrated
Kn Carbon fibre electric conductivity ~ 71,429 Sm™" 25 electrode
Kp Positive electrode electric 0.0211Sm™’ Calibrated T Temperature 293.15K Assumed
conductivity
Cer Maximum Li concentration in 15,609 mol m™® Calibrated
carbon fibres parameters on the predicted, i.e. simulated, cell voltage profile is assessed
% Maximum Li concentration in 10,373 molm3 Calibrated  Using sensitivity analysis. The model effectively captures the general trends of
positive electrode experimental charge-rest-discharge profiles across various charge rates. The
2 Initial Li concentration in 0.99¢¢F molm® Assumed calibration of model parameters against experimental data has demonstrated
calbonibres the model’s capability to predict voltage profiles with reasonable accuracy,
c? Initial Li concentration in positive ~ 0.01¢ molm Assumed although some discrepancies in non-linear transient behaviour were
electrode observed. A simplified representation of the positive electrode is employed
Cref Rlefererlme concentration of Liin 1000 molm~* 26 where underlying physical phenomena are considered for the homogenised
t . . . . . .
Slectrolyte material representation. For instance, redox reactions on the LiFePo, particle
i ittivitv i -1 —1 . . . PO . .
8 EEEiB Py DAy S i IFm Assumed interfaces and the related particle swelling due to Li-insertion are disregarded.
& Electric permittivity in the positive ~ 8.854x10"'"Fm™'  Assumed A more sophisticated model for the homogenised positive electrode is
electrode required to accurately predict charge-rest-discharge profiles of structural
&N ElegtrinpsrmittivitY in the 8854x107"Fm™  Assumed  battery composites. Furthermore, introducing more physics also means that
carbon fiores . .
more experimental material-level tests can be employed to populate the
Duicr E;f:szf?;‘;:ﬁ'c'e”t in SeeEadel) 22 model, thus decreasing the amount of parameters needed for calibration.
Using the proposed method in combination with sensitivity analysis,
ioN Exchange current density function ~ See Eq. (69) 21 PR . . . PR PP .
P we gain insight into Whlch material property is .hmltlng during c.harge, rest
o YR E— ” P pES— and discharge. In this way, we use the modelling results to guide further
i oDbllity coetricient In positive T m°s” alibrate . . .
e o ectm)é 5 P * development of structural battery composites. For instance, it was found that
v Exchange current density 0.0168 pe— the transport properties within the SBE play a crucial role in the transient
° parameter ’ response, suggesting that future research should prioritise enhancing these
- Exchange current density 7 Calibrateq Properties to improve overall battery performance. This work enhances the
parameter fundamental understanding of structural battery composites and provides a
= Exchange current density 0.0162 Calibrated  foundation for futur? research in energy storage tec'hnologu?s. Finally, we
parameter note that the modelling framework established here is versatile and can be
s Exchange current density 354 %104 Calibrated  adapted also for conventional lithium-ion batteries, thereby broadening its

parameter

applicability and impact in the field of energy storage solutions.
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Methods

Preliminaries

The analysis considers a synthetical microscale volume element
Q= Qcr U Qgpg U Qggp U Qp subdivided into several domains, shown
in Fig. 5. Qcr represents the carbon fibre domain in the negative
electrode, described by the union of carbon fibres in the volume

Table 3 | List of symbols

element. The carbon fibres are embedded in a structural battery elec-
trolyte matrix denoted Qgpg, where Qy = Qcr U Qspg is referred to as
the negative electrode. Redox reactions occur on the carbon fibre/SBE
interfaces, I'cy = 0Qcr N 0Qgspg. To prevent short circuits, the positive
and negative electrodes are separated by a porous SBE-impregnated
glass fibre separator, Qgpp. The interface between the negative electrode
and the separator is denoted T\™ = 9Q, N 9Qgpp. For convenience, we
define the electrolyte domain (ED) where ionic transport takes place as
Qep = Qspp U Qgpg. Qp denotes the homogenised positive electrode

Quantity ~ Description Unit domain, where ' = 9Qggp N 0Qp describes the interface between the
- Mechanical stress tensor [Pal positive electrode and separator domains. The cell thickness, h, is
. - roughly 390 um, whereas the negative electrode has a thickness of
€ Mechanical strain tensor -] . K
= hn=50 um. The thickness of the Whatman GF/A separator is
E Elasticity tensor [Pa] approximately hggp =260 um, while the positive electrode has a
a Li-induced expansion tensor H thickness of hp = 80 um"*. The positive electrode is conceptualised as a
u Displacement vector [m] continuum, implying that the underlying structure is not resolved. It is
. Concentration of species a [mol m~7] acknowledged that redox reactions occur on each interface of the active
- ) > LFP particles distributed at various positions inside Qp. To simplify the
Ja Flux of species a [molm™=s™] . . . s
_ . ' — modelling approach, the redox reactions in the positive electrode are
He Chemical potential of species a [Jmol™] modelled on the T} interface. Through this simplification, the inter-
D Diffusion coefficient [m?s ] face kinetics are clearly structural, and will vary with, e.g., the thickness
Na Mobility coefficient of species a [m2mols'J-']  of the positive electrode. Moreover, we assume that both the positive
R Ideal gas constant K" mol ] and negative electrodes funcFion as ideal conductors. This implies that
P Elootrio flux donsity vetor Cm 7 all carbon fibres are electrically connected to a current collector,
f - A - establishing the global potential of the negative electrode, denoted ®y
! Electric flux R inside Qcg. The same rationale applies to the positive electrode char-
® Local electric potential W\ acterised by the global potential ®p inside Qp.
) Electrode potential v In addition to the interfaces already discussed, Fig. 5 illustrates an
. — = assumed periodic structure in the 2-direction. The right side T =
K Electric conductivity [Sm™] + T n . , .

— — — Iy UTgp UTY has a corresponding mirror side I'™ = I'y UTg,, UT, . For
£ ectric permittivity (Fm ] the subsequent introduction of periodic boundary conditions, we introduce
o Exchange current density Am~] the mapping of points ¢pgr: ' — I' such that f (x") = flpper(x™)) and
nn Interface overpotential at the negative electrode ™M fH(x") =flx") for any function fix) on I'" U T".
ne Interface overpotential at the positive electrode ™
z Charge number of species a -1 Balance equations

- ’ — In the following, we formulate the boundary value problem for the domains
F Fetizaly s Celkirt [Cmol ] shown in Fig. 5. The balance of linear momentum and relevant boundary
Y Helmholtz free energy [J] conditions applicable to the negative electrode domain is stated as
t Time [s]

n Unit normal [ —0-V=0 in QyUQgpUQyp, (1)
Q Domain [
r Boundal -]
vy H ut —u =06t —6]-nt =0 on TLUTLUTE, (2
FISXt
T © 900 Q20,0 o0
—le 0 0,°°% %o &7
hy Iy o’o‘:oO:’F—g’ 0Q° Iy
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Fig. 5 | Structural battery model description. Schematic two-dimensional illustration of the structural battery domains and boundaries.
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c-n=0 on ITUIL,
where ¢ is the Cauchy stress tensor, u is the displacement field and 7 is the
(from Qy) outwards facing unit normal.

The ionic transport of lithium ions and the accompanying anions, here
denoted X, inside Qgp is governed by the conservation of mass and Gauss
law as follows:

t4i, V=0 in Qp, a=IiX, (4)

Flez —cx]—d-V=0 in Qp, (5)

by =g =0,[jy —jg1-m" =0 on TGUILY, a=IiX, (6)
¢+—(p7:0,[d+—d_]~n+:0 on F;EPUF;\?, 7)
jun=—jp.d-n=—d, on T}, (®)
ju-m=jyd-n=dy, on I ©)
ju-n=0d-n=0 on Ig, (10)

jy-m=0 on THUIFUTlG. (11)

where c, and j, denote the concentration and flux, respectively, of lithium
ions (« = Li) and the accompanying anion (« = X). y, denotes the chemical
potential for the ions (& = Li, X), d is the electric flux density, F is Faraday’s
constant and ¢ is the electric potential. Here, n denotes the outwards
pointing normal (from Qgp). Hence, during charging, jp denotes the flux of
Li-ions entering the electrolyte from the positive electrode, and jy denotes
the flux of Li-ions moving into the negative electrode. Similarly, dp and dy
denote the electric flux density moving from the positive and to the negative
electrode, respectively.

Finally, the transport of charge-neutral lithium inside the electrodes is
governed by mass conservation as

i +ju V=0 in QpUQg, (12)

pis — b = 0, [jis —ju] " =0 on Ty, (13)
ju-n=jp on Iy (14)
Ju-m=—-jx on Tg (15)
ju-m=0 on I3 (16)

where c¢;; and ji; denote the concentration and flux, respectively, of neutral
lithium atoms. Here, n is the outwards pointing unit normal (from Qcg/Qp).
Hence, the conditions in Egs. (13) and (14) combined with Egs. (8) and (9)
pertain to mass conservation over the interfaces Fi]i‘t and I'cg. Across the

interfaces l"g“ and I'cg, we introduce the jump operators

(17)

[l = — g, wg = ljﬁ}l"u(xienr)

for the normal nrassociated with the convention for jp, jiy. Hence, nr points
from Qp to QSEP and from QSBE to QCF-

When solving the pertinent initial boundary value problem, we
introduce the spatially constant electric potentials @y in Qcrand ®p in Qp.
The total current density over the positive electrode is evaluated at the

interface T as

Iapp = F/rm‘dery (18)

where I, is the prescribed current for a galvanostatic (current control)
process. Furthermore, the initial, stress-free reference state is given at ¢; =
2y for x € Qcp, 5 = cb for x € Qp and ¢ = cx = s for x € Qpp at t=0.

Time-incremental weak format of the full cell problem, current
control

Upon employing the Backward-Euler rule, the galvanostatic problem for
controlled current I,(t) is stated as follows: For known values of e "
“lex, we seek the spatial fields at time t=t,: u, @, g, s s Cxs
@O, € UxFx M, x My % L,(Qgp) X R. We have used the notation

n

Y(x): ="y(x) = y(x, t,,) and " y(x) = y(x, t,,_1).

/ :€[du]dQ=0 VYouel, (19)
QN

dydedl Vép e IF,

Ter

/ Fley; — cx]0@ +d - [Vép]dQ = 7/ dpdedT +
Qgp Iy
(20)

1 . - o
[ et =i Gowdde - [ jpowdar+ [ jmdar

1 n—1
= /QB cidpu; Q. Vop; € My,
e2y)
n—1

1 . 1
/Q Ecxéﬂx*]x'[vsﬂx]dﬂz/ﬂ Y cxOuy dQ  Véuy € My,

ED

(22)
/ [p; — #5i16c; dQ =0 Voc; € L,, (23)
QcpUQgp UQp
[ux — 610cx dQ =0 Vicy € L, (24)
QED
[Iapp - F/ jpdl| 8D, =0 V3D, € R. (25)
rine

The relevant solution (and test) spaces are defined as

U= {u € [HI(QN)]3 cut —u" =0on Fﬁ‘t‘+,/ udQ =O},
O

(26)
F= {(p e H' (Qgp): 9" — 9~ =0o0n U] ey 27)
My = {.“ € Ly(QerUQpp UQp) 1 pilq, € HI(QCF)aMQED € H'(Qgp),
tlo, € HY(Qp), 4" —p~ =0on FIJQUF;“EPUF?;},
(28)
My ={pe H'(Qp) :p" —u =0on Ul (29

where L, (w) and H'(w) denotes the space of square integrable functions,
and the space of functions with square integrable derivatives of order 0 and
1, respectively.

Eq. (19) corresponds to the balance of linear momentum along with
boundary conditions shown in Egs. (1)-(3). Eq. (20) correspond to Gauss
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law shown in Eq. (5) combined with boundary conditions in Egs. (8)-(10).
The weak representation of Li-mass balance in Eq. (21) originates from its
strong form counterparts in Eqs. (4) and (12), along with the relevant
boundary conditions in Egs. (6), (8)-(10) and (13)-(16). Similarly, the weak
representation of the anion mass balance in Eq. (22), is related to its strong
counterpart in Eq. (4) with boundary conditions in Egs. (6) and (11). Finally,
Egs. (23) and (24) enforce the chemical potential, 4,, to follow the con-
stitutive relation 45" = u(c,) and Eq. (25) forces the electric current over
I to follow the prescribed current in I, We recall that the negative
electrode potential is set to (reference) @y = 0. In the following sections, we
introduce constitutive relations for o, u3", j,, jn» jp, 4, dy and dp.

Constitutive relations for the carbon fibre domain in the negative
electrode

Lithiation of carbon fibres are accompanied by a change in moduli and an
anisotropic expansion characterised by acp, containing longitudinal and
transverse expansion coefficients o and ar, respectively*"”. The Helmholtz
free energy for the carbon fibres is expressed as

0 0
o — ¢ o — ¢

L~ CCE| . . LT CCR| | o =

= ] Eopley) : [e —Op = } + ¥legss Cer — s
Ccr Ccr

(30)

1
Verle, o) = 3 [6 — &cg

where Ecg(cy;) represents the fourth order (anisotropic) stiffness tensor of
the carbon fibres described in Larsson et al.'®. The relevant material para-
meters related to Ecp(cy;) are the following moduli and Poisson ratios
E; (c1y)s Ex(cry), Vi vrrs Gur and Gpr. Furthermore, €(u) is the (small) strain
tensor. The maximum (reversible) concentration can be defined as the sum
of inserted lithium concentration and the concentration of vacant sites,
Ccp = ¢, + ¢y, where ¢, is the concentration of vacant sites for possible
lithium insertion. In this work, we consider conditioned carbon fibres,
assuming the maximum concentration is constant. Consequently, no Li-
degradation mechanisms in the electrode such as lithium trapping, dendrite
growth, or SEI formation are considered. The chemical contribution to the
free energy is expressed as

vy, c) = CLiP‘Ei,CF + Cvﬂ?acp + ci;RT In(cy) + ¢, RT In(c,) + Aley;, ¢,
(31)

where R is the ideal gas constant and T is the temperature. A(cy;, ¢y)
represents the deviation from ideal conditions caused by interaction of
inserted lithium and the vacant sites. We adopt a formulation similar to
Landstorfer et al."”, with the solubility parameter k¢ so that

d ~ ci
?A(CLN Cer — i) = RTkeg (1 - %) (32)
Li CF
We can now express the following constitutive relations
Iy, o
o(e,c) = a—CF = Ecp(ey) : {9 - "‘CF#} ) (33)
€ Ccr
en W 1 0 Cui i
pii (e, cp) = ay | e acp: 0+ ey + RT |In R +ker |1 Te) ]
(34)

where the carbon fibre reference chemical potential for the carbon fibres is
obtained as udy = uf; op — 19 cp- f; op and pd . are the reference chemical
potentials for lithium and vacancies, respectively. The contribution from the
concentration dependent stiffness is ignored. The mass flux of neutral
lithium within the carbon fibres is governed by the gradient of chemical
potential scaled by an isotropic mobility

Jui = —My(e)Vuy;. (35)

The mobility along the fibre (1-dir) is not equal to the mobility in the
transversely isotropic plane (2-3-dir). Here, we assign the isotropic mobility
equal to the mobility in the 2-3-dir.

Constitutive relations for the structural battery

electrolyte domain

The porous, bi-phasic structural battery electrolyte matrix enables ion
transport as well as mechanical load transfer. Recent studies carried out by
Duan etal.”’ show that the pores are homogeneously distributed and that the
SBE is isotropic. We model the SBE using linear isotropic elasticity and
introduce the Helmholtz free energy for the SBE domain as

Vepe(€, e cx, Vo) = g€ Egy ety [H?A + RT]I’(%) - RT]
oy Lu% +RTIn (—) - RT] — Le(Vg),
(36)

where Egpg, is the homogeneous isotropic fourth-order stiffness tensor with
related shear and bulk moduli G and K. ¢ is the salt concentration in the
liquid electrolyte phase, ¢ is the electric permittivity, V¢ the electric field and
10 the reference chemical potential of lithium ions (« = Li) and the anions
(v =X). The following (decoupled) constitutive relations can be derived

]
ole) = % = Egy : € = 2Gdev(e) + Ktr (e)1, (37)
pi (ey) = Wene = py; +RTn (i) ) (38)
aCLi ref
0 c
() = SIS =y RT1n<—X), (39)
Cx Cref
Iy
s aVo
The mass flux of Li ions and accompanying anion are expressed as
Juilb;, Vo) = —nyeu[Viy; + FVgl, (41)
Jx(ux, Vo) = —nyex[Vpy — FV9], (42)

where 71; and #x are the isotropic mobility coefficients of lithium ions and
anions, respectively. We note that both chemical and electric potential
gradients contribute to ionic transport, i.e. diffusion and migration. The
electric field affects the ionic transport of the cation and anion in opposite
directions due to the different charge of the ions. The mobilities of Eqgs. (41)
and (42) follow from the assumption of constant diffusion coefficients in the
electrolyte.

Constitutive relations for the separator domain

Similar to the SBE, the same equations can be applied over the separator
domain. The separator consists of a mixture of SBE and isotropic glass fibre
separator. The volume fraction of glass fibre separator is estimated as 34%
using available data from Asp et al.”. The effective mobilities and the elas-
ticity tensor are obtained using volume averaging, where we assume that the
glass fibres block ionic transport. The effective mobilities thus become 77, =
(1= Ve, fix = (1= Vgpny and Egpp=(1— Vgp)Espe + VarEor
where Vg is the volume fraction of glass fibres in the separator. The
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Helmboltz free energy applicable to Qggp is expressed as

Veppl€, ¢y cx, Vo) = %5 tEgpp i€+ ¢ [.“21 +RT ln(%) - RT]

ey [ + RTIn (&) = RT| = 3e(Vg)?,

(43)
The constitutive relations are expressed as
OVsep ~ 7
a(e) = e = Egp : € = 2Gdev(e) + Ktr(e)l, (44)
en d CLi
uri(ey) = ;/SEP =y + RTIn (—L> , (45)
CLi ref
0 c
7 (ex) = S5 = 4 + RTn (—X) (46)
Cx Cref
%Y.
(p) = =2E = —¢Vy, (47)
aVo 4
Julp, Vo) = =70V + FVo), (48)
Jx(py, Vo) = —nxex[Vix — FVg). (49)

Constitutive relations for the positive electrode domain

We adopt the same formulation as introduced in the section “Introduction”
for the positive electrode. It is important to note that data pertaining to the
homogeneous expansion of the positive electrode is unavailable. This choice
effectively disables the coupling of chemo-mechanical fields in the positive
electrode, and we consider the positive electrode as stress-free upon lithium
insertion. It is acknowledged that ap can be obtained through measurements
or by employing computational homogenisation'*". The elastic properties
of a positive electrode slurry were measured by Gupta et al.”’. They reported
a tensile modulus of 0.90 GPa for the NMC based positive electrode con-
tinuum. We base the elastic properties of the homogenised positive elec-
trode on these measurements. Additionally, the maximum concentration
and solubility parameter of the positive electrode are denoted as ¢, and kp,
respectively. The Helmholtz free energy of the positive electrode is expressed
as

0
i
‘p

vple, ) = % {9 — ap } : Ep(cyy)

(50)
-0 _ —
: {e —ap —CL‘ECP} + ylcy, ¢p — ),

where

vlcys ¢) = CLi‘“gi,P + cuty p + cRT In(cpy) + ¢, RT In(c,) + Aley;, c,).

) i

ln Ly

dy dy

I

Fig. 6 | Fluxes over generic interface. Illustration of a generic electrode/electrolyte
interface.

a¢ P 0 CLi CLi
en . RT |In 1 + 1—2). 4
Hrj (67 CL]) aCL Hp ’EP o kP ’EP (5 )

i

The mass flux in the positive electrode is characterised by the effective
diffusion coefficient Dy;p, representing the homogenised underlying
transport mechanisms in the positive electrode slurry. The mobility of
neutral lithium in the positive electrode is derived assuming a constant
diffusion coefficient such that the mass flux becomes

(55)

where % is computed from Eq. (54).

Constitutive relations for electrode—electrolyte interfaces

Figure 6 shows a generic electrode/electrolyte interface where I" describes the
transition from the electrode (— side) to the electrolyte (4 side). The
interface mass flux of lithium ions is denoted j,, = ji; - nr, where ny is the unit
normal pointing from (—) to (4). We consider the case where no lithium
ions accumulates on I, whereby j— = j = j . Furthermore, we do not
allow accumulation of free charge on the boundary, whereby the current
iy =it =i, also becomes continuous. Since there is no flux of anions

n
across I, we conclude that

iy = Fjy. (56)
Assuming no net free charge on the interface, we also obtain continuity in
the electric flux densities d, = d = d,. Finally, for an isotropic ideal
conductor, the electric flux density can be expressed as

_ _ € _ & .
(51) dn = _SC[V(P] “hp = — _CKc[V(P] “Hp = _Cln ) (57)
KC KC
and

at the electrode side, where ¢ and «, are the electric permittivity and con-
d Al — o) = RTkp (1 — ? . (52) duct%vity of the homogen.eous electrode. Using Eqs. (56) and (57) for the

dcy & continuous fluxes, we arrive at
The constitutive relations in the positive electrode can be expressed as i, =Fj, (58)
a(ec.):%zﬁ(c.y €—apli (53) d, = Fj,. (59)

s “Li a c P\*Li/ - P fEP ) n Kc n
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Hence, j, is the only remaining constitutive relation needed on I.

The interface mass flux over the positive and negative electrode/elec-
trolyte interfaces is described by the Butler—Volmer relation, where the mass
flux is continuous over the interface while the electric and chemical potential
fields are discontinuous. The interface relation over positive electrode and
separator interface is expressed as

= g (1) o] @
where the overpotential
e = [u] + Flgl = [u] + Flo™ — ®p], (61)
and the interface electric flux density is expressed as
A1) = Fin ) G)

Here, iy p(cy;) is the exchange current density parametrised in the electrode
concentration cy;, pertinent to the positive electrode/separator interface
expressed as a third degree polynomial with coefficients g; so that
igp(ci) = gy + g1 + 4265 + q565;. Furthermore, assuming a near-
constant concentration in the electrolyte. ®p is the electric potential, ep is
the electric permittivity and «p is the electric conductivity of the positive
electrode. Similarly, the interface mass flux and electric charge flux density
over the carbon fibres in the negative electrode and SBE interfaces are
expressed as

= g () ()]
dn(my) = %ZFJ'N(WNL (64)

with the overpotential
iy = Ll + Flol = [uul + F[Ox — 97 (65)

ion(cry) is the exchange current density of the SBE/carbon fibre interface
parametrised in local carbon fibre Li-concentration, @y is the electric
potential in the negative electrode, ey is the electric permittivity and xy is the
electric conductivity of the negative electrode.

Experimental overview

This section addresses the determination of material parameters aimed at
minimising the difference between the experimental charge/discharge curves
and simulated response voltage profiles for the same charge rates. Two unique
cells are considered in the calibration and validation process. The first cell is
manufactured in-house following the process described by Siraj et al.' and
contains approximately 12,000 T800 carbon fibres in the negative electrode.
Furthermore, the cell extends 33 mm the fibre direction and is cycled at C/20
and C/10, including a 30 min rest time. The second cell was manufactured ata
different point in time by Siraj et al." and contains ~24,000 fibres with a length
of 50 mm in the fibre direction. The charge-discharge data from the second
cell, cycled at C/2, is used to validate the calibrated parameters. The applied
current related to each cell and C-rate, is normalised with the calculated
weight of carbon fibres in the cell where pcy = 1750 kg/m’ is the density of the
carbon fibres. These currents are applied to the model and given as a function
of time through the variable I, in Eq. (25).

Identification of carbon fibre electrode properties

Kjell et al”' conducted measurements of the diffusion coefficient and
exchange current density of a single IMS65 carbon fibre in relation to the
state of charge. To reduce the number of calibration parameters, the

diffusion coefficient and exchange current density data is utilised to deter-
mine expressions for the equivalent mobility and exchange current density
for the negative electrode. The measurements on the carbon fibre was
performed in liquid electrolyte, which implies stress free expansion of the
carbon fibre as lithium inserts.

en

. _a//l
Jui = —My cple) Vg = —MLi,CF(CLi)a
CLilo=0

Ve = =Dy crler) Ve
(66)
en 1
By identifying M; cr(cp;) = (aa’z—L) Dy; cx(cyy), where D} . contains dis-
en —1
crete data and (%’z—u is obtained from Eq. (34), we define Df; cp(cy;) as a

second-degree polynomial determined by

- M
Df; cp(er;) = arg min ||Dy; opley;) — Dy cell-

P([0,cce]) (67)
Thereby, the mass flux in the carbon fibres is expressed as
[ 1T
L= {TLI . Dii,CF(CLi)V‘uLi' (68)
1 o=

Similarly, the exchange current density data is approximated by a third-
degree polynomial determined by minimising the function
ion(cy) = arg min HiO‘N(CLi) - il(;/‘INH~ (69)
P([0,ccrl)
The resulting polynomial fits are shown in Fig. 7 where the solid curves
represent the discrete data points and the dashed curves are the continuous
functions obtained using Egs. (67) and (69).

Furthermore, the reference carbon fibre chemical potential y2; is
obtained from measurements by Carlstedt et al.’, where the carbon fibre
negative electrode is analysed in a half-cell configuration vs. lithium metal.
The equilibrium potential of the half-cell was measured across various
concentrations. We utilise the experimental measurements to uniquely
determine the magnitude of the reference chemical potential y.. In a half-
cell configuration, the carbon fibres serve as the positive electrode denoted
ocp While lithium metal acts as the negative electrode denoted e . Fur-
thermore, quantities related to the electrolyte are denoted without subscript.
At net zero current, the following conditions hold:

jref :jCF =0, Nret = Mlcr = 0 (70)
Here, #cr= F[(/’_(DCF] + U—Hpcr and Href = F[(Dref_(P] + Uref—4 are the
overpotentials at carbon fibre / electrolyte and lithium metal/electrolyte
interfaces, respectively. After relaxation, at zero current, a stationary electric
potential is obtained. Additionally, the concentration of excess lithium in the
electrolyte inserts into the carbon fibres, leading to ¢;; = cefin the electrolyte.
Moreover, the reference chemical potential in the electrolyte is assumed to
be zero. Setting the electric potential of the negative electrode as the refer-
ence, the overpotentials at each interface can be expressed as

g = Flo — @] — ticps (71)

Meet = F[O - (P] + Pref - (72)
The chemical potential of lithium metal is not significantly affected by
concentration variations, ie., the activity of the solid phase is one,
Hrot = o7 From Eq. (72), #1,es= 0 gives the electrolyte potential

1

¢ = Fnu?ef' (73)

npj Computational Materials | (2025)11:141


www.nature.com/npjcompumats

https://doi.org/10.1038/s41524-025-01646-x

Article

Fig. 7 | Diffusion and exchange current 1012

density fits. a Diffusion coefficient discrete data
from Kjell etal.” and the polynomial fit as a function
of normalised concentration. b Exchange current
density discrete data from Kjell et al.”' and the
related polynomial fit as a function of normalised
concentration.
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We adopt Eq. (34) as the model for the chemical potential in the carbon
fibre. Assuming a a stress free fibre together with Eq. (73) together with
#“" =0 in Eq. (72) gives

Li

¢ o
TR _NA)] 74
CLi) * CF( CcF )

Uer = g — FOcp — RT [ln (E —
CF

where ¢ is the Li-concentration in the fibre. The reference chemical
potential of lithium metal phase approximated as u’,; = 0, see for instance
Mayur et al. or work carried out by Lai et al.”**'. At ¢;;/¢r = 0.5 the
measured equilibrium potential was ®% = 0.2 V°.

1
DG F = e — e — ERTkCR (75)
thereby, the reference chemical potential of the fibre can be expressed as
RTk
Her = —OGF — =< (76)

Hence, py, is determined uniquely from the coefficient kcy.

SBE conductivity

The ionic conductivity of the SBE denoted xspg, can be related to the
mobility coefficients of the cations and anions under the assumption that no
concentration gradients are present, and ¢y; = cx = Cpep, is expressed as fol-
lows

i= 2 Fj, == 2,F(1,,2)FVp = —Ks: Vg, 77

by identification, the ionic conductivity in the SBE can be expressed as

Kspp = F2 Z Zirlacvt = Fz(rlLiCLi + 1xex) = FzCref(’?Li + 1x); (78)
o

where z, is the charge number of the ion. Additionally, the transference
number ¢ relates the mobility coefficients of the cation and anion to each
other, we express

Table 4 | Set of parameters for calibration

Index Parameter Description

64 ﬂg Reference chemical potential in the positive electrode

65 kp Solubility parameter in the positive electrode

63 kcr Solubility parameter in the carbon fibres

64 Jo Parameter related to exchange current density of the
positive electrode

65 q1 Parameter related to exchange current density of the
positive electrode

65 Q2 Parameter related to exchange current density of the
positive electrode

6, qs Parameter related to exchange current density of the
positive electrode

s Cp Maximum concentration in the positive electrode

6y Cor Maximum concentration in the carbon fibres

610 Diip Effective diffusion coefficient in the positive electrode

614 Kp Effective electric conductivity in the positive electrode

642 KsSBE lonic conductivity in the electrolyte

643 t, Transference number

In this way, both the mobility of lithium and the related anion can be uniquely
determined. Cattaruzza et al.” conducted measurements regarding the ionic
conductivity, kspg, and transference number, ¢*, for various salt concentra-
tions and electrolyte volume fractions. They report a variation in con-
ductivity, ranging from 0.037 mS/cm at 40 wt% electrolyte content to
0.29 mS/cm at 50 wt% electrolyte content. Meanwhile, the transference
number exhibits a slight increase, moving from 0.34 to 0.43 with an increase
in electrolyte content. The reference salt concentration of the SBE liquid phase
remained constant at 1000 mol/m’ throughout these measurements. For the
cells manufactured by Siraj et al.', the SBE contained 50 wt% liquid electrolyte.

Parameter identification

To identify the remaining material parameters we utilise the experimental
charge-rest-discharge profiles from the first cell described in section
“Introduction”. The optimal material parameters, 8, are determined as the
following minimiser

ML
b, = ; 79
M + 1x (79) . -
1 6" = argmin| Nejig Y (Qugcp(t) = P(0,1,))" + Nejag Y @egcpnolty) = D7(6,1,)°
2 n=1 =1
Kspe = —F" Cref ;- (80)
t+ ef "(Li (81)
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Here, ®eyp,c/20(t) and Peyp c/10(t) is the experimental cell potentials over
time, containing N and N¢1o data points, respectively. The material
parameters, 6, considered in the calibration are collected in Table 4.
Although the ionic conductivity and transference number in the
SBE are measured parameters, it is evident that they are sensitive to
measurement errors based on the spread of the parameters with respect
to the weight percent of solid phase'’. Therefore, we include xspg and ¢*
in the parameter set, where variations within the measured range is
allowed. Once 6 is obtained, we assess the sensitivity of the simulated
cell potential to perturbations in each material parameter. The purpose
of the sensitivity analysis is to quantify how the model parameters affect
the obtained, simulated cell potential over time. The sensitivity of
parameter i is computed as
A,DT(0%,t) = OT(0" + he,

i“i t) - q)+(0*7 t) (82)

where h; is the magnitude of the perturbation and (e;); = 9.
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Data will be made available upon request.
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