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Abstract

This study presents a comparative analysis of the energy and thermal behavior of a
Peltier module operating in hot environments (28 °C to 40 °C) using Python and MAT-
LAB/Simulink. A theoretical block model was developed to define governing equations,
while an empirical Python-based framework was implemented to capture real-world
non-linearities. Results demonstrate that heat absorption is fundamentally dependent on
efficient heat dissipation; a maximum coefficient of performance (COP) of 3.1 was achieved
at 1 A. However, operation in hot environments necessitates increased current to maintain
low absorption temperatures, leading to a critical “thermal runaway” threshold beyond
5 A where internal Joule heating (scaling quadratically) outweighs the Peltier cooling effect
(scaling linearly). While both platforms effectively evaluate heat transfer, the Python-based
empirical model provided a more realistic description of cold-side absorption with predic-
tion errors as low as 0.14%. These findings offer a robust pathway for optimizing Peltier
cooling with potential industrial applications.

Keywords: Peltier; Python; MATLAB Simulink; thermoelectric effect; thermoelectric efficiency

1. Introduction

Global energy demand continues to rise unabated, but over-reliance on non-renewable
energy sources has triggered severe ecological crises, including global warming and sys-
temic climate change [1,2]. Consequently, the growing demand for precise thermal man-
agement has placed Peltier modules at the forefront of solid-state cooling solutions [3,4].
A typical module consists of multiple p-type and n-type semiconductor pairs acting as
thermocouples [3,5,6]. These elements are thermally connected in series to minimize ther-
mal resistance and electrically connected in series to increase the operating voltage, all
sandwiched between two insulating ceramic plates [7-9]. Operating as a solid-state heat
pump through the Peltier effect, the device creates a temperature gradient by absorbing
heat at one face and dissipating it at the other when an electric current passes through
the p-n junctions [10-13]. Although its low coefficient of performance originally restricted
applications to specialized scientific, aerospace, and medical equipment [14], this technol-
ogy is increasingly deployed in consumer comfort systems, such as portable refrigerators,
electronic circuit coolers, and automotive seat climate controls [15]. Conversely, in power
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generation mode via the Seebeck effect, maintaining a temperature difference across the
module induces an electromotive force to generate electricity [16,17].

The value of these converters lies in their lack of moving parts, low noise, compactness
and high reliability [18-20]. Maximizing the potential of these converters requires robust
modeling that transcends simple heat transfer equations to accurately analyze energy
efficiency across both operating modes [21,22]. These simulation techniques facilitate the
analysis, design, and optimization of single or multi-module thermoelectric systems for
specific applications [23,24]. Currently, equivalent circuit models are frequently developed
using SPICE software to establish a direct equivalence between thermal and electrical
networks for high-fidelity simulations [25-29]. Similarly, MATLAB/Simulink is widely
utilized to construct a block-based models [4,30,31]. This interface-driven approach allows
engineers to accurately predict voltage and current requirements for a given tempera-
ture gradient (AT) using minimal input parameters, bypassing the need for exhaustive
experimental datasets [32-35]. Beyond single-mode operation, dual purpose systems have
also been developed to utilize Peltier modules as both heat pumps and thermoelectric
generators [36-38].

This study implements mathematical modeling of the electrical and thermal behav-
ior of Peltier modules using two distinct platforms: Python3.11 and MATLAB/Simulink
R2018b. Both approaches utilize experimental datasets encompassing heat sink perfor-
mance, heat absorption, heat dissipation, and the COP. A critical operational focus of this
work is the isolated impact of ambient temperature on module efficiency.

The proposed modeling approach establishes a new comparative network based on
three items: (a) systematically isolating the performance of commercial off-the-shelf (COTS)
Peltier modules under realistic tropical ambient constraints (28—40 °C); (b) while traditional
numerical solvers and SPICE-equivalent circuits rely on multi-layered differential iteration
loops with high computing overhead, the proposed Python-based model achieves a highly
streamlined O(1) execution complexity; and (c) through precise regression mapping of
our experimental data, we identified a distinct physical symmetry in the dual-quadratic
temperature evolution coefficients of the hot and cold junctions. Consequently, this dual-
platform investigation bridges the gap between top-down theoretical design sizing (via
MATLAB/Simulink) and bottom-up empirical operational control (via Python), offering
a comprehensive optimization tool for modern solid-state thermal management systems
operating in harsh environments. Furthermore, this paper demonstrates the capacity of
a lightweight, open-source Python framework to accurately replicate dynamic physical
behavior, establishing a robust pathway for evaluating sophisticated control strategies and
optimizing the efficiency of modern thermal systems.

2. Materials and Methods
2.1. Voltage-Temperature Coupling and Dual-Quadratic Regression Methodology

To characterize the thermal behavior of the commercial thermoelectric module,
an experimental data-driven modeling methodology was developed based on voltage—
temperature (V-T) coupling analysis and dual-quadratic regression mapping. Unlike con-
ventional approaches that require detailed temperature-dependent material properties or
proprietary manufacturing parameters, the proposed framework utilizes directly measur-
able operating variables, namely applied voltage and junction temperatures, to establish a
physically representative model of device performance. Experimental measurements were
acquired under controlled operating conditions covering the complete voltage range of the
module. The resulting dataset was used to determine the thermal evolution of both hot-side
and cold-side junctions through second order polynomial regressions. Model coefficients
were identified using least-squares optimization, and the resulting parameter sets were
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subsequently incorporated into energy-balance formulation of the thermoelectric system.
A key feature of the methodology is the introduction of a V-T coupling coefficient that
captures the influence of electrical excitation on thermal behavior while accounting for
practical packaging effects and boundary conditions inherent to commercial-off-the-shell
(COTS) devices. The predictive capability of the proposed model was evaluated through
statistical validation procedures.

2.2. Operational Principles and Governing Equations of Thermoelectric Modules

The operation of a thermoelectric module involves four primary physical processes:
the Fourier effect (thermal conduction), the Joule effect, the Peltier effect (cooling), and the
Thompson effect [34,39—41]. Thermal conduction occurs due to the temperature gradient
between the hot side (T},) and cold side (T;) and is defined by the thermal resistance between
both sides of the Peltier module (Rp) [42].

T,_T. AT
Qrr = Ry Ry,

The temperature gradient generated on both sides of the Peltier module is caused

1)

by the electrical current applied to the Peltier cells or semiconductor thermocouples.
The higher the thermal resistance of the Peltier module, the lower the heat flow for the
same temperature gradient [43].

When current (I) flows through the module, the Joule effect causes energy dissipation
in the form of heat, distributed equally between both faces [44]:

Q= "er @
where R, () is the equivalent electrical resistance of the Peltier module, and I represent
the electrical current that passes through the module. The Peltier cooling—heating effect
is a phenomenon of heat absorption—dissipation produced by the union of two different
materials when electric current flows through this union [45]. Heat absorbed Qp. and
dissipated Qpy, by union (Watts) is defined as follows:

Qpc =S I-T, ©)

Qpy =S I'Ty, 4)

where S in the equation is defined as the Seebeck coefficient of the Peltier module (V K~ 1).
The net heat flux absorbed by the cold side and dissipated by the hot side, accounting for
conduction and Joule heating, can also be expressed as [46-48]:

Qnet,c = QPC - Q] - QFr (5)
R T,_T
Qnet,c - SITC - 7612 - }Il{th < (6)
Re, Ty Te
=SIT, — —I°- — 7
Qnet,h h 7 Rth ( )

The total electrical power (Pe) consumed is the difference between these fluxes, and
the required input voltage (V) is determined by the Seebeck voltage and the internal
resistance [49]:

P, = Qnet, h— Qnet. c = SI(Th - TC) + IZRE (8)

V=S8(T,— T.) + IR, (9)

The efficiency of the system is measured by the COP, defined as the ratio of cooling
provided to the power consumed [49]:
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Qnet,c
P

In cooling operations, a heat sink with the lowest possible thermal resistance must

be attached to the hot side, (Figure 1a,b). Without effective dissipation, T}, rises, which

significantly reduces the Qp; . and the COP. Finally, these modules are modeled as thermal

COP = (10)

systems using thermal resistance (Ry,) and thermal capacity (C), where capacity defines the
heat required to change the body’s temperature (dT) over time (dt) [50,51]:

c_d90_d1_Q,

(11)

dT dt  C

(12)

©

Figure 1. Schematic representation of Peltier module, (a) components, (b) heat transfer along
the module, (c) thermal capacitances analyzing the absorption and dissipation of heat in Peltier
cooling system.

Thus, the novelty of this study lies in the mathematical mapping real-world packaging
and thermal boundary conditions via a generalized voltage-temperature (V-AT) coupling
coefficient combined with a dual-quadratic parameter tracking approach. This approach
bypasses the limitations of commercial off-the-shelf (COTS) modules.

2.3. Model Building

The model incorporates heat sinks on both the cold (absorption) and hot (dissipation)
sides of the Peltier module [52]. Heat dissipation on the hot side is achieved through forced
convection via integrated fans. Furthermore, the interface between the heat sinks and
the module includes the thermal resistance of the applied thermal paste. By accounting
for these physical components, the model generates key thermal parameters: the thermal
resistances (R; and Ry) and thermal capacities (C. and Cy) for both sides, along with
the contact resistance (Rs) of the thermal interface material. The network of thermal
resistances and capacities governing heat exchange between the module faces and the
ambient environment is presented in Figure 1c.

Assuming each heat sink is isothermal, their respective thermal masses can be mod-
eled as capacitive elements. By applying the energy balance represented in Equation (11) to
both the cold and hot sides of the module and performing a Laplace transform, the sys-
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Current (1)

tem’s dynamic behavior is characterized [53]. This yields the following transfer functions,
which define the relationship between the heat flux and the temperature response in the
frequency domain:

T,—T._  Ry+R )
Qn 1+ Cps-(Ry + Rs)
T, —T¢ R¢ + R; (14)

Qc  1+Ccs(Re+Ry)

where T, (K) is the room temperature, and Rj;, (K/W) and R, (K/W) denote the thermal
resistance of the hot and cold sides of the Peltier module relative to the surrounding air,
respectively. C, and C, are the thermal capacities of the heat sinks on the hot and cold sides,
and s is the Laplace operator used to transform the differential equations into the complex
frequency domain (transfer functions).

It should be noted that the thermal capacity is a function of the heat sink’s physical
dimensions and material properties, whereas the thermal resistance is governed by the
following factors [54]: (i) the thermal contact resistance between the Peltier module and the
heat sink (dependent on the interface material), (ii) the specific geometry and design of the
heat sink model, and (iii) the fan supply voltage, which dictates the airflow velocity and,
consequently, the convective heat transfer coefficient.

Once the governing principles and mathematical expressions of the Peltier module
were established, a block-based model was developed to simulate these dynamics within
both Python and MATLAB/Simulink environments [55-57]. The process of heat transfer
through the Peltier module used in this study was summarized in Figure 2. This diagram
involves a complex interaction between active thermoelectric transport and passive ther-
mal losses. The model accounts for the Seebeck effect, which drives the cooling, while
simultaneously subtracting the penalties imposed by internal Joule heating and parasitic
thermal conduction.
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Figure 2. Peltier module connections for heat transfer evaluation.

2.4. Calculation of the Thermoelectric Module Parameters

Commercial manufacturers characterize Peltier modules using a set of specific opera-
tional limits [58—61]. AT: The maximum temperature difference is achievable between the
hot and cold junctions when the cooling capacity is zero (Q¢ = 0). Qc, max: The maximum
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heat absorption capacity of the module, occurring when the temperature difference be-
tween the faces is zero (AT = 0). Imax: The maximum input current the module can sustain
without reaching thermal saturation or damaging the internal semiconductor junctions.
Vmax: The maximum voltage applied to the Peltier module. Then, in consequence, the
electrical and thermal characteristics of the Peltier module used to perform the simulation
in this study were defined in Table 1.

Table 1. Electrical and thermal characteristics of the Peltier module.

Hot-Side Temperature T}, (°C) 27 °C 50 °C
Qc, max (Watts) 61.4 66.7
AT ey (°C) 70 79
Imax (Amps) 6 6
Vmax (Volts) 16 17.2
Rth (Ohms) 1.8-2.2 2.0-2.4

To bridge the gap between the manufacturer’s data sheet specifications and the inter-
nal parameters required for the simulation, Equations (15)—(18) were employed [41,49,62].
These expressions derive the Seebeck coefficient (S), the internal electrical resistance (Re),
the thermal resistance (Rth) and thermal conductance (Ky;) of the Peltier module. By inte-
grating these calculated material properties, the model accurately replicates the coupled
thermoelectric behavior of the device [63].

Vinax
S=—- 15
T, (15)
Re — (Th 7TAfmax)Vmax _ Vmux ; SATmax (16)
hlmax max
ATmax 2Th
Ry = 17
th Imumeax (Th - ATmax) ( )
K, = i — (Th_ATmax) — Vinax Imux. (18)

R, 2T, AT pmax

Applying Equations (15)—(17) to the manufacturer data provided in Table 1 (at
a reference hot-side temperature Ty, = 50 °C), the following characteristic parameters
for the thermoelectric module were derived for use in the simulations: Seebeck Coef-
ficient (S) = 0.0532 V K~!, Electrical Resistance (R,) = 2.13 Q) and Thermal Resistance
(Rth) =1.99 KW~1,

Furthermore, the thermal capacitances of the cold-side (C.) and hot-side (C},) heat
sinks are fundamental to the transient of system response. These values are determined

using the following relation:
C =cpv (19)

where C is the thermal capacity (J K1), c is the specific heat of the material (k] kg~! K~1),
p is the density (kg m~3), and v the volume in m? of the heat sink. Therefore, these heat
sinks are represented by the values C. and Cj,.

The parameters governing a Peltier module’s performance can be categorized into
three distinct groups [64—66]. First are the intrinsic constants (such as maximum cooling
capacity (Qc, max), temperature differential (AT 4x), and peak electrical ratings (Lnax, Vinax),
which are determined by the material quality and manufacturing process. These are
typically provided in technical data sheets of the manufacturer. Second are the derived
parameters, including internal electrical resistance, thermal resistance, and the Seebeck
coefficient, which are calculated from the data sheet constants. Finally, the extrinsic param-
eters are defined by the physical cooling assembly. The thermal capacities (Cy,, C.) depend
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Voltage

on the specific heat sinks utilized, while the thermal resistances relative to the environment
are dictated by the airflow characteristics of the integrated fans. Additionally, the thermal
interface resistance accounts for the properties of the thermal grease applied between the
module faces and the heat sinks. With this information, the specific values used to develop
and simulate the model in Simulink are presented in Table 2. It is important to highlight
that this modeling framework is designed to allow for the dynamic variation in supply
current and ambient temperature.

Table 2. Values used in the simulation.

Parameters Value
Seebeck Coefficient (S) 0.0532 VK1
Electric Resistance (Re) 213 Q)
Peltier module thermal resistance (Rth) 1.99 KW—1
Hot-side thermal capacity (C,) 378.4JK!
Cold-side thermal capacity (C.) 378.4JK!
Hot-side thermal resistance (Ry,) 0.15KW-1
Cold-side thermal resistance (R.) 1KW1
Silicone grease thermal resistance (Rs) 1.14 K W1

2.5. Model Validation

To validate the proposed model, the simulated behavior was compared against the
manufacturer’s performance curves using the same reference parameters. In Figure 3, the
simulated temperature differential (AT) and supply voltage (left) appear slightly lower
than the values provided in the technical data sheet (right) for identical current inputs.

[
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Figure 3. Behavior of the voltage supplied to the Peltier module, related to difference in temperature
between the hot and cold side, and the electric current.

This discrepancy is primarily due to the inclusion of real-world thermal resistances
(Rp, R¢, and Rg) and thermal capacities in the simulation model [67]. As noted by X. Hao
et al., a higher thermal resistance on the hot side restricts heat dissipation, which subse-
quently reduces the achievable AT between the junctions [68]. Because the simulation
accounts for these experimental thermal losses, the resulting voltage required, as governed
by Equation (11), is also lower. Even with these differences, the simulation data is very close
to that presented in the graph of the technical data sheet of the module that was used as a
reference. The model indicated that reaching a maximum differential of 61.1 °C requires a
power input of 16.2 V and 6 A.

Similarly, Figure 4 compares the heat absorption capacity (Qc) as a function of AT and
input current. Both the simulation (left) and the data sheet (right) show that the maximum
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heat absorption occurs when AT = 0 for a given current. The slight variations observed
between the two graphs stem from the influence of the cold-side thermal capacity and the
hot-side thermal resistance [68]. Consistent with thermoelectric theory, while increasing the
current enhances heat absorption, a rising temperature gradient across the module creates
a parasitic backflow of heat, thereby reducing the net Q. under constant current conditions.

70
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Watt
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304
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Figure 4. (a) Heat absorbed with respect to temperature difference between the hot and (b) cold-side
of the Peltier module and the current supplied.

To establish a robust, data-driven alternative to proprietary manufacturer constants,
the Python-based framework utilizes a linear least-squares regression matrix to solve the
non-linear coupling coefficients governing the module’s boundary conditions. The dynamic
temperature profiles of the hot face (T},) and cold face (T.) are modeled using a dual-
quadratic parameter tracking approach. The model parameters were derived strictly
using a training dataset (70% of collected profiles). Crucially, the remarkably low error
metrics reported in the manuscript were obtained by testing the model against an entirely
independent verification dataset (30% of data withheld during fitting) across all current
steps (1-6 A) and ambient sweeps (28, 32, 36, and 40 °C).

2.6. Computational Implementation in Python

The experimental phase was conducted using a commercial Peltier module with
specifications matching those presented in Table 1. The experimental setup included:
(a) a controlled ambient temperature environment (40 °C initial temperature), (b) high-
precision temperature sensors on both hot and cold sides, (c) calibrated voltage and current
measurements, and (d) a data acquisition system for continuous monitoring. Data collection
was performed at four distinct current levels: 1. Low current (1 A)—representing minimal
cooling operation, 2. Medium current (3 A)—typical operating condition, 3. Medium-high
current (4.5 A)—enhanced cooling operation, and 4. High current (6 A)}—maximum rated
operation. For each current level, measurements were recorded for hot-side temperature
(Th), cold-side temperature (T.), temperature difference (AT), and applied voltage (V).

The sampling interval was optimized to capture both rapid initial changes and steady-
state behavior, with measurements taken until thermal equilibrium was achieved at each
current level. A consistent linear relationship between voltage and temperature difference
emerged across all current levels, following a general straight equation considering practical
features (Supplementary Materials).

It is important to clarify that the core thermal balance framework of the thermoelectric
system does not rely on Partial Differential Equations (PDEs) that necessitate numerical
grid solvers. Instead, the transient behavior of the Peltier module and its attached heat
sinks is governed by a Lumped Element Thermal Capacitance (C) and Resistance (R) net-
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work, which yields a coupled system of linear Ordinary Differential Equations (ODEs).
To ensure mathematical rigor without relying on iterative numerical approximations for
the baseline, an exact analytical solution was derived. By applying the Laplace transform
to these time-dependent governing ODEs, the system was mapped into the complex fre-
quency domain (s-domain). This yielded the closed-form, analytical transfer functions
detailed in Equations (13) and (14), which directly define the dynamic junction tempera-
tures (T, and T) relative to the thermal flux inputs (Q, and Q.). These analytical equations
form the mathematical foundation for the block inputs within the Simulink environment.

2.7. Model Validation and Comparison with Simulink
Experimental Validation

Detailed validation was performed at each current level. For example, the 4.5 A case,
displayed the values of Table 3.

Table 3. Values obtained at 4.5 A.

Parameter Experimental Model Prediction Error (%)
AT (max) 2.210°C 2.207 °C 0.14

V (init) 8.865V 8.865 V 0.00

V (final) 8.977 V 8.978 V 0.01
Ty (max) 41.405 °C 41.410 °C 0.01
T¢ (min) 39.198 °C 39.200 °C 0.01

It is important to highlight that the Simulink models are based on the following con-
siderations: this environment was used as an interface-driven, solver-based platform to
construct a macro-level block model based on standard thermoelectric governing equations.
It acts as a robust baseline for ideal thermodynamic parameter optimization, steady-state
sensitivity analysis, and prediction of macro-scale electrical requirements using manufac-
ture data sheets. However, it operates under the assumption of ideal material properties
and carries a high computational overhead and licensing dependency, which makes it less
suitable for direct hardware embedding.

Python: Experimental data and empirical relationships require only current input
and desired temperature range. Accuracy Characteristics: Better for practical performance
prediction in real operating conditions. Computational requirements: Lightweight, open-
source implementation. Adaptation to Different Modules: can be adapted through simple
coefficient adjustments Advantages: direct incorporation of real-world behavior, accounts
for non-ideal effects automatically and high accuracy within the tested range. Implemen-
tation Benefits: simple parameter inputs, fast computation time, easy integration with
other systems and Excel output for practical use. Flexibility: easy modification for different
modules, simple adaptation to new operating conditions and scalability to different tem-
perature ranges. Limitations: limited to tested current range (1-6 A), validated for specific
temperature range and requires recalibration for different ambient conditions. Model
Assumptions: Linear voltage-temperature relationship, quadratic temperature evolution,
constant ambient temperature. The Python-based framework functions as a lightweight,
open-source, data-driven tool, by deploying an empirical voltage-temperature (V-AT)
coupling coefficient from experimental datasets. It bypasses the limitations of propri-
etary, temperature-dependent, internal material parameters (e.g., precise internal thermal
conductivity or electrical resistivity) that are often omitted in commercial specifications.

In this context, the study proposed Simulink to obtain the necessary foundation for
validation against idealized thermoelectric theory, whereas the Python model is optimized
for real-active thermal management. Its lightweight O(1) computational efficiency makes
it mathematically suitable for direct integration into physical microcontrollers to execute
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rapid pulse-width modulation control loops in practical applications, as it is the case in
this work.

3. Results
3.1. System Configuration and Modeling Parameters

Numerical simulations were conducted to characterize the steady-state and transient
performance of a standard commercial Peltier module. The physical domain integrated
aluminum heat sinks on both the hot and cold junctions, with an active cooling fan on the
hot-side assembly to optimize heat rejection. To address the specific operational constraints
of these devices, the chosen temperature domain (38 °C to 50 °C hot-side evolution un-
der 28 °C to 40 °C ambient) was selected to systematically isolate the effects of tropical
climates and high-temperature industrial environments on solid-state cooling efficiency.
While individual temperature sweeps are common in thermoelectric characterizations,
evaluating the coupled interactions between high ambient thermal loads (Tyy,, = 40 °C)
and severe electrical input current variations provides a valuable baseline that standard
ambient evaluations lack. Therefore, the study evaluated performance across two critical
independent variables: (i) Ambient temperature: varied from 28 °C to 40 °C to simulate
operation in tropical climates and high-temperature industrial environments. (ii) Supply
Current: Modeled as a step function from 1 A to 6 A, facilitating the analysis of both
transient thermal evolution and steady-state equilibrium.

Finally, to ensure high-fidelity thermal modeling, the thermal contact resistance (Rth,)
of the thermal interface material (TIM) was accounted for at all module-heat sink interfaces,
bridging the gap between idealized theory and real-world implementation.

3.2. Thermal Flux Analysis (Q. and Q)

The thermal behavior, specifically heat absorption at the cold junction (Q.) and heat
dissipation at the hot junction (Qy,), is illustrated in Figure 5. Results indicate that both
Qc and Qy, correlate positively with ambient temperature. However, as supply current
increases, Qy, increases at a significantly higher rate than Q.. This divergence is fundamen-
tally driven by Joule heating (I?R). While the Peltier effect (cooling) scales linearly with
current, Joule heating scales quadratically. Consequently, the hot side must reject the sum
of the pumped heat and the internal resistive losses.

By investigating how the module behaves as hot-side temperatures approach 50 °C,
we uncovered a critical performance phenomenon that only occurs during high ambient
operations. As the performance curves demonstrate, running the system in a 40 °C ambient
environment shifts the net cooling capacity (Q.) significantly downward compared to
standard room-temperature setups. Testing within this specific operational window is
exactly what allows us to mathematically describe the thermal runaway boundary that
occurs right beyond 5 A. At this specific threshold, the quadratic growth of internal joule
heating (I?’R¢) completely overwhelms the linear thermoelectric cooling effect (S I T¢).
Beyond 5 A under these specific temperature limits, the system shifts into a heat-dominant
regime: cooling capacity completely collapses, and the hot-side thermal load surges to an
extreme 122 W. Isolating this transition point is vital, as it provides concrete guidance for
engineers developing applications tailored to hot geographic regions.
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Figure 5. Heat absorbed and dissipated by the Peltier module under temperature variation

(28 °C (blue lines) and 40 °C black lines) and increasing electric current from 1 to 6 A (upper

left to lower right).

3.3. Junction Temperature and AT Evolution

Figure 6 displays the temperature of the cold (T.) and hot (T},) junctions of the Peltier
module as a function of ambient temperature and supply current. As current increases, the
temperature differential (AT) expands; T. decreases while T}, rises sharply. The minimum
cold junction temperature achieved was 3.7 °C at Ty, = 28 °C and I =5 A. At a constant

current, rising ambient temperatures result in a proportional rise in both junction tem-

peratures. Thus, lowering T, in high-ambient environments requires significantly higher
electrical power to overcome the external thermal load, often at the cost of efficiency.
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Figure 6. Cold-side and hot-side temperature of the Peltier module obtained when operated at a
variable room temperature (28 °C to 40 °C) and with an increase in electric current from 1 to 6 A
(upper left to lower right).

As illustrated in Figure 7, a critical operational divergence occurs beyond 5 A at an
ambient temperature of 40 °C. While cooling capacity (Q.) scales moderately by 16% per
ampere up to 5 A (23.4 W), the hot-side heat load (Qy,) escalates sharply by an average
of 37% per ampere due to the quadratic nature of the Joule heating (I’R,): increasing the
input current to 6 A forces the system past its optimal thermodynamic threshold into a
heat-dominant regime. At this stage, internal thermal backflow completely overwhelms
the linear Peltier effect, causing a 2% drop in net heat absorption (22.9 W) alongside a
25.7% surge waste heat dissipation, which reaches an extreme value of 122 W.
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respect to the increase in electric current at temperature of 40 °C.

In Table 4, the ratio of heat dissipation to heat absorption was analyzed. For each
unit of electric current, the dissipated heat increases by an average of 57% relative to the
absorbed heat. Starting at a current of 3 A, a significant surge in heat dissipation is observed,
eventually reaching levels five times higher than the absorbed heat at a current of 6 A.

Table 4. Increase in heat dissipated with respect to heat absorbed at ambient temperature of 40 °C (%).

% Increase Q. over Qg

Electric current % increase Qh-Qc
1 24.5
2 424
3 55.8
4 66.1
5 74.2
6 81.2
Average 57

Figure 8 plots the junction temperature profiles (T, and T.) as a function of current and
environmental shifts: due to high external ambience loads, progressively higher operating
currents are required to force down the cold junction temperature (T.). A maximum
temperature gradient (AT) of 61.1 °C was achieved at a peak current of 6 A, highlighting
that sub-ambient cooling capacity remains heavily contingent upon the forced convection
efficiency of the hot-side heat sink assembly.
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]
50 4 52.37

B 4382
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B 345

AT (°C)
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W 2424
20 |

104

T T T T T T T T T T T T
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Figure 8. Temperature difference between the hot and cold side of the thermoelectric module used.
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Figure 9 illustrates the behavior of the coefficient of performance (COP), as well as the
heat absorbed and dissipated by the module, as a function of both ambient temperature and
supply current. A higher COP signifies a more efficient utilization of electrical energy for
heat absorption; essentially, a larger portion of the supplied electricity is used for cooling
rather than being lost as dissipated heat.

CoP

Themal power (W)

° L 5 . B)32° I
(A) 28 °C 120 01OP (B)32°C 3.0

Decreased of COP (%)

Themal power (W)
Decreased of COP (%)
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211 Q 2143 2235
.

0 0 87T T T T T T

. 7 1 2 3 4 5 6
Electric current (A) Electric current (A)
T T T T T T T

CcopP

Themal power (W)

35 140 ' ' 35

(C)36 °C (D)40°C

w
[S)

N
3

N
=)
Decreased of COP (%)

Decreased of COP (%)
Themal power (W)

1 2 3 4 5 6
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Figure 9. Heat absorbed (Q.) and heat dissipated (Qy,) in the Peltier module and COP efficiency
against electric current supplied at (A) 28 °C, (B) 32 °C, (C) 36 °C and (D) 40 °C.

The maximum COP of 3.1 was observed at a supply current of 1 A and an ambient
temperature of 40 °C. Under these conditions, for every watt (W) of electrical power
supplied, the cold side absorbed 3.1 times that amount in thermal energy. Conversely, the
minimum COP recorded was 0.21, occurring at a supply current of 6 A and an ambient
temperature of 28 °C. These results demonstrate that the module operates with significantly
higher efficiency at lower current supplies.

The COP is also heavily dependent on the efficiency of the heat sink coupled to the
hot side of the Peltier module. Standard air-cooled heat sinks (forced convection) typically
provide thermal resistances ranging from 0.5 to 0.7 [69,70], whereas water-cooled systems
can achieve values as low as 0.1 K W~! [71]. A lower thermal resistance at the hot side
facilitates greater heat absorption [72] and a higher COP, as it allows the Peltier module to
maximize the conversion of electrical energy into effective thermal transport.

It can be seen in Figure 10 how the COP varies with respect to the supply current
and the temperature difference; the higher the supply current, the lower the COP, since
the electric power supplied increases and, therefore, more heat is dissipated at the hot
side of the module; meanwhile, heat absorption increases moderately. This can also be
observed in Figure 9. Correspondingly, as the temperature difference between the cold
and hot sides of the module increases, the COP coefficient decreases; thus, the module
will operate with higher performance when the temperature difference between both sides
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is smaller. As previously mentioned, during the simulations, the maximum COP was
3.1 with a current of 1 A of power supplied to the module, while the lowest performance
was 0.21 with 6 A.

8

AT (°C)

Figure 10. COP compared to the difference in temperature and electric current.

The core finding of this study is the identification of the critical current (I~5 A) at
an ambient temperature of 40 °C. In thermoelectric theory, the cooling power (Q.) is a
parabolic function of current according to the following equation:

1

Qc = SIT,. — EIZRE — KAT (20)

where S is the Seebeck coefficient, R is electrical resistance, and K is thermal conductance.

Based on this information, the results demonstrate that at 6 A, the internal 2R, term
increases by 25.7% while the first term (SIT;) fails to compensate, leading to a net reduction
in Q.. This confirms that operating a Peltier module at its rated maximum current (Imax) is
almost always thermally inefficient for precision cooling.

Our results demonstrate a critical divergence in thermoelectric performance: while
cooling capacity (Qc) scales by 16% per ampere, the hot-side heat load (Q),) escalates by
37%. This asymmetry highlights a thermal runaway threshold beyond 5 A, where the
Joule heating (I?R.) dominant regime risks exceeding the heat sink’s dissipation capacity
(Qp = 122 W). Consequently, we identify an optimal efficiency setpoint at ~1 A (COP = 3.1),
suggesting that peak performance in real-world applications is achieved by minimizing
current density rather than maximizing power input. Finally, the study proves that in 40 °C
environments, the ambient thermal load shifts the Q. curve downward. This necessitates
the use of multi-stage (cascaded) Peltier modules if sub-zero temperatures are required, as
a single stage faces a diminishing return threshold earlier under high T,p,.

3.4. Python Implementation

While the Simulink models rely on theoretical relationships, they often fail to account
for contact resistance and non-linear parasitic losses in real-world packaging. This study
introduces a hybrid empirical-computational framework that utilizes a dual-quadratic
temperature evolution mapping to bridge the gap between ideal thermodynamics and
practical implementation.
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3.4.1. Temperature Evolution

Python results indicate that the temperature changes on both hot and cold sides follow
a quadratic relationship with the temperature difference:

AT, = 0.0042983AT? + 0.8250629AT — 0.4188558 (21)

AT. = —0.0042982AT? — 0.1749429AT — 0.4188338 (22)

These equations represent both the initial rapid temperature change and the gradual
approach to steady state, with the following key observations: nearly identical quadratic
coefficients (—0.0042983 vs. —0.0042982) indicate symmetric thermal behavior, opposing
linear terms (0.8250629 vs. —0.1749429) reflect the different heating/cooling dynamics and
similar constant terms (—0.4188558 vs. —0.4188338) suggest consistent initial conditions.

Simulation at 5.0 A
The simulation at 5.0 A demonstrates the model’s capability to predict Peltier module

behavior at intermediate current levels. Considering an initial temperature (both sides) of
39.58 °C on both sides and a voltage of 9.85 V, the obtained results are shown in Table 5.

Table 5. Evolution of the temperature using Python simulation at an applied current of 5 A, 39.58 °C in
both sides and a voltage of 9.85 V.

AT (°C) Ty CO) T. (°C) Voltage (V)
0 39.58 39.58 9.85
5 43. 60 38.60 10.10
10 47.40 37.40 10.36
15 50.99 35.99 10.61
20 54.36 34.36 10.87

The simulation at 5.0 A confirms the model’s robust interpolation capabilities, main-
taining high physical fidelity across the non-linear transition between experimental data
points. By preserving the linear voltage—temperature coupling and symmetric quadratic
thermal gradients, the framework ensures a strict energy balance that aligns with both
Seebeck effect predictions and internal Joule heating distributions. This alignment produces
physically consistent steady-state conditions and realistic thermal response times, bridging
the gap between theoretical heat transfer characteristics and practical thermoelectric behav-
ior. Consequently, this lightweight Python implementation functions as a high-precision
design tool, enabling the optimization of cooling strategies and the development of ad-
vanced pulse-width modulation (PWM) control logic for real-time thermal management in
sensitive applications like PCR cycling or optoelectronics.

While the Simulink model provides a vital foundational understanding of thermo-
electric theory, it operates under the assumption of ideal material properties and perfect
thermal contact. In contrast, the Python-based empirical framework accounts for the inher-
ent non-linearities of the physical assembly. The Simulink approach requires a deep set of
manufacturer-specific constants, many of which, such as the internal thermal conductiv-
ity (k) and electrical resistivity (p), are temperature-dependent and often unavailable for
commercial-off-the-shelf (COTS) modules. The empirical model bypasses this black-box
limitation by utilizing a voltage—temperature (V-AT) coupling coefficient. This allows for
high-precision modeling (R? > 0.98) without the need for destructive testing to determine
internal material variables.

A significant finding of this study is the near-identical quadratic coefficients for both
the hot (ATy,) and cold (AT,) side evolution equations. This symmetry reveals that the
Joule heating contribution (I2R.) is the dominant factor in performance degradation at
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higher currents, a phenomenon that Simulink often underestimates unless complex fluid-
dynamic boundary conditions are manually integrated. By capturing this via regression, the
proposed model inherently includes the parasitic heat loads that lead to the heat-dominant
regime observed beyond 5 A. The transition from a solver-based environment (Simulink)
to a functional programming environment (Python) facilitates the integration of Advanced
Control Strategies. While Simulink is superior for initial design optimization and steady-
state analysis, the Python implementation is optimized for active thermal management.
Its lightweight O (1) computation of temperature setpoints makes it an ideal candidate
for integration into microcontrollers managing PCR thermal cyclers, where rapid PWM
adjustments are required to maintain a COP of 3.1 amidst fluctuating ambient loads.

It is important to clarify that pointing out how these results can be integrated into
industrial or commercial facilities is not meant to promote a commercial application.
Instead, it serves as direct proof of the framework’s mathematical efficiency. Moving
from a solver-dependent environment like Simulink to an open-source, functional pro-
gramming platform like Python drastically reduces computational overhead. Because
this empirical Python model relies on a high-precision voltage-temperature (V-AT) cou-
pling coefficient rather than multi-layered, iterative loops, it achieves streamlined O(1)
computation time. This lightweight mathematical structure is a key novelty of this work.
It makes the code uniquely suited for direct embedding into real-time microcontrollers for
active thermal management, such as driving rapid pulse-width modulation adjustments to
counter fluctuating ambient loads. The potential for its industrial application is simply a
practical byproduct of the scientific optimization achieved in this study.

It is important to mention that the reported prediction errors were evaluated using a
rigorous independent validation protocol. The dual-quadratic empirical equations were
calibrated using 70% of the experimental dataset, while the remaining 30% was withheld
from the training process and used exclusively for model validation. The reported errors
(~0.14%) for the maximum temperature differential and =0.011% for the hot- and cold-
junction temperature predictions, represent true out-of-sample performance rather than
fitting accuracy. Thus, the reported data were accepted when R? > 0.98 in order to assure
agreement between predictions and experimental observations.

Concerning computational efficiency, the proposed approach differs fundamentally
from conventional finite-difference, finite-element, or SPICE-based thermoelectric simu-
lations, which typically require iterative numerical solution procedures and repeated
convergence calculations. In contrast, the present framework employs closed-form
analytical expressions derived from the Laplace-domain transfer-function formulation
(Equations (13) and (14)), coupled with algebraic dual-quadratic regression equations ob-
tained from experimental data. Because the prediction of system states is performed
through direct analytical evaluation rather than iterative numerical solving, the compu-
tational cost for each prediction remains effectively constant with respect to the model
size, resulting in an O(1) computational complexity. This reduced computational load
makes the proposed methodology particularly suitable for embedded and real-time ap-
plications, where computational resources are limited. In this way, the model can be
executed using low-cost microcontrollers and integrated into active thermal-management
systems employing pulse-width modulation control strategies, thereby enabling real-time
temperature prediction and control without the overhead associated with conventional
numerical solvers.

3.5. Pedagogical Integration and Virtual Laboratory Deployment

The findings of this study demonstrate the potential of a dual-platform modeling
approach as an effective pedagogical framework for teaching multiphysics coupling phe-
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nomena, including thermoelectricity, electronics and heat transfer. By comparing a top-
down, solver-based environment (MATLAB/Simulink) with a lightweight, open-source
programming platform (Python), students can develop a deeper understanding of the com-
plementary roles of theoretical modeling and data-driven empirical analysis in engineering
problem solving.

Furthermore, the Python-based empirical regression framework can serve as the
foundation of a digital twin-oriented educational technology, enabling students to explore
and validate non-linear real-world system behavior through statistical error assessment
and machine learning methodologies. The implementation of a standard 70/30 training-
validation data-splitting strategy provides an accessible introduction to model verification
and predictive analytics without the need for costly experimental infrastructure.

The virtual laboratory in this work offers an open-source learning environment that
strengthens computational literacy while fostering practical skills in simulation, model
calibration and performance validation. Importantly, the framework has been piloted with
mechatronics and thermal engineering courses at the National Polytechnique Institute
(Instituto Politécnico Nacional, IPN), particularly at the engineering campus located in
Hidalgo, Mexico. Preliminary educational experiences indicate that the platform can
reduce barriers associated with commercial software licensing while promoting greater
student engagement with computational modeling, reproducible research practices, and
interdisciplinary engineering analysis.

4. Conclusions

This research successfully developed two complementary approaches to modeling
Peltier module behavior: a theoretical Simulink model and an empirically based Python
implementation. Both models provide valuable insights into thermoelectric behavior
under different operating conditions, with each offering distinct advantages for specific
applications.

The Simulink model provides a robust theoretical foundation, allowing for detailed
analysis of module behavior under varying ambient temperatures and power supply
conditions. Its predictions align well with manufacturer specifications and provide valuable
insights into the fundamental physics of thermoelectric operation. This model’s strength lies
in its comprehensive inclusion of physical parameters and its ability to simulate complex
thermal interactions. The main findings of this work can be summarized as follows:

Maximum efficiency is achieved at low current densities (~1 A with a COP of 3.1).
For currents exceeding 3 A, the COP drops significantly below 0.5, as more electrical energy
is converted into waste heat than effective cooling.

A critical divergence occurs at 5 A. Beyond this point, heat dissipation (Qy) surges
(e.g., reaching 122 W at 6 A) while cooling capacity (Qc) begins to decline due to dominant
Joule heating effects.

High ambient temperatures (40 °C) shift the cooling curve downward, necessitating
higher power consumption to achieve desired cold-junction temperatures. This highlights
the necessity of multi-stage (cascaded) modules for sub-zero cooling in hot environments.

The Simulink model excels in theoretical parameter optimization and steady-state
analysis. In contrast, the Python implementation is superior for real-time active thermal
management and practical performance prediction, accounting for contact resistance and
non-linear parasitic losses with high precision (R? > 0.98).

Ultimately, these models demonstrate that effective heat sink design and strict current
management are essential for preventing module failure and maintaining optimal perfor-
mance in real-world applications. Future work could focus on extending these models to
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account for thermal cycling effects, long-term performance degradation, and integration
with smart control systems.
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Nomenclature

AT Temperature difference (T, — T¢), °C

ATpay  Maximum temperature difference of the Peresistence Peltier module, K
C Thermal capacity, J/K

c Specific heat, k] /kg K

C. Cold-side thermal capacity, ] /K

Cy Hot-side thermal capacity, ] /K

(€0) Coefficient of performance, %

I Electric current, A.

Lnax Maximum electric current of the Peltier module, A.
Ky Thermal conductance of the Peltier module, W/K
Q Heat flux; heat absorption capacity W

Qc Absorbed heat, W

Qrr Heat conduction by Fourier effect, W

Qp Dissipated heat, W

Qs Joule heating, W

Qpc Peltier Cooling, W
Qpn Peltier heating, W

o Density, kg/m3

P, Electric power; power consumed W

v Heat sink volume, m3

R Electric resistance of the Peltier module, ()
R, Cold-side thermal resistance, K/W

R, Internal electric resistance, ()

Ry, Hot-side thermal resistance, K/W

Ry Peltier module thermal resistance, K/W
Rs Silicone grease thermal resistance, K/W
R Thermal resistance, K/W

s Laplace variable
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S Seebeck coefficient, V/K

T Temperature, °C

T Thomson coefficient

T, Ambient temperature, °C

T Cold-side temperature, °C

T, Hot-side temperature, °C

1% Voltage, V

Vinax Maximum voltage of the Peltier module
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