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Abstract: In this study, we present an innovative, fully automated, and digitalized methodology
to optimize the energy efficiency and cost effectiveness of Li-ion battery modules. Advancing on
from today’s optimization schemes that rely on user experience and other limitations, the mechanical
and thermal designs are optimized simultaneously in this study by coupling 3D multi-physical
behavior models to multi-objective heuristic optimization algorithms. Heat generation at various
loading and ambient conditions are estimated with a physics-based, fractional-order battery cell-level
model, which is extrapolated to a module that further accounts for the interconnected cells” heat
transfer phenomena. Several key performance indicators such as the surface temperature increase,
the temperature variations on the cells, and heat uniformity within the module are recorded. For the
air-cooled study case, the proposed coupled framework performs more than 250 module evaluations
in a relatively short time for the whole available electro-thermal-mechanical design space, thereby
ensuring global optimal results in the final design. The optimal module design proposed by this
method is built in this work, and it is experimentally evaluated with a module composed of 12 series-
connected Li-ion NMC/C 43Ah prismatic battery cells. The performance is validated at various
conditions, which is achieved by accounting the thermal efficiency and pressure drop with regard to
power consumption improvements. The validations presented in this study verify the applicability
and overall efficiency of the proposed methodology, as well as paves the way toward better energy
and cost-efficient battery systems.

Keywords: lithium-ion; electro-thermal model; battery thermal management; multi-physics and
multi-objective optimization; particle swarm optimization; energy storage; structural design;
battery module

1. Introduction

Currently, lithium-ion batteries (Li-ion) are utilized in many electro-motive applica-
tions and in grid support due to their good operating efficiency and lifetimes [1,2], and
they are also used in attempts to reduce greenhouse emissions, as well as in attempts to
transition from the fossil fuel era [3,4]. Nonetheless, to obtain the optimal performance of
Li-ion cells, they have to be monitored and preserved within a safe operating area (SoA) [5].
The thermal, safe-operating window is defined by the manufacturer according to the cell’s
chemistry and shape. Moreover, it depends on the current rate and it is usually between
20 °C to 40 °C [6]. For multi-cell designs, the cell-to-cell interactions, enclosure shields,
and high-power demands (e.g., fast charge) can increase the cells’ temperature or create
heat non-uniformities with severe safety and performance implications. Hence, a battery
thermal management system (BTMS) is always utilized to maintain a predefined SoA [7,8].

Various approaches for a BTMS can be found in the literature and in real-life applica-
tions, and they are categorized based on thermal resistance (direct/indirect cooling/heating
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inter-phase) or the cooling mediums (water-based/dielectric/air/phase-change, etc.) that
are implemented in electric vehicles to preserve the temperature. In addition, they are
typically tailor based, and they are used to account for low costs, good performance, scala-
bility, modularity, etc. [9,10]. Many studies have been carried out that have evaluated and
optimized air-based cooling BTMSs [11]. The air cooling module is the simplest in terms
of mechanical and thermal design, and it was selected in this study for a proof-of-concept
of our proposed methodology; however, it was also used without limiting the proposed
method to air-based applications.

In [12], the optimal configuration of a battery pack composed of cylindrical Li-ion cells
was proposed, whereby the authors showed that a cell arrangement with a small length-
width ratio, in addition to an inlet/outlet configuration that facilitates the air flow over
most of cells, can significantly improve cooling efficiency. Park [13] evaluated several air-
cooled BTMS designs for Li-ion cells by theoretical investigations on a proposed numerical
model. The aforementioned author showed that BTMS efficiency is highly dependent on
the uniform distribution of the air passage, which can be achieved by adding a tapered
manifold and pressure relief ventilation to the BTMS.

Chen et al. [14] proposed a flow resistance network model to capture the friction
pressure loss along the BTMS channel, which was seen as the frictions between air and
channel wall in air-based BTMSs. By these means, they calculated the velocities of the
cooling channels and modeled the heat transfer and temperature distribution of the battery
cells. The coupling of these models showed improvements in the thermal management
efficiency of the BTMSs. Optimization of the air-cooled modules was also performed in [15],
where tje authors investigated the influence of the air inlet/outlet angles and the width of
the air flow channels between the battery cells. Similar assessments were performed in [16]
for both a U-type and Z-type air-based BTMS, where it was also concluded that the cooling
efficiency and power consumption can be improved by optimizing the aforementioned
parameters. Moreover, experimental and numerical evaluations on air-cooled BTMSs were
performed in [17]. Those authors investigated various performance parameters, such as
the channel size, channel locations, mass flow rates, and temperature influence, and they
calculated the pressure drop during constant current operation. They proposed a J-type
BTMS by integrating the Z- and U-type designs, as well as by means of surrogate modeling,
and through this approach they optimized the heat distribution in the battery module.

In order to estimate the optimal channel position on air-cooled BTMSs, the authors
in [18] investigated several BTMS types with different input and output channels topologies,
albeit with the same design parameters such as cell spacing, channel size, air flow rate,
and temperature. They performed a numerical study on various designs and concluded
that the cooling efficiency was improved if the channel regions were in the middle of the
plenums. Li et al. [19] evaluated the effect of the manifold size and mass flow rate on a
U-type Li-ion module that was composed of 36 battery cells. The authors of the current
study concluded that increasing the channel size of the mass flow rate can deteriorate the
temperature uniformity of the cells; in addition, an optimization was suggested to balance
the air flow density and rate with the cell-to-cell variations and energy cost.

Among the research that has been already performed in the field, to the best of
our knowledge, there has been limited information presented on performing co-design
optimizations with a combination of multi-objective and multi-physics models.

Hence, in this study, we investigated the modeling capabilities of a physics-based,
fractional-order electro-thermal model that was coupled to a 3D multi-physics module
model. This model was used to evaluate the cooling performance of a proposed optimized
BTMS, which was composed of 12 Li-ion prismatic cells. The methodology was initially
presented in our previous study [20], where the optimized battery module was compared
to the baseline model. The selected solutions of the co-design optimization model were
thoroughly presented and evaluated, and this was achieved by taking into account the
multi-objective optimization methods presented here [21] without the performance of
laboratory assessments on the developed battery modules.
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In this work, the design space from the optimization was built and evaluated to
bring validity to our proposed methodology. The findings from [20] indicated that, over a
broad design space with various parameters to account for (i.e., geometrical and perfor-
mance indicators), a unique battery module design can be selected. Meanwhile, from over
250 structural and performance investigations, the algorithm was able to propose a single
battery module that simultaneously minimizes all the selected objectives.

In this paper, we built the proposed battery module in our labs, and we tested it
with various current profiles for functional assessments. A detailed comparison between
the experimental and modeling performance was further performed to assess and vali-
date the proposed design optimization methodology. Moreover, we performed a second
step optimization study to evaluate and maximize the cost effectiveness of the proposed
methodology. In this work, we evaluated the performance with both static and dynamic
loading profiles to generate various heat profiles on the battery cells and modules.

Three cases were utilized to assess the applicability of the method, i.e., high heat-
generation static currents, a conventional discharge/charge cycle, and a dynamic loading
profile, according to the worldwide harmonized light vehicle test procedure (WLTP).
Once the single cell and the module models were validated, the proposed BTMS was
strategically optimized to balance between the temperature management and pressure
drop, which was achieved by exploring various mass flow rates, inlet/outlet channel sizes,
and geometrical parameters.

The introduction is followed by Section 2, in which the experimental methodology is
described. Thereafter, we have Section 3, which details the single cell physics-based model
and multi-cell module model development. In Section 4, the electro-thermal experimental
validation is performed at three loading conditions. Section 5 details the numerical opti-
mization that was conducted on the proposed air-cooled BTMS. Lastly, in Section 7, the
paper is concluded and a discussion on future steps is conducted.

2. Experimental Setup
2.1. Li-Ion Cell Properties
A prismatic NMC/C lithium-ion cell was used in this study, as shown in Figure 1. The

cell was designed for high-energy applications with a nominal capacity at 43 Ah, and it is
capable of a current rate (C-rate or C) of up to a 2C constant loading.

(a) (b)
Figure 1. (a) CAD cell design. (b) The actual NMC/C prismatic cell.

The main electrical and mechanical parameters of the Li-ion prismatic cell used in this
study are displayed in Table 1.

Table 1. Electro-mechanical properties of the Li-ion cell.

Main Characteristics Value Unit
Chemistry NMC/C )
Shape Prismatic (-)
Nominal voltage 3.65 V)

Nominal capacity * 43 (Ah)
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Table 1. Cont.
Main Characteristics Value Unit
End-of-charge maximum voltage 4.2 V)
End-of-discharge cut-off voltage 3 V)
Volumetric energy density * 424 (Wh/L)
Specific energy density * 186.8 (Wh/kg)
Specific power * >1200 (W/kg)
AC impedance (1 kHz) <1 (mOhms)

Recommended charge

current rate (continuous) * 1c )

Maximum charge C-rate 2C )
Cell dimensions 148 x 91 x 27.5 (mm)
Positive tab 6 x 18 x 22 (mm)
Negative tab 6 x 18 x 38 (mm)
Weight 0.840 (kg)

*At1Cand 25°C.

2.2. BTMS Configuration

A Z-type BTMS with parallel air flow to the cells is proposed in this study. Figure 2
shows the design configuration of the proposed air-cooled BTMS.
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Figure 2. (a) Side view. (b) Top view. (c) The proposed BTMS inlet/outlet channels. (d) The BTMS
cell configurations with the cells placed in the module (cell 1 to cell 12).

In Figure 2a, the inlet/outlet orientation and size is shown; in this study, this is
denoted as Ly, and it is approximately equal to a third over the total channel’s area, which
is denoted as L,,,4. The inlet and outlet channels are, respectively, represented by blue
and orange colors. In Figure 2b, the top view of the BTMS is shown, with the BTMS total
length and width dimensions being denoted as x; and x, respectively. Meanwhile, x3
represents the space from the cells to the BIMS’s side wall. In Figure 2¢, the proposed
Z-type parallel-flow BTMS is shown with air inlet and outlet channels, whereas Figure 2d
shows the internal configuration of the cells with respect to the BTMS boundaries, where
x4 is the height of the BTMS; x5 and x¢ are the distances between the outer cells to the x-
and y-axis side walls, respectively; and xy is the cell-to-cell distance. Lastly, it should be
noted that the symmetries for all sides were considered. The proposed dimensions for the
implementation of the BTMS were gathered and are shown in Table 2.
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Table 2. Mechanical parameters of the proposed air-based BTMS.

Main Parameter Implemented Value Unit
X1 201.2 (mm)
X 4129 (mm)
X3 26.6 (mm)
Xy 152.6 (mm)
X5 20 (mm)
X6 30.8 (mm)
X7 3.9 (mm)

2.3. Test Bench

For the implementation of the BTMS, we initially electro-thermally characterized
the prismatic cell. The electrical process included the capacity test that was conducted
to obtain the actual cell’s value at various temperatures and current rates. Also, it in-
cluded impedance measurements, which were performed with the hybrid pulse power
test (HPPC), as well as with measurements, to obtain the open-circuit voltage of the cells
at different states of charges (50Cs). The raw data obtained from the tests were used to
map the proposed modeling behavior. A particle swarm optimization (PSO) was utilized
to extract the model parameters, the detailed experimental characterization process of
which can be found in [22]. The cooling efficiency of a BIMS is often described with
the maximum temperature (T};4y), the temperature difference among the cells (DT), the
temperature difference on the cell surface (Cellt), and the total volume (V) that the battery
module occupies. The primal objective, serving as an attempt through which to improve
the volumetric and gravimetric energy densities of the modules, is to keep the cells within
a safe operation temperature area but simultaneously minimize the volume or the weight.
The significance of these KPIs is related to temperature management, which plays a crucial
role in assessing the safety, reliability, and efficiency of Li-ion batteries. The maximum
temperature rise observed on the outer casing or surface of the various form factors or
formats during its operation is referred to as surface temperature increase (Tyqx). Elevated
levels may signal operational inefficiencies, including internal resistance rise, poor power
capabilities, overcharging, or excessive current consumption. These inefficiencies could
serve as early warning signs of thermal runaway, which is a dangerous scenario charac-
terized by a rapid escalation in battery temperature that could potentially result in the
venting, fire, or explosion of the cells. The temperature difference (DT) among the cells
is also referred as thermal uniformity in a multi-cell topology. Non-uniform temperature
distribution can lead to localized hotspots, which accelerate degradation and reduce the
overall lifespan of the battery. Monitoring temperature variations helps in identifying
potential thermal management issues, such as poor heat dissipation, uneven cooling, or
cell-to-cell variations in performance. Last but not least, the temperature difference on
the cell surface (CellT) indicates the heat generation from the core of the cells to the outer
casing, which can lead to uneven heat distribution and to local hot spots that affect the
efficiency and reliability of Li-ion batteries (as it induces thermal stress on individual cells
and increases the risks of thermal runaway).

In this method, the objective of the algorithm was defined so as to minimize these four
parameters, and this was achieved by taking into account the complex multi-variable and
multi-physical requirements of the design. The multi-objective particle swarm optimization
algorithm (MOPSO) was developed in MATLAB (and was published in our previous
work [21]). It is linked here to the 3D model created in Comsol to solve the multidisciplinary
costs, which can mathematically be expressed as in Equation (1):

min F(x;) = [Tfnux,DTi, Cezzi,vf],w =1<x9<9
1

s.t. = [xl,xz, X3,X4,X5,X6, X7, xs] @
at [0, Cy, Tamp, Vtemp| -
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The mass flow rate v will be further examined in this work as a second-optimization
step that accounts for cost efficiency.

The thermal properties of the cell were found with a micro-pulse heat profile that
was injected into the cell, whereby the same number of Ah was extracted and injected
in order to be SoC-independent, which could result in influencing electrical and thermal
parameters such as the cells’ resistances. The extracted specific heat and the convection
transfer coefficient were found in our previous work [23]. Once the cells were characterized,
the module development took place, which was based on the optimized selected geometry
presented in Table 2. For the 1251P module implementation, an electrical characterization
of more than 100 cells was performed to select the ones with the closest values in a Ragone
plot in terms of capacity and impedance. A variation of up to 3% and 11% was exhibited
at the beginning of life (BoL) and at the same testing conditions, respectively. A total of
12 cells were selected that showed similar performance in terms of cycle capacity and
impedance at the various conditions, whereas the BTMS design that was implemented
was based on BTMS 5, which showed—in simulation—a potential 15% decrease in the
maximum temperature increase on the cells, a 5% decrease in the required volume, a 70%
decrease in the temperature uniformity among the cells, and approximately a 40% decrease
in the better heat distribution on a cell [20]. The selected battery module was constructed
with a plexi glass that iwass precisely manufactured to follow the optimized dimensions.
In addition, three fans were placed in the proposed inlet location with a variable mass flow
rate and power consumption. The battery module was placed in a room with a control
ambient temperature at 25 °C and a specific convection rate.

The hardware setup for the testing included a climate chamber to preserve the cells
surface temperatures, which were close to the various environmental conditions. The single
cells were connected to a PEC ACT0550 tester, (PEC, Leuven, Belgium) which is capable of
up to DC 5 V measurements. In addition, the module was connected to a PEC SBT8050,
which is capable of up to 80 V DC. Both of the testers had a £0.005% voltage accuracy.
The module was connected to a pre-charge circuit and a fuse relay safety box, and it was
monitored by a commercially available battery management system (BMS). An anemometer
and a temperature data logger were used to measure the mass flow rates and to obtain
the cells” surface temperatures in the module. The overall test bench is shown in Figure 3,
where the green and blue paths indicate the cell and module level testing, respectively.

’

‘Climate chamber ‘ ‘ Prismatic Li-ion cell ‘

PEC ACT 0550 - 5V
Battery cell tester

PEC SBT 8050 - 80V 12V —
Battery module tester |

REC BMS

=

86A

Figure 3. Experimental setup during the cell- (green) and module-level (blue) characterizations
and validations.
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3. Model Development

Physically meaningful battery models can be employed by means of differential
equations and fractional order calculus (FOC), where the lumped capacitor of the ECM [22]
is replaced with constant phase elements (CPE), which can greatly improve the modeling
accuracy [24,25]. A Thevenin FOC model was presented in [26] that can achieve significant
improvements on its electrical behavior compared to an empirical model. The modeling
impedance was correlated to the actual cells by way of comparisons to the electrochemical
impedance spectroscopy (EIS) results at various cell aging states. Several FOC models can
be found in the literature. However, the Thevenin equivalent with a current dependency
on a charge transfer resistance that is based on the Butler—Volmer approximation (BVE) [27]
combined with a diffusion element (Warburg) [28] has shown a good performance and
balance between computational burden and accuracy. An R-(BVE//CPE)-W FOC coupled
to a thermal model is thus proposed in this study.

3.1. The Physics-Based FOC Electro-Thermal Model
3.1.1. Electrical Part

The FOC model describes the impedance behavior according to the CPE elements, as
expressed in Equation (2):

Zcpe(f) = Q(j217'cf)‘"' O<a<1), 2)

where j is the imaginary part, and « and Q are the variables used to obtain the CPE. An ideal
capacitor can be represented in case « is equal to 1; when « is equal to 0, it is instead treated
as a pure resistor. Moreover, « can be obtained directly from the EIS measurements [29],

or it can be numerically calculated with FOC calculus, where the real-order differential
operator can be defined as in Equation (3):

dﬁc

pol a>0
1, a=0

o ?‘ = t (3)
J (do)~, a <0,

o

where the fractional order in a real domain is denoted as «. The discrete form of the FOC
can be numerically solved according to the Griinwald-Letnikov (GL) definition in fractional

calculus [30]:
1 /ot ' ‘
D50 = fim, rag X (1) ()5t o, @

where the sampling time is represented with At; the user-defined memory length is denoted
as [t/At]; and (‘;‘) is the Newton binomial coefficient, which is calculated as in Equation (5):

O-(:
. = 1 I'(a+1) .
] T = TR a1 j>0.

The proposed FOC model was depicted based on Kirchhoff’s voltage law in accordance
with the following expressions:

Upatt = Voc — owmic — et — Naiff
ubatt = J;‘(Cr, SOC,G) (6)
D et = % o Qf:gtBVE

DPijaigr = ﬁlﬁ Naiffs
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where V¢ represents the open-circuit voltage of the cells; 7oy is the voltage drop of
the Ohmic resistance; and 7.+ and 7 ff represent the voltage across the CPE and diffusion
elements, respectively. The terminal voltage of the cell is denoted as Uy, and is depen-
dent on the SoC, current rates (C;), and temperature (f). The fractional orders « and
were assigned to the CPE elements for the polarization effects with factors Q.+ and Qy; ffs
respectively. Rpy g shows the activation polarization resistance, which was based on BVE
approximation [31,32].

1 1 2
In mlbarf,ﬁ' (mhzatt,s) +1

(7)

Rpves =aos- T
x5 batt,s

where s is the SoC counterl ags and &y ¢ are fitting parameters; and I, s is the current
passing through the cell at every sample. In using the GL from Equations (3) and (4), we
obtain the following transformations (Equations (8) and (9)):

Dy = = %(—W (“)17 o = Stk Hetk ®)
oI j=0 i) Qux QeexRpvek
L H s .
LY N T
Naiff Tf Jg( ) j Naiffk—j Qdiff,k Ndiff k

where k is the time step. The solutions of these two formulas were derived from the battery
voltage Uy, at the discrete time domain, as in Equation (10):

Upartk = Vock — Nommick — Hetk — Mdiff ks (10)

where the corresponding voltage drops are calculated as (Equations (11)—(13))

Nommick = Ipatt k—1 Ronmic (11)
T )
=0 - —=— _
’7Ct,k ( QctRBVE Uct,k 1
(12)
T Tpart -1 [N:) ; (“)
+ s “oatt,k—1 1" i
Qct ];2( ) j T]Ct,k]
B [Ns]
Ts Ibatt k—1 1 (,B)
e = 2L N Y (T i 13
1diff k Quirs 7 ]220,( ) ;) aisgie (13)

3.1.2. Thermal Part

For the thermal branch, and in order to obtain the heat dissipation rates, the tempera-
ture gradient was calculated as in Equation (14) [33]:

ducell _ . dT
Tt =Q en(t) - Qloss(t) =mCy, 54
{ Qeel) = Qromoll), & (14

where U, represents the internal energy of the Li-ion and Qg is the generated heat rate
based on the cell’s Joule losses. Q;yss represents the heat loss expressed by the convective
heat transfer to the environment. Also, m is the cell mass, C, is the heat capacity, and T is
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the surface temperature. The heat transfer to the ambient temperature was calculated as
shown in Equation (15):

Qgen(Cr, S0C,0) = Ropmic(Cr, SoC,0) I2 .,
+RpyE(Cr, S0C,0) I2 (15)
Qloss (CW SoC, 9) = hcoﬂvs(Tumb - Tcell)/

3.1.3. Coupled Electro-Thermal Model

Where hconp is the cell-level convection heat transfer coefficient and S is the cell cross-
section area. The thermal properties of the model were calculated in our previous work [23].
Figure 4 shows the coupled 1D electro-thermal model.

R,
| L
Lpa
Uban
N Ohmic Het Haigr
(a)
T RUIA[
Qgen —l— G Tams
=
(b)
SoCiie Nohmic
baw | Rgye [/ | i e
Upatt | Naift
SoC — Ah counting |
UOC

Figure 4. (a) The electrical FOC model. (b) The thermal branch (c) The coupling of the electrical FOC
with the thermal 1D model.

3.2. 3D Numerical Model

The proposed 1D electro-thermal model derived the heat losses of the cell over time,
which were fed to the 3D model as an input to further evaluate the temperature gradients
at the module level. The 3D models’ thermal properties, such as conductivity, cell density,
and specific heat, were obtained from a characterization process that was presented in our
previous work [23], whereas the rest domain parameters were found in the literature from
the study of [34], and they are gathered in Table 3.
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Table 3. Input parameters of the multi-physics model.
Main Parameter Air [34] NMC/C [23] Aluminum Tabs [34]

Density p (kg/m?) 1.165 2268 2700

Specific heat C,, (J/kg-K) 1005 933.7 900
Thermal conductivity 0.0267 0.82 (Ay)

A (W/m-K) ‘ 443 (Ay) 238
2.72 (Aw)

Electrical resistance R’ (Q)) 9.97 x10~°

The model was developed with a COMSOL computational fluid dynamics (CFDs)
simulation tool, whereas the temperature and fluid fields were solved with a finite el-
ement method. We used a turbulent, single-phase, and incompressible fluid, the mass,
momentum, and energy conservation of which were described according to the Reynolds
average Navier-Strokes equations with a k- turbulence model [34,35] for the air flow area
(Equations (16)—(18)) and the battery cells (Equation (19)):

% +V- (ps2) =0, (16)

Pf% +07 (V) =Vp+ [V (1V0) - ¢], (17)

pfcp% (G @)V Ty = V- [(Ag + Z”) VTf}, (18)
t

pccp,c% =V [XVT] + Qgen + Qua (19)

where p; represents the fluid density; v shows the average velocity; and the viscosity,
pressure, and Reynolds stress are denoted by u, p, and ¢, respectively. Also, the time-
dependent heat dissipation created an unsteady temperature in the airfield region, which is
described by Equation (18). In this case, the fluid temperature is denoted as Ty, the thermal
conductivity of air is A4, and y; is the turbulent dynamic viscosity. The temperature
equation for the battery module is described in Equation (19), with p, C, ¢, and T; the

cell’s density, specific heat, and surface temperature, respectively, and where A is the
thermal conductivity at each direction.

The heat generation included the losses generated from the aluminum cell’s tabs in
accordance with the following formula:

R - I2
batt
0 2
tab Vltab * N/ ( 0)

where N is the 24 accounted tabs in a 1251P topology. The boundary conditions for a cell
were between the cell’s surface and the ambient temperature, as calculated in Equation (15).
For the module level, the heat convection transfer coefficient varied during testing time,
and it was calculated by the software based on the air properties at the selected design
(mass-flow speed, channel sizes, temperature, etc.). The model was solved with COMSOL
software v5.5 using the MUMPS solver with a default physics-controlled unstructured
tetrahedral mesh, as well as with the non-slip boundary conditions being imposed to the
walls and the initial temperature being set at the ambient temperature i.e., 25 °C.

4. Experimental and Numerical Studies

The BTMS evaluations were performed at a 25 °C ambient temperature for a constant
current discharge, as well as with maximum allowed C-rates (2 C), a discharge/charge
cycle at the recommended rates (1 C), and a dynamic loading profile (WLTC). For each case,
the single cell electrical validation is shown with the modeling voltage in comparison with
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the experimentally obtained results. In addition, their relative error V¢, is used as a model
accuracy indicator as follows:

Vexp — Vpart

Verr =
Vexp

% 100%. (21)

Furthermore, the single-cell temperature behavior was evaluated and the correspond-
ing heat generation was obtained based on Equation (15). The analysis was continued for
the multi-cell model by comparing the modeling to the experimental temperature behav-
iors, which was measured at two different locations. The first thermocouple was placed in
the outer area of the first cell (noted as T;) and the second (noted as T,) between the fifth
and sixth cells of the 1251P module. Both were placed in the center of the cells, and, by
these means, the thermal uniformity among the cells could be monitored and assessed.

For the module assessments, the initial SoC of the cells was 85% and this decreased
by up to approximately 20% in order to bypass any of the balancing processes from the
BMS. During the experimental implementation, a velocity of 1 m/s was measured via an
anemometer, which corresponded to an approximately 0.012 m3/s mass flow rate for a
channel size L, that was set at 60 mm.

4.1. Maximum Static Discharge

A 2 C constant current profile over the whole available SoC was loaded to the battery
for single-level electrical validation.

4.1.1. Cell-Level Static Evaluation

The single-cell model voltage behavior is shown against the experimental behavior
along with their relative errors in Figure 5. It was observed that the proposed model
can map a high accuracy with the voltage behavior over the whole SoC range. Only a
slight deviation occurs during the last steps of the discharge, and this is possibly due
to the unexplored lithium diffusion processes that occur simultaneously in the cells [36],
which could have been better captured with extra CPEs in the model. Nonetheless, for the
proposed model, the relative error stayed below 4% over the whole experiment.

_{/err

3
0 500 1000 1500 2000 0 500 1000 1500 2000
time|sec] timel[sec]

(a) (b)

Figure 5. (a) Static single cell voltage behavior. (b) Relative error.

- N R R

Relative error[%)]

The thermal validation of the model can be seen through a comparison of the exper-
imental with the simulation results. The temperature behavior for this case is shown in
Figure 6 with the corresponding heat generation. To accord with the real conditions of the
air flow in the thermal chamber, in a single-cell model, the heat transfer coefficient was set
to 10 W/(m?-K).

The abovementioned diffusion effect did not highly affect the temperature accuracy in
the simulation. A good agreement was achieved over the whole experiment, which helped
with verifying the proposed process and allowed it to proceed with multi-cell assessments.
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Figure 6. (a) Single cell temperature behavior at a constant current profile. (b) Heat generation.
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4.1.2. Module-Level Static Validation

The module was validated for a static current with an initial SoC at approximately
85%, which was then discharged by up to 20%. Figure 6b shows, with solid lines, the heat
generation input to the CFD model. The experimental and numerical results are shown at
the locations of T; and T, in Figure 7. In the same figure, the blue line shows the behavior
of a natural convention model (NC BTMS) without any cooling, and it was obtained from
the numerical solution.

45 : ‘
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—-T1 exp ’
640’ T2 exp .
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§35,0T20FD s ¢
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$30
L 30"
§ .
S

0 200 400 600 800 1000
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Figure 7. Constant current BTMS validation.

It was observed that the proposed BTMS model fit, with a good agreement, the
experimental data and could keep the maximum temperature lower than 36 °C, which
is approximately 9 °C lower than what was encountered with the NC-BTMS. Also, the
heat uniformity was below 3 °C, which signifies the efficiency of the proposed air-based
BTMS under this demanding loading. The selected battery module presented in Figure 8a
is a result of the digitalized methodology over the various available designs with respect
to inlet/outlet topology, cell spacing, etc. More details can be found in our previous
publication [20]. The heat distribution at the end of the test profile is shown in Figure 8 for
the proposed thermo-mechanical design (a), as well as the solution and natural convection
(b), at the end (1200 s) of the discharge. The maximum temperature evolution was improved
by approximately 10 °C, while the thermal uniformity among the cells was improved by
approximately 4 °C with a maximum deviation of 1 °C (as can be further investigated
here [20]).
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Figure 8. (a) The proposed BTMS. (b) The natural convection heat distribution.

4.2. Discharge-Charge Cycle

The current profile of a constant discharge—charge cycle that was applied on both
topologies is shown in Figure 9.

The cells were charged to an approximate 85% SoC, and they were then discharged
with 1 C for 2000 s. They experienced an immediate charge with the same C-rate until the
SoC had reached the initial level.
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Figure 9. The discharge-charge cycle with a 1 C rate.

4.2.1. Cell-Level Cycle Evaluation

The experimental and modeling voltages are shown with the respective relative errors
in Figure 10.
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(a) (b)
Figure 10. (a) The discharge-charge single cell voltage behavior. (b) The relative error.

The activation and concentration polarization effects are shown with higher and lower
time constants in the model. They can be tracked with high accuracy, as indicated by the
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relative error that stayed below 1.5% for the whole test. The corresponding temperature
behavior, validation, and heat generation are illustrated in Figure 11.
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Figure 11. (a) The single cell temperature behavior with a current cycle. (b) Heat generation.

Compared to the previous case, it was observed that the voltage could be realized with
a single diffusion element. Hence, a good thermal agreement was achieved, whereas it was
also observed that the charge resistance was slightly higher than discharge, as indicated by
the heat dissipation curve.

4.2.2. Module-Level Cycle Validation

A time-dependent heat generation was supplied to the CFD model. Even though, for
the two current pulses, the test time was higher and the heat generation was based on the
impedance data from both charge and discharge profiles, the temperature behavior can be
tracked with a high accuracy, as shown in Figure 12.
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Figure 12. The discharge—charge current BTMS validation.

Also, the proposed module was capable of keeping the maximum temperature below
35 °C when compared to the NC-BTMS, while the heat uniformity was established with
thermocouples T7 and Ty, as well as by the good agreement between the experimental and
CFD values.

4.3. Dynamic Loading—WLTC

In the last study case, the WLTC dynamic current profile, as shown in Figure 13, was
applied to the cells. It was based on a mixture of low and more demanding current pulses
with the maximum C-rate being limited at 1.5 C (60 A).

The applied profile was composed of four consecutive WLTC cycles that discharged
the cells for an approximate 60% SoC. Similar to previous cases, to avoid the balancing
effects of the BMS, the initial SoC was set at around 85% and the test was conducted in
25 °C ambient conditions.
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Figure 13. The dynamic cycle based on the WLTC profile.

4.3.1. Cell-Level WLTC Evaluation

The R-(BVE/ /CPE) branch was found to be very efficient for the fast dynamics that
were mainly accounted for in this profile. Throughout the whole test, the relative error did
not exceed 0.5% of the actual voltage value, as shown in Figure 14.

Hereafter, the proposed electro-thermal model captured the temperature behavior
with high accuracy, the corresponding heat generation of which is shown in Figure 15.
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Figure 14. (a) The dynamic profile single cell voltage behavior. (b) The relative error.
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Figure 15. (a) The single cell temperature behavior with a WLTC profile. (b) The heat generation.
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4.3.2. Module-Level WLTC Validation

The dynamic profile was applied to the 1251P air-based module, and the experiment
data when compared against the CFD are shown in Figure 16.

A good agreement was achieved both on the maximum temperature and heat distri-
bution for the proposed module. It was observed that the consecutive current cycles could
elevate the maximum temperature at the end of the experiment (approx. 20% SoC) to 38 °C.
Based on the NC-BTMS model, which is indicated with the blue line, the temperature had
an increasing rate of change. This could lead to surpassing the safety window if no cooling
solution is applied. However, the proposed BTMS showed a stable thermal trend without
exceeding 28 °C.
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Figure 16. The dynamic current BTMS validation.

5. BTMS Cost-Effectiveness Study

The proposed module was strategically optimized, as detailed in this section. For
this purpose, the validated numerical model was used to help visualize and predict the
temperature behavior when using various structural designs.

5.1. The Inlet Coolant Flow Rate

Different inlet coolant flow rates were evaluated to help determine the influence on the
temperature evolution of the proposed BTMS. The coolant was set at the same temperature
as the ambient, i.e., 25 °C, whereas, for the evaluation and validation steps, a 0.012 m3/s
flow speed was selected. Figure 17a demonstrates the temperature contours of 0.01 m3/s
to 0.04 m3/s. It was observed that the temperature declined when increasing the flow rate.
With the coolant rate increasing from 0.01 m3/s to 0.04 m3/s, the maximum temperature
dropped to 8 °C at the end of a 2 C static discharge loading, and this was as a result of
the enhanced convective heat transfer between the cells and the air coolant. However, the
increased flow rate could proportionally increase the hot spots on the cells and deteriorate
the uniformity in the module. The local hotter zones could create a higher localized negative
aging effect on the cells as a faster degradation was expected at those points. Operations
outside the SoA can jeopardize the safety and performance of the module. To find the
optimal flow rate, the pressure drop was plotted with the temperature behavior, as shown
in Figure 17b. It was evident that the higher the flow rate, the steeper the temperature drop
and the cooling speed. The results depicted in the figure verified the fact that a non-linear
relationship was obtained between the coolant rate and the pressure drop. To balance
between the pressure loss and the thermal management, a mass flow rate at the intersection
of those curves, at approximately 0.023 m?/s, was selected.
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Figure 17. (a) Temperature behaviors. (b) The pressure drop at various mass flow rates.
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5.2. Channel Size

The design of the channels” input and output played an important role in managing
the temperature and pressure losses of the proposed BTMS. In this part, the evaluation was
performed with channel sizes of 20 mm to 60 mm. The symmetries of the input and output
channels were recorded, whereas, for the main case study and experimental validation, the
channels were designed with an approximately 55 mm size. It is shown in Figure 18 that,
from increments in the channel size, the monitored maximum temperature decreased by up
to 2 °C. On the other hand, the pressure drop showed a sharp increase that was up to four
times higher as the channel size increased. The study was performed with the previously
optimized mass flow rate (0.023 m3/s).
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Figure 18. The pressure drop and maximum temperature at various channel sizes.

Hence, the optimized BTMS was to be implemented with a trade-off value, for which
the temperature and the cost could be balanced, of approximately 30 mm for the chan-
nel size.

5.3. Cell-to-Cell Space

The last key parameter to be optimized based on the pressure drop and the heat
distribution was the cell-to-cell distance. The optimal flow rate and channel size obtained
in previous sections were now accounted for. In the following Figure 19, it is clearly shown
that, when increasing the cell’s intermediate distances, the cell’s maximum temperature at
the end of a 2 C discharge process was decreased by up to approximately 4 °C. It was also
observed that the drop decreased from 75 Pa to 45 Pa. This meant that, by increasing the
cell-to-cell distance, not only did the temperature decline, but a pressure drop reduction
was also observed, as illustrated in Figure 19b. Nonetheless, increasing the distance by
more than 4 mm could lead to extra costs when the temperature is not proportionally
dropped. An approximate 4 mm distance was hence selected as the optimized value for
the proposed BTMS.
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Figure 19. (a) Temperature behaviors. (b) The pressure drop at various cell-to-cell distances.

6. Discussion

While the design optimization method presented in this work can significantly en-
hance the performance, efficiency, and safety of Li-ion battery systems, several constraints
may affect its broader adoption across diverse applications. In this section, we try to
elaborate on the challenges that might arise during the design optimization method for
the purposes of future consideration and wider adoption. The first challenge was com-
putational power and efficiency. We demonstrated that our method required a non-stop
optimization process of approximately 5 days [20]. Hence, the multi-objective design
optimization methods implemented in 3D environments involved complex mathematical
models, simulations, and algorithms, which were used to analyze various design param-
eters and optimize performance criteria, as was presented in our work. Implementing
these methods requires substantial computational resources, including high-performance
computing systems, advanced software tools, and expertise in the numerical methods.
With the trade-off that can be made on the various modeling approaches, the modeling
accuracy of the battery systems can vary significantly. An accurate battery behavior is
essential for effective design optimization. However, developing accurate battery models
that can capture the internal electrochemical processes, the thermal behavior at various
conditions, and mechanical interactions can be challenging. Furthermore, the validation
of these models against experimental data is crucial but often time-consuming and costly.
Such model inaccuracies or uncertainties can lead to suboptimal designs or unexpected
performance issues, thereby undermining the reliability and effectiveness of design op-
timization methods. This is one of the main purposes that validations were presented
after the construction of the proposed module design, as well as after further analyses,
in the current work. Moreover, a global implementation of the proposed method should
concern the numerous interdependent parameters, including the cell chemistry, geometry,
materials, thermal management strategies, and operating conditions of the various cell
chemistries and formats. Exploring this vast design space to identify optimal solutions
while considering trade-offs between conflicting objectives might be challenging. An extra
important constraint that one should consider is that the optimized designs generated
through computational methods may not always be readily manufacturable or scalable to
large-scale production. Design constraints imposed by manufacturing processes, material
availability, supply chain logistics, and cost considerations may limit the practical feasibility
of implementing optimized designs in real-world applications. Bridging the gap between
design optimization and manufacturability is essential for ensuring the broader adoption
of the proposed method.

7. Conclusions and Future Work

In this work, the performance of an air-cooled, battery thermal management system
(BTMS) was studied for a battery module composed of 12 high-energy, prismatic Li-ion
cells connected in series.
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A physically meaningful electrical model was built based on fractional-order calculus,
which helped to map the impedance of the cells with high accuracy. The single cell electrical
model was coupled to a thermal branch, and it was evaluated with three different current
profiles, a maximum static discharge current, a discharge—charge cycle, and a consecutive
dynamic profile. A good agreement between the modeling and the experimental values
was achieved, and this was underlined with the low relative errors obtained in each study
case. Hence, the heat generation was derived and supplied to an efficient three-dimensional
model, which was also validated against the experimental results obtained from various
current profiles. The roles of natural convection (NC-BTMS) and forced convection were
studied separately for the proposed BTMS under intense static and dynamic loads.

By optimizing the key performance parameters, such as the mass flow velocity and the
channel size, one can conclude that their increment leads to a maximum temperature reduc-
tion. Also, the cell-to-cell distance increase had a reverse impact on the temperature and
the pressure drop. By these means, the thermal management of the proposed architecture
was enhanced while the pressure drop was kept at a minimum range.

A significant improvement can be concluded from this study—one that is related to
the overall physics-based structural optimization of the battery modules. The coupling
of high-fidelity models with global optima multi-objective algorithms could consider the
following: (1) a wider design space with many objectives (which is proven in this study,
i.e., that co-design electrical-thermal and mechanical objectives can be solved at the same
time); (2) the optimization steps that are evaluated can be significantly increased when
compared to user-based or single-objective solutions (i.e., the sampling time related to the
computational time and step-time related to the amount of derived solutions that could
be set accordingly); and (3) the optimization results presented in this paper are accurate
versus the real-life experiments for various loading scenarios.

The method we have presented here was studied with a air-cooled battery module
design. To optimize this design, we used a multi-objective optimization that used four
objectives and several constraints, as presented in Equation (1). By changing the cost
functions and the constraints, the use case could be adapted to other designs and bat-
tery configurations, such as when investigating the liquid channel sizes, mass flows, and
pressure drops, in order to provide the most suitable solutions. We are currently work-
ing on such investigations, and future publications will present the performance of the
proposed methods to a different design set. Forthcoming works might include a study
on the proposed BTMS when it is applied to a higher energy and power battery pack, as
well as an evaluation of different thermal management solutions for different objectives
and constraints.
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