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Abstract— This paper presents the design and modeling of a
phase change material (PCM) sleeve enclosed in a Polyethylene
Terephthalate Glycol (PETG) case for the thermal management
of lithium-ion batteries. The model introduces five states:
PETG inner wall, PCM solid, PCM liquid, phase fraction,
and PETG outer surface, ensuring accurate representation of
conduction, latent heat absorption, and convective heat loss.
The formulation is validated experimentally using a 26650 Li-
ion cell cycled at 11 A under controlled laboratory conditions.
Results show satisfactory agreement between model predictions
and experimental measurements, with root-mean-square errors
of 0.56°C at the PETG inner wall and 1.44°C in the PCM
domain. The PETG+PCM sleeve reduces case temperature rise
by approximately 5°C and attenuates oscillation amplitude,
indicating the buffering role of PCM.

Index Terms— Lithium-ion batteries, Phase-change material
(PCM), Dynamic volume fraction, Heat-exchange sleeve, Bat-
tery safety.

I. INTRODUCTION

Lithium-ion batteries (LiBs) are ubiquitous in applications
requiring high energy density and fast charge/discharge rates,
such as electric vehicles, portable electronics, and grid stor-
age. However, as power densities increase, thermal safety
becomes a critical challenge: elevated temperatures acceler-
ate degradation, reduce performance, and in extreme cases
lead to thermal runaway [1]. Passive thermal management
strategies, especially those utilizing PCMs, have garnered
increasing attention due to their ability to absorb latent heat
and buffer temperature spikes without active cooling systems.

Beyond material selection, the structural design of PCM-
based thermal management systems plays an important role
in determining their effectiveness. In practical battery sys-
tems, PCMs are commonly encapsulated in shells, sleeves,
or composite enclosures to ensure mechanical stability and
prevent leakage during melting. The geometry, thickness,
and thermal conductivity of these encapsulation structures
directly influence heat-transfer pathways and the ability of
the PCM to absorb and redistribute heat during high-current
operation [2].

Several models for temperature in LiBs have been pro-
posed in the literature. Early efforts focused on core/surface
temperature representations [3], while more recent works
introduced single- and multi-layer formulations to resolve
temperature differences across internal components [4], in-
cluding investigations of multilayer behavior under varied
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ambient conditions [5]. Building on these modeling foun-
dations, research has also expanded toward passive ther-
mal management using PCMs. For instance, [6] studied
PCM combined with metal fins to improve temperature
uniformity and mitigate hot spots, demonstrating significant
reductions in peak cell temperatures. In [7], the authors
reviewed LiBs cooling technologies and highlighted PCM
systems as promising due to their ability to maintain more
uniform temperature distributions during phase transitions,
especially when integrated with other cooling strategies.
Complementary studies have further explored hybrid PCM-
based approaches, combining liquid cooling, air cooling with
fins, or nanoparticle-enhanced PCMs to improve thermal
conductivity and overall system effectiveness [8].

Despite this progress, there remain gaps in the modeling
of PCM systems for battery thermal safety, especially for
control-oriented or compact models that are both accurate
and energy-consistent. In this work, we present a compact,
energy-conserving thermodynamic model for a LiB equipped
with a PCM sleeve enclosed in a PETG case. The model
captures conduction through the case, separate PCM solid
and liquid nodes, latent heat absorption and release via a
dynamic phase-fraction, and convective loss to ambient from
the outer case surface. The contributions of this paper are:

o Design and fabrication of a PETG-encapsulated PCM
sleeve via CAD modeling and 3D printing, ensuring
practical implementation and experimental reproducibil-
ity.

o Development of a quintuple model of a PETG-
encapsulated PCM sleeve, comprising states for the
PETG inner wall, PCM solid, PCM liquid, phase frac-
tion, and PETG outer surface, ensuring representation
of conduction, phase change, and convective heat loss.

« Introduction of a dynamic volume-fraction state f(t),
representing the instantaneous ratio of liquid to total
PCM. This state explicitly captures latent-heat exchange
and enables smooth solid-liquid transitions.

o Experimental validation using a 26650 LiB cycled under
realistic high-current load (11 A), comparing model
predictions to temperature measurements at the PETG
inner wall and within the PCM, with low RMSE values
(=~ 0.56 °C and 1.44 °C, respectively).

o Quantification of the thermal buffering effect of the
PCM+PETG sleeve, showing a reduction in case-
temperature rise of roughly 5 °C under cycling, along
with attenuation of temperature oscillations.

The paper is organized as follows: Section [[I] presents the



design and modeling approach, Section describes the
experimental setup, Section |[[V| reports model validation and
discussion, and Section provides the conclusion and future
work.

II. DESIGN AND MODELING

This section explains the general design of the
PETG+PCM sleeve and develops a compact yet physically
consistent model of the PCM system enclosed in a PETG
case. The aim is to capture the key thermal and phase-change
dynamics using Ordinary Differential Equations (ODEs).

A. Design of the PETG+PCM sleeve

A dedicated fixture was designed to encapsulate the battery
cell within a PETG sleeve filled with PCM for experimental
validation of the proposed model. The sleeve geometry was
chosen to provide a compact form factor with minimal added
thermal resistance while maintaining structural robustness for
repeated cycling. Fig. [[]illustrates the cross-sectional design:
the cylindrical cell is encapsulated by a PETG shell for
mechanical integrity and surrounded by a PCM. The PETG
acts as both a structural enclosure and a thermal resistance,
while the PCM absorbs latent heat during melting, buffering
the cell temperature rise. The PETG outer surface is exposed
to ambient air, enabling convective heat exchange.
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Fig. 1: Cross-sectional schematic of the PETG+PCM sleeve.

B. Modeling of the PETG+PCM structure

The fundamental heat flows between system layers are
defined in Fig. |l| as a thermal resistance network (cell —
PETG — PCM solid — PCM liquid — PETG — ambient),
modeled using thermal resistances.

a) Cell to PETG wall.: The battery cell wall is treated
as a boundary condition at temperature Ty (t). Heat transfer
to the PETG case occurs through the thermal resistance Rpeg:

ﬂell(t) - Tpetg,in (t)
Rpetg ’

Q1(t) = (IL.1)
where Theg,in(t) is the PETG inner wall temperature.

b) PETG wall to PCM solid lump.: The PETG transfers
heat to the PCM solid domain through a thermal resistance
Rq, representing both conduction across the PETG-PCM
interface and spreading effects inside the solid PCM:

Tpetg,in(t) - Ts(t)

Qa(t) = 7 ;

(IL.2)

where Ti(t) is the temperature of the solid PCM lump.
The effective resistance R reflects geometry and material
conductivity, and can be tuned against experimental data.

c) Solid PCM to liguid PCM.: Once part of the PCM
has melted, solid and liquid domains coexist and exchange
heat. In detailed CFD this exchange arises naturally from
conduction and buoyancy-driven convection, but in lumped
models it is approximated as a conductance kg multiplied
by a convection boost factor R (f(t)) that depends on the
liquid fraction:

QS(t) = Rse(f(t)) kgl (Ts(t) - Tl(t))7

where Tj(t) is the liquid lump temperature. The dimen-
sionless factor Ry (f) > 1 accounts for the enhanced heat
transfer as more liquid is present. A simple choice is

Rse(f(t)) =1+ Oéf(f,),

with @ > 0 as a tuning parameter. The factor a can be
identified experimentally or estimated from effective con-
ductivity correlations in PCM studies, and f(¢) denotes the
liquid volume fraction of the PCM (f = 0 fully solid, f =1
fully liquid), which evolves dynamically according to (II.12)).
d) PETG Outer Case and Air Interaction: In addition
to transferring heat to the PCM, the PETG enclosure also
exchanges heat with the surrounding air through its outer
surface. To capture this pathway, we introduce a surface node
Toure(t) that represents the PETG outer wall temperature.
1) Inner-to-surface conduction.: Heat conduction from
the PETG inner wall to the outer surface is modeled as

Tpetg,in (t) - Tsurf(t)
Rpetg,surf

(IL.3)

(I1.4)

Qa(t) =

, (IL5)

where Rpeisurf 1S the effective conduction resistance of the
PETG shell.

2) Surface-to-ambient convection.: Heat loss from the
PETG outer surface to the ambient air is modeled as

Q5 (t> = hairAair (Tsurf(t) - Tair)7

where hy;, is the convective heat-transfer coefficient, A, is
the effective surface area exposed to air, and T, is the air
temperature.

(IL6)

C. Energy Balance

Having defined the heat flows, the energy balance at each
node (PETG, PCM solid, PCM liquid) follows from the First
Law of Thermodynamics. For a lumped thermal mass, the
balance can be written either in total form [9]:

2 Qi) — > Qoul?)
= v ,
where p is the density, ¢, the specific heat capacity, and V'
the volume of the node. The term ();, represents the total
incoming heat flow into the node, while Q. represents the
total heat flow leaving the node. Applying Equation in
each node, the following expressions are obtained:

PCp T(t)

11.7)



1) PETG node.: The PETG receives heat inflow Q1 (¢)
from the battery cell and experiences two outflows: Qs(t)
into the PCM solid region and Q4(t) toward the PETG
surface. Its energy balance is therefore

: Qi) —Qa(t) — Q4(t).

PpetgCp,petg Tpelg,in(t) = Vv
petg
2) Solid PCM node.: The solid PCM receives heat inflow
Q2(t) from the PETG and has two outflows: Q3(¢) trans-
ferred to the liquid PCM domain, and the latent heat term
(1—f(t))Lf(t). The weighting factor (1— f) ensures that the

latent exchange scales with the fraction of PCM remaining
in the solid phase. The corresponding energy balance is

_ @Q(t) — Qs(t) — (1~ f))L(1)
7 .

(IL.8)

psCps Tu(t) (IL9)

Here, we define

L := mpcm Lius, (I1.10)

where Ly is the latent heat of fusion per unit mass (J/kg),
mpcMm 18 the total PCM mass.

3) Liquid PCM node.: The liquid PCM receives heat
inflow Q3(t) from the solid domain and has one outflow: the
latent term f(¢)Lf(t). This exchange is bidirectional: during
melting it represents energy consumed by the liquid domain
(outflow), while during solidification it returns energy to the
liquid (inflow). The corresponding energy balance is given

by: )
Qs(t) — f(OLS(1)
Vi .

Thus, when f = 0 no latent contribution appears in the liquid
balance, and when f = 1 the full latent term is carried by
the liquid domain.

4) Derivation of Fraction Dynamics: The volume fraction
f(t) € 10, 1] represents the proportion of PCM in the liquid
phase at time t. Following the relaxation principle, it is
modeled as:

prepa Ti(t) = (IL11)

7(t) = (F* (Tae(t) — 1)),

Tm

(IL12)

where T, is the relaxation time constant. The equilibrium
fraction f*(T,e(t)) is defined by the classical enthalpy
method [10], [11]. It is piecewise linear in the mushy zone:

07 Tavg(t) S Tm,lowa
* 71i\v t) — Tm ow
f (Tavg(t)) - M7 Tm,low < Tavg(t) < Tm,high>
Ton high — T low
1, Tavg(t) 2 Tm,high,

(I1.13)
where T’ 1ow and T, nign denote the onset and completion
temperatures of melting. The equilibrium function is evalu-
ated at the mean PCM temperature,

Tue(t) = 5(T(t) + Ti(1)), (I1.14)

with Ty(t) and 7Ti(t) denoting the solid and liquid PCM
temperatures, respectively. Equation ([L.I2) drives f(¢) to-
ward its equilibrium value f*(Ty,(t)) € [0, 1]. If the initial
condition satisfies f(0) € [0, 1], then f(¢) remains bounded

in practice, although in numerical simulations it is common
to enforce f(t) € [0, 1] explicitly to avoid small overshoots
due to discretization.

5) Surface node.: The PETG surface temperature evolves
according to the balance between conduction inflow ()4 and
convective outflow Qs:

Qa(t) = Qs(t)

PsurfCp surf Tsurf(t) = 1 -
V;urf

This state captures the transient storage and loss of heat at the
PETG-air interface, essential for accurate prediction under
cycling conditions.

I1.15)

D. Mathematical Proof of Conservation of Energy

An essential requirement of any thermodynamic model is
compliance with the First Law of Thermodynamics. Here
we show that the proposed PETG+PCM system satisfies this
requirement by conserving total energy.

a) Total enthalpy definition.: The total enthalpy is
defined as the sum of sensible and latent contributions:
H(t) = PpetgCp,petg Vpetg I petg.in (t> + pscp,s VsTs (t)

+ pleyl‘/i/Tl(t) + psurfcp,surfv;urfTsurf(t) + f(t)L7
(IL.16)

which accounts for thermal storage in the PETG inner wall,
the PCM solid and liquid nodes, the PETG surface, and the
latent reservoir associated with the volume fraction f(¢).
b) Time derivative of enthalpy.: Differentiating H (t)
gives
H(t) = ppetgCp,pete Vpete Tpetgin (1) + pscpsVT5(t)

+ plcp,l‘/lj] (t) + psurfcp,surf‘/surfTsurf(t) + Lf(t)
(IL17)

c) Substitution of balances.: From the node balances:
ppetgcp,petg%ethpetg,in (t) = Q1(t) — Q2(t) — Qa(t),
(IL18)
pscp s VSTy(t) = Q2(1) = Qs(t) — (1 — f())LF(1), (L19)
pepaViTi(t) = Qs(t) = F(OLS (1), (I1.20)
PourtCpsurt Vaurt Tyurt () = Qu(t) — Qs(1), (IL21)
and substituting these into H (t) yields
H(t) = (Q1(t) — Q2(t) — Qa(t)) + (Q2(t) — Qs(t)
— (1= f(O)LF() + (@s(t) — F(R)LF (D))
+(Qa(t) = Qs(1)) + L (1),

d) Simplification.: The internal flows cancel exactly:

—Q2(t) + Q2(t) =0, —Qs3(t) +Qs(t) =0,

(IL.22)

—Qa(t) + Qu(t) = 0. (I1.23)
The latent terms also cancel:
~(L= FOILF(t) = FOLF®) + Lf(E) =0 (11.24)
Thus the enthalpy rate reduces to
H(t) = Qu(t) — Qs(t). (IL.25)



Remark 1. The rate of change of total enthalpy equals
the external inflow Q1 (¢) from the cell minus the outflow
Q5(t) to the ambient. All internal exchanges between PETG,
PCM solid, PCM liquid, the surface, and the latent reservoir
cancel identically, demonstrating that the model is internally
conservative.

E. System Formulation

The extended PETG+PCM model can be expressed in
compact nonlinear state—space form. The state vector is
defined as

T(t) = [Tpegin(t) To(t) Ti(t) f() Tur(®)]",
(I1.26)

where the components correspond to the PETG inner-wall
temperature, the solid PCM temperature, the liquid PCM
temperature, the liquid fraction f(t) € [0, 1], and the PETG
outer-surface temperature.

Remark 2. The phase fraction f(¢) is included as a system
state because it evolves according to its own ODE and
represents the latent-heat reservoir of the PCM. Its dynamics
are driven by the average PCM temperature Ty, (), making
f(t) a state whose evolution depends on other thermal
states. Including f(t) in the state vector ensures both energy
conservation and correct latent-heat dynamics.

The input vector collects the boundary conditions, the bat-
tery case temperature T¢(¢) and the ambient air temperature
Tair (t)l

u(t) = [Ten(t) Tue(®)]”

The governing dynamics are

I1.27)

T . (t) — 1 Tcel](t)_Tpelg.in(t) _ Tpelg.in(t)_Ts(t)
petg,in PpetgCp ,petg ‘/pet petg Ry

_ Therg.in () —

Ol (11.28)
Ti(t) = —Lv (Tpelg,m%:n(t)
—R(f (1)) ks (T3(t) — Ti(t))
(= FO)L 2L (5 T8 = 10)))
(11.29)

Ti(t) = 5ot (Ree(f(0) ka (T3(t) = Ti(t))
—ft)L = (f*(Tavg(t)) - f(t))) . (IL30)

Ft) = 24 (£ (Tuat)) = 1), (31)
f — pet; m(t) —Tsurf (t)
Tsurf(t) T psutCp, surl"/surl'( = Rpetg,surf :
haera1r< surf — Tair t))) . (I1.32)

Here, Re(f(t)) = 1+ af(t ) accounts for the enhanced
heat transfer as the liquid fraction increases, and f (Tavg) is
the mushy-zone equilibrium fraction defined in (IL.13).

Remark 3 Consider the simplified fraction dynamics ft) =
af(t) + 5(Ti(t) — Ti(t)), where a is a relaxation coefficient
with unlts of s~1. For example, (1— f)Lf = (1—f)L(af+
YT~ T) and JLf = fL(af + L(Ty — T0)). These

expressions introduce quadratic and bilinear products such
as f2 and f(Ty — Tj). Such nonlinearities prevent reduction
to a linear state—space form, confirming that the PETG+PCM
system is fundamentally nonlinear.

The simplified dynamics are used only to illustrate
nonlinearity; all simulations employ the full formulation
in (ILT2)-{ILT3).

In experiments the most accessible measurement is the
PETG inner-wall temperature, so the model output is defined
as:

Y(t) = Tpetg,in(t)- (11.33)

Other states such as T(t), Ti(t) or f(t), are not directly
measurable and would require estimation.

III. EXPERIMENTAL SETUP

This project evaluates a PETG-encapsulated PCM sleeve
for buffering Li-ion cell temperatures. The setup consists
of two main components: the mechanical fixture design
and fabrication, and the battery cycling experiments with
temperature instrumentation.

A. Fixture Design and Fabrication

1) CAD Model: A PETG enclosure was designed in
SolidWorks to house the PCM around a cylindrical cell.
The wall thickness was set to =~ 1 mm to minimize added
thermal resistance while maintaining sufficient printability
and stiffness.

2) 3D Printing and Assembly: The enclosure was fabri-
cated using a FlashForge Adventurer SM with PETG fila-
ment, selected for its high glass-transition temperature and
dimensional stability. After printing, the battery cell was
first inserted, and then the cavity was filled with PCM.
The central hole was designed with a tolerance of +1 mm.
If the PCM were inserted first, this tolerance could be
lost, making it impossible to fit the battery. Increasing the
tolerance to ease assembly would instead introduce air gaps,
which could significantly affect heat transfer by reducing
conduction between the cell and the PCM. To avoid this
issue, the assembly sequence was fixed: insert the cell first,
then add the PCM. Fig. 2] shows the printed enclosure and
the assembled fixture.

3) PCM Selection: Paraffin wax was selected as the PCM
due to its relatively high latent heat, chemical stability,
low cost, and a melting range close to the target operating
window (48-53 °C). In addition, paraffin is widely available
and easy to handle, making it well suited for proof-of-
concept studies and laboratory validation. The PCM was
melted and poured into the PETG cavity, then allowed to
solidify at room temperature.

B. Temperature Measurements

Three type-K thermocouples were used, as shown in
Fig.
e One thermocouple affixed to the battery surface at
midline to measure the case temperature. Our previous
study employed three sensors (top, middle, bottom)



Fig. 2: 3D-printed PETG enclosure with cell, PCM and
thermocouples.

along the surface and showed uniformity [4], so a single
sensor is sufficient here and is used as the model input.

e One bonded to the PETG surface inside the sleeve,
providing the primary validation/output signal for the
model.

e One embedded in the PCM at mid-radius between the
cell and the PETG wall to track the PCM temperature
relative to the mushy range.

C. Battery Cycling Experiments

1) Test Bench: Cycling was performed on a NEWARE
BTS-4000 system at an ambient temperature of 27 °C. The
cell case temperature T (t) was measured and used as the
model input.

2) Protocols: Charge/discharge profiles consisted of
constant-current segments at 11 A, with a discharge cutoff
of 3.45 V and a standard charge cutoff at 0.125 A.

IV. MODEL VALIDATION AND DISCUSSION

Numerical simulations were performed in
MATLAB R2024b using a fixed-step Runge—Kutta 4
(RK4) scheme, which provides consistent accuracy at
low computational cost and ensures alignment with the
experimental data. The parameters used are summarized
in Table [II based on PETG material data [12] and PCM
enhancements from recent studies [13].

a) Parameter calibration.: Most parameters were ob-
tained from geometry and material data. Only kg, «, and 7,
were tuned within physically reasonable ranges to improve
transient matching.

Fig. [3] shows the applied current profile during the exper-
imental tests, consisting of repeated charge/discharge cycles
at 11 A using the NEWARE BTS-4000. This profile directly
drives the electrochemical reactions inside the cell, which in
turn generate heat as a byproduct of internal losses.

Note that the case temperature measured under this current
profile is treated as the boundary input Ti.y(t) for the
PETG+PCM model. The electrochemical heat generation is

TABLE I: Model Parameters for PETG+PCM Sleeve

Parameter (Symbol) Value [ Unit
PETG Properties
Specific heat capacity (C'p, pete) 1300 J/kgK
Density (ppetg) 1270 kg/m®
Thermal conductivity (Kpetg) 0.21 W/mK
Inner radius (r;) 0.01325 m
Outer radius (7,) 0.01375 m
Length (Lpetg) 0.065 m
PCM Properties
Length (Lpem) 0.065 m
Solid specific heat (C) ) 1850 J/kgK
Liquid specific heat (C},,;) 2384 J/kgK
Solid density (ps) 930 kg/m®
Liquid density (p;) 830 kg/m®
Solid conductivity (k) 71 W/mK
Latent heat (Liy) 1.9 x 10° J/kg
Inner radius (7 pem) 0.01375 m
Outer radius (7o, pem) 0.02825 m
Solid-liquid conductance (k;) 0.1 W/K
Convection boost factor () 1 -
Relaxation time (7,,) 100 s
15 T T T T
10
5
<
g o
5
[3)
5
-10
15 | . L | | L | |
0 2 4 6 8 10 12 14 16
Time [s] x10%

Fig. 3: Applied charge/discharge current profile (11 A) used
in the NEWARE BTS-4000 experiments. The resulting case
temperature serves as input to the thermal-PCM model.

therefore not modeled explicitly, but incorporated through
the experimentally measured case temperature, ensuring that
PCM dynamics are validated independently of detailed elec-
trochemistry [4].

Fig. Aa] compares the measured PETG inner-wall temper-
ature with the model prediction Tjegin(t). The agreement
is excellent, with the model accurately tracking both the
transient peaks during current pulses and the long-term set-
tling value. The root-mean-square error (RMSE) is 0.56 °C,
indicating that the dominant PETG dynamics are well cap-
tured. Fig. Ab] validates the PCM response against the average
PCM temperature, which is particularly sensitive to phase-
change dynamics. The model reproduces the overall heating
trend and steady-state level, but slightly overestimates the
oscillation peaks. The RMSE is 1.44 °C, acceptable given the
simplifications of the lumped formulation. PCM temperature
discrepancies stem from: (i) unresolved spatial gradients, (ii)
parameter uncertainties, and (iii) nonuniform melting fronts.

Fig. 5] shows the simulated PETG+PCM states under the
experimental case-temperature input. Panel (a) depicts the
experimental case-temperature input, with oscillatory peaks
near 48 °C that drive the dynamics. Panel (b) presents the
temperatures, where Tpeigin and Ty remain closely aligned



(a) PETG inner wall. (b) PCM average.

Fig. 4: Validation of the PETG+PCM model against experi-
mental data.

due to conduction, while Ty¢ is slightly cooler due to con-
vection and 7j evolves more slowly owing to latent buffering.
Panel (c) shows the liquid fraction, which stabilizes around
f =~ 0.1, indicating that only a small portion of the PCM
melts. Overall, the five-state model reproduces the expected
buffering behavior and demonstrates that even partial melting
suffices to attenuate case-temperature oscillations.
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Fig. 5: Simulated PETG+PCM model states under ex-
perimental case-temperature input: (a) experimental input
Teen(t), (b) temperatures, (¢) PCM liquid fraction f(t).

Fig. [ compares the experimental case temperature of the
cell with and without the PCM sleeve under the current
profile of Fig. [3] The blue solid line corresponds to the bare
cell, while the red dashed line represents the PETG+PCM
configuration. Without PCM, the case temperature exhibits
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Fig. 6: Comparison of case temperature with and without
PCM under 11 A cycling.

strong oscillations that follow the current pulses, peaking
above 50°C. With PCM, the maximum temperature is re-
duced by about 5°C (~ 10% reduction) and capped near

45 °C. The PCM therefore absorbs and redistributes the tran-
sient heat flux, buffering the rise. These results demonstrate
that the PETG+PCM sleeve not only delays heating but also
reshapes the thermal dynamics by reducing both the mean
and the oscillation amplitude of the case temperature. This
highlights the effectiveness of phase-change buffers for LiB
thermal management under high C-rate cycling.

V. CONCLUSION AND FUTURE WORK

A compact, energy-conserving PETG+PCM model was
developed and experimentally validated under high C-rate cy-
cling. The model captures conduction, latent heat dynamics,
and convection while preserving the First Law. RMSE values
of 0.56 °C and 1.44 °C confirm accurate prediction of PETG
and PCM temperatures. The sleeve reduced case temperature
rise by approximately 5 °C and attenuated oscillations.

Due to its nonlinear state-space structure, the model is
suitable for control-oriented applications such as predictive
thermal monitoring and hybrid active—passive battery cooling
design. Future work will extend the approach to battery packs
and advanced PCMs.
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