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A B S T R A C T   

This study is a comprehensive exploration of a polymer nanocomposite-based Thermoelectric Generator (TEG) 
developed within the European project InComEss, specifically designed for aeronautical applications. The focus 
lies on evaluating the TEG’s performance under thermal conditions representative of various aircraft flight 
stages. The TEG module, consisting of four sections with 17 p-n strips each, is constructed from aerospace-grade 
polycarbonate, exhibiting dimensions of 50 * 1 * 0.3 mm. In the laboratory phase, the TEG’s performance is 
systematically assessed through a series of experiments. Temperature gradients, ranging from − 15 ◦C to 55 ◦C, 
emulate conditions experienced during ascending and descending flight stages. The results indicate promising 
outcomes, showcasing the potential viability of polymer-based TEGs for aeronautical applications. Specifically, 
temperature gradients of 40–70 ◦C, representative of atmospheric conditions and wing leading edge skin con-
ditions, are applied across four test trials. The model validation demonstrates creditable agreement between 
computational outcomes and experimental data. Insights gained from COMSOL Multiphysics simulations in-
cludes temperature distribution, electric potential, and flow dynamics. Simulations conducted under varied 
temperature ranges provide valuable insights into the TEG’s performance variability. Key findings include 
temperature distribution profiles, electric potential outputs under open and closed-circuit conditions, and a 
detailed flow analysis within a controlled thermal environment. The validated computational model not only 
enhances understanding of the TEG’s behaviour, but also establishes a foundation for optimizing design pa-
rameters to enhance thermoelectric efficiency. The error analysis underscores the model’s reliability, exhibiting 
an average error of 5.68 % between computational and experimental results, reinforcing its suitability for sci-
entific investigations of this nature.   

1. Introduction 

The global quest for sustainable energy solutions has accelerated in 
recent years as a result of rising energy demands, increasing environ-
mental issues including air pollution and climate change, and limited 
supplies of traditional fossil fuels. The aerospace industry is at a cross-
roads of these issues due to its high energy consumption and strict 
environmental restrictions. A significant amount of the energy input is 
always dissipated as waste heat throughout the propulsion process. 

Previously thought of as an inevitable byproduct of energy conversion, 
waste heat is now seen as a significant unexplored resource [1]. 

Waste heat recovery has become an essential approach for reducing 
energy losses and improving overall effectiveness [2] in several in-
dustries, including aviation. Industries may turn a resource that was 
previously misused into a long-lasting and useful asset by using waste 
heat. This is especially important for aviation applications, wherein the 
primary goals are improving fuel efficiency, cutting CO2 emissions, and 
extending operational capabilities. The aviation sector, which is 
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frequently criticised for its negative environmental effects, is now given 
a rare chance to transform its energy landscape and support interna-
tional sustainability initiatives with cutting-edge technology [3,4]. 

Hence, in the quest for greater energy efficiency and environmental 
responsibility, waste heat recovery has become a major focus, especially 
in aerospace. This sector, defined by cutting-edge technology, increasing 
energy demands, and global environmental concerns, is at a pivotal 
moment, where capturing previously wasted thermal energy offers sig-
nificant benefits [5]. 

The aviation industry is characterised by a constant need for 
increased performance, longer flying distances, and lower carbon foot-
prints. In this situation, waste heat provides an untapped resource with 
the potential to change the industry’s energy perspective. Previously, 
waste heat was considered to be one of the unavoidable energy losses. 
Aeronautics obtains an opportunity to increase efficiency while simul-
taneously advancing the general objective of more environmentally 
friendly and sustainable flying practises by collecting and turning waste 
heat into productive power streams [6]. 

One of the key challenges in aeronautical engineering lies in the 
delicate balance between power generation and weight considerations 
[7]. Conventional heat dissipation techniques, such passive cooling 
systems, not only take up valuable interior space but also contribute to 
the aircraft’s weight. Thermoelectric generators (TEGs), for example, 
are waste heat recovery devices that circumvent beyond these problems. 
TEGs provide a sophisticated solution that harmonises with the strict 
weight restrictions ingrained in aircraft engineering due to their light-
weight and compact structure [8]. 

Additionally, the dynamic nature of flight, which includes a range of 
temperature gradients and operating phases, emphasises the require-
ment for a flexible energy recovery strategy. In this dynamic environ-
ment, waste heat recovery systems, such as TEGs, flourish and provide a 
special capability to capture energy under various circumstances. Waste 
heat recovery systems are ready to optimise energy conversion 
throughout the course of a flight. 

At the nexus of waste heat recovery and aviation applications, 
thermoelectric generators have emerged as a game-changing option [9]. 
These devices use the Seebeck phenomenon to convert temperature 
gradients directly into electrical power, offering a simple and effective 
way to capture waste heat [10]. TEGs provide significant benefits for 
aeronautic applications, including:  

• Compact Size Factor: TEGs are naturally lightweight and compact, 
which makes them suitable for integration on an aeroplane [11].  

• Decentralized Energy Generation: TEGs enable decentralized energy 
generation, which lessens dependency on conventional centralised 
power sources and promotes self-sufficiency in terms of powering 
onboard systems [12]. 

• Sustainable Operations: By reusing waste heat, TEGs help the in-
dustry achieve its sustainability goals by using less fuel and emitting 
fewer pollutants [13].  

• Operational Flexibility: TEGs can function in a range of temperature 
gradients, making it possible to effectively collect energy throughout 
various flight phases, including take-off, cruise, and landing.  

• Improved dependability: TEGs’ inherent design simplicity translates 
to improved dependability and fewer maintenance needs, which are 
crucial for aviation applications where downtime must be kept to a 
minimum [14].  

• TEGs may have the potential to be used to power auxiliary systems, 
avionics, and even sophisticated sensor networks in addition to 
propulsion, ushering in a new age of self-sufficient operations [15]. 
This decentralized energy production, along with the potential for 
lower fuel use and emissions, paves the way for a concept change in 
the management of aviation energy. 

The use of waste heat recovery technology, notably TEGs, has the 
potential to significantly alter how energy is managed in the aviation 

industry. These creative ideas tackle the problems of energy efficiency, 
environmental impact, and operational adaptability by transforming 
waste heat into a useable source of energy. For the advancement of fully 
independent sensor systems or wireless systems within the aviation in-
dustry, the utilization of decentralized generation of electrical energy 
from the surroundings is a crucial factor. This approach facilitates on- 
site system functionality, enhancing adaptability and allowing conve-
nient system setup devoid of extensive wiring efforts [16]. Moreover, it 
presents a low-maintenance alternative for sustaining the continuous 
operation of powered devices. The implementation of energy harvesting 
could potentially yield economic benefits for both manufacturers and 
airline companies operating within the aviation sector [17]. 

As a result, there is potential for cost savings in production, as ex-
penditures on aircraft modification and cabling could be reduced. 
Furthermore, in comparison to systems reliant solely on wired data 
transmission, there are opportunities for weight reduction in the context 
of self-sufficient wireless sensor networks [18]. These weight reductions 
consequently contribute to decrease operational costs and fuel con-
sumption with the subsequent reduction of CO2 emissions. Integrating 
sensor networks into aircraft will enable the monitoring of essential 
parameters through IoT integration, ultimately leading to reduced 
maintenance costs. The superiority of wireless and autonomous solu-
tions in terms of weight has been demonstrated. Thus, it has been 
established that energy harvesting technology plays a pivotal role in 
enabling wireless sensor networks on airplanes [19]. 

The InComEss project develops a novel environmentally friendly and 
economically viable approach for high-efficiency energy harvesting by 
integrating new intelligent advanced polymer-based composite mate-
rials and structures into a single/multi-source concept to harvest elec-
trical energy from mechanical energy and/or waste heat ambient 
sources [20]. Moreover, the design of the InComEss TEG is a planar one 
with an in-plane heat transfer to accommodate the wing geometry. 
Usually, TEGs are based on a 3D solid design with a through-thickness 
heat transfer. This planar geometry of the TEG is a feature which is 
only possible by using the newly developed flexible polymer-based TE 
materials. This paper focuses on the evaluation and validation of the 
InComEss TEG specifically designed for aeronautical use cases. 

While numerous investigations have explored the effectiveness of 
various thermoelectric systems, this study distinguishes itself by intro-
ducing novel material and design considerations tailored for aero-
nautical applications. In particular, the Thermoelectric Generator (TEG) 
developed for this research utilizes aerospace-grade polycarbonate, 
representing a significant advancement in thermoelectric material se-
lection for aeronautical applications. This TEG module is designed with 
a specific focus on meeting the demanding requirements of aviation use, 
featuring a unique construction comprising four sections, each con-
taining 17 p-n strips. Notably, the dimensions of these TEG sections, 50 * 
1 * 0.3 mm, have been optimized to ensure seamless integration into 
aircraft components. By evaluating the TEG’s performance under ther-
mal conditions representative of various aircraft flight stages, this study 
offers valuable insights into its feasibility and potential benefits for 
aviation applications. Furthermore, the research employs a compre-
hensive approach combining experimental and computational analyses 
to thoroughly evaluate the TEG’s performance, enhancing the reliability 
and practicality of the findings. 

Overall, the study aims to evaluate and validate a novel TEG spe-
cifically designed for aeronautical use cases. It encompasses three main 
aspects: the manufacturing process, experimental evaluation, and nu-
merical assessment of the TEG’s performance. The manufacturing pro-
cess section outlines the unique considerations involved in producing a 
TEG suitable for aeronautical applications, emphasizing material se-
lection and design optimization. In the experimental evaluation section, 
comprehensive test results conducted under various temperature dif-
ferentials are presented, providing valuable insights into the TEG’s 
performance in real-world conditions. Additionally, the numerical 
assessment section employs advanced computational models to analyse 
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the TEG’s behaviour and validate experimental findings, offering a 
deeper understanding of the underlying physical phenomena. By inte-
grating these approaches, the study aims to provide a holistic analysis of 
the TEG’s performance and its suitability for aeronautical applications. 

2. TEG configurations for the aeronautic use case 

2.1. Temperature range 

The aeronautic use case defined in this paper is determined by the 
temperature limits of the wing of the aircraft during service. The 
envisaged thermal conditions are representative of an aircraft going 
through clouds during the ascending and descending flight stages, with 
potential ice accretion around the wing leading edge. The resulting 
temperature difference between the aerodynamic surface (heated on 
demand to avoid ice build-up) and the outside environment (usually at 
temperature below the freezing level) is more relevant along the chord- 
wise direction and such to be exploited to activate the TEG (located 
within the wing leading edge). Fig. 1(a) shows a wing leading edge 
cross-section profile with a coloured map indicating the expected tem-
perature variations along the wing surface. The greatest temperature 
difference is attained on the nose tip in correspondence of the anti-icing 
protection system, which is continuously operating during the ascending 
and descending stages. Fig. 1(b) shows the intended location of the TEG 
patch to grip on the temperature gradient along the skin of the wing 
leading edge. 

For this investigation, a TEG module which was divided into 4 sec-
tions, each has 17 p-n pairs, was employed. Each TEG leg has dimensions 
of 50 *1 * 0.3 mm (leg length x leg width x leg thickness) and it is based 
on polycarbonate suitable for adoption in aerospace. The definition of a 
feasible temperature range to be replicated in the test scenario for 
validating the TEG performance depends on the maximum attainable 
outside temperature. Past experimental temperature measurements 
demonstrated that the outside temperature could every so often drop 
down to − 15 ◦C, while the anti-icing system could operate up to 55 ◦C. 
This narrows the temperature range of interest, with a maximum tem-
perature difference of 70 ◦C. Table 1 indicates the selected temperature 
gradients within a range of 40–70 ◦C applied across four test trials to 
assess the TEG performance. The lower temperature is representative of 
the atmospheric conditions, whilst the upper temperature is represen-
tative of the wing leading edge skin conditions heated up by a heater 
mat. 

2.2. Materials 

Based on polycarbonate (PC, Makrolon 2605 from Covestro), the 
polymer selected for this application, filled with different carbon 
nanotube (CNT) types, numerous formulations were developed by melt- 
mixing on small scale in discontinuous production and their thermo-
electric properties were investigated [21] For p type composites, 

single-walled CNTs of the type Tuball (provided by OCSiAl, 
Luxembourg) were shown to present the best properties. 

For n-type composites, the addition of the switching additive poly-
ethylene glycol (PEG from Sigma-Aldrich, Germany) to SWCNTs was 
able to induce a change from p-type to n-type behaviour in the PC based 
composites [22]. 

Optimized formulations were produced in larger quantities by using 
a double screw extruder (HAAKE PolyLab QC, Germany) equipped with 
one feeding point, three heating zones and a final heating die as shown 
in Fig. 2. The extruder has a counter rotating conical twin-screw with 
intermeshing screws and a die head section of 2 mm. In the course of 
upscaling, the formulations were adapted so that the highest possible 
Seebeck coefficients and high electrical conductivities were achieved. 

For the production of the p-type composite, the polymer granulate 
was first dried at 120 ◦C during 4 h and then pre-mixed with the selected 
SWCNTs in a shaker mixer (Turbula T2G from WAB, shown in Fig. 3). 

For the production of the n-type PC composite, first the SWCNTs and 
PEG were pre-mixed in the shaker mixer during 15 min and after this the 
PC (previously dried) was added to the pre-mix of SWCNT/PEG and 
mixed again in the Turbula during 30 min, before being introduced in 
the melt-mixing equipment/extruder [22]. The extrusion temperatures 
(T1, T2, T3, Td) employed for the compounding of p- and n-type PC 
composites correspond to 220, 230, 240, 210 ◦C and 190, 220, 230, 
210 ◦C respectively. The screw speeds were 40 and 30 rpm for p- and 
n-type PC composites (see Table S4 in ref.[24]). Both types of compos-
ites were extruded in the form of filaments and pelletised to be subse-
quently compressed-moulded into square plates (80 mm × 80 mm x 0.3 
mm) by using a hot press (PW40EH, Otto-Paul Weber GmbH, 
Remshalden, Germany). For shaping, the pellets are placed in a press 
frame which is placed on a polyimide film to avoid sticking to the heated 
metal press plates. The cycle used in the hot-press was 2.5 min 
pre-heating, 1 min pressing with a force of 100 N followed by removal of 
the sample from the hot press and cooling at 5 ◦C for 0.5 min. From the 
compressed-moulded plates, strips of the needed dimensions were cut 
and assembled in the final device. Images of the extrusion of the PC 
composite and the bobbins of compounded filaments are shown in 
Fig. 4. The compression moulding process is also illustrated in Fig. 5. 

68 thermoelectric strips electrically grouped in 4 modules (17 strips 
each module) were placed in a mask and laminated with a bottom 
polyimide electrode sheet. The layout and pre-manufactured polyimide 
sheets as well as the cut thermoelectric composite strips are shown in 

Fig. 1. (a) Temperature distribution along the wing leading edge cross-section and (b) preferred TEG location.  

Table 1 
Selected temperature ranges to assess the TEG performance.  

Trial 
# 

Lower temperature 
(◦C) 

Upper temperature 
(◦C) 

Temperature delta 
(◦C) 

1 − 15 55 70 
2 − 10 50 60 
3 0 50 50 
4 5 45 40  
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Fig. 6. The P and N strips were placed alternating in the pockets of the 
mask and after lamination the lab-scaled thermoelectric of the TE 
generator was ready to be tested. This thermoelectric layer is shown in 
Fig. 7. 

3. TEG measurements in the laboratory 

The InComEss TEG performance has been assessed in the defined 
temperature range, the TEG patch consisting of the combination of p- 
and n-type PC nanocomposite strips is bonded with a room temperature 
curing epoxy adhesive on the surface of a representative composite 
laminate (600 × 340 × 4 mm), whilst the self-adhesive silicone rubber 
heater mat (250 × 50.8 mm) is bonded on the opposite side across the 
laminate longitudinal axis. As shown in Fig. 8, the configuration is such 
that the TEG hot line (i.e., series of white marked squares) must fall in 
correspondence of the heater mat for generating a local through-the- 
thickness thermal gradient to activate the patch itself. Fig. 9 shows the 
laminate as instrumented before testing, with the TEG on the Inner 
Mould Line (IML) side and the heater mat (HM) on the Outer Mould Line 
(OML) side. 

As shown in Fig. 10(a), the whole assembly is introduced in a ther-
mally insulated climatic chamber with liquid nitrogen blowing in to 
achieve temperature values compatible with in-flight conditions. The 
test setup is completed with (a) a cooling unit to ensure the target 
temperature is within the limit by regulating the nitrogen flow, (b) a 
power unit to feed the heater mat and an acquisition unit to measure the 
InComEss TEG generated output voltage through the application of a 1 
MΩ input impedance. As shown in Fig. 10(b), the InComEss TEG patch 
has been covered with insulating material to avoid heat loss between the 
co-planar hot and cold points of the patch itself. The laminate has also 
been instrumented with standard T-type thermocouples in critical lo-
cations to monitor the temperature distribution during the thermal test. 

A series of inspections (i.e., visual/NDT, dimensional, thermo-
graphic, and electric) have been completed prior to testing, with evi-
dence of no technical issues both in terms of composite laminate 
integrity and TEG functioning. As matter of example, Fig. 11 shows the 
results of a thermographic observation to control the (a) heating capa-
bility of the heater mat and (b) the temperature consistency along the 
heating line on the skin upper side. The temperature distribution is 
homogeneous in correspondence of the heater mat zone, as evidenced by 
the thermocouples monitoring the TEG patch and the thermocouple 
monitoring the heater mat. 

Following the achievement of a stable temperature difference (as 
indicated in Table 2) between the conditioning environment and the 
InComEss TEG-side laminate skin, the InComEss TEG behaviour has 
been monitored for at least 5 min in each test trial. Table 2 correlates the 
experimental lower and upper temperature values to the InComEss TEG 
output voltage measured during each harvesting test scenario, with 
values ranging between 67 and 116 mV. The higher the temperature 
gradient, the higher the voltage; however, these values are deemed 
insufficient to continuously power up downstream monitoring sensors. 

The InComEss TEG element is reactive to the application of an 
external driving force resulting in the conversion of thermal energy into 
electricity. However, further development is needed to increase the ef-
ficiency and/or the design of polymer-based thermo-electric generator 
for their integration into aerospace structures for monitoring icing 
condition risks, whilst guaranteeing a sustainable operation. 

4. Computational analysis 

4.1. COMSOL multiphysics 

In this investigation, the capabilities of COMSOL Multiphysics to 
model, simulate, and unravel the intricate physical processes within the 
TEG was leveraged. The selection of COMSOL Multiphysics is under-
pinned by its robust suite of tools tailored for multifaceted simulations, 

Fig. 2. A) HAAKE PolyLab QC extruder, B) Temperatures zones along the 
barrel of the extruder. 

Fig. 3. TURBULA T2G WAB, 3D Shaker mixer [23].  
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offering a versatile platform that extends beyond generic applications 
[25]. The following are the reasons why COMSOL Multiphysics was used 
for this investigation:  

• Emphasizing the interplay of phenomena within the TEG system, this 
research utilised COMSOL, which excels in accommodating multiple 

coupled physics. This is deemed necessary for an accurate repre-
sentation of real-world systems [26]. Specifically, this analysis in-
tegrated Heat Transfer in Solids, Electric Current, Electric Circuit, 
and Laminar Flow physics, reflecting the intricate coupling inherent 
in the TEG’s operating environment. 

Fig. 4. PC composite extrusion and filament bobbins.  

Fig. 5. Schematic process for producing the strips from the extruded filaments by means of compression moulding.  

Q. Doraghi et al.                                                                                                                                                                                                                                



Energy 297 (2024) 131286

6

• Versatility: COMSOL is a valuable tool for many sectors and research 
disciplines since it can be applied to a wide range of applications, 
including electrical, mechanical, chemical, and thermal engineering 
[27].  

• Customization: The flexibility of COMSOL is harnessed to tailor 
simulations specifically for the complex challenges posed by the 
TEG. The graphical user interface (GUI) facilitates a personalized 
approach, allowing us to configure simulations that encapsulate the 
intricacies of TEG behaviour. The ability to employ MATLAB or Py-
thon further enhances customization, addressing the unique chal-
lenges presented by the TEG structure and materials [28].  

• Accuracy: COMSOL’s deployment of advanced numerical techniques 
is paramount in our pursuit of accurate simulations. By effectively 
handling nonlinear, time-dependent, and coupled physics issues, 

COMSOL ensures dependable results that capture the dynamic 
behaviour of the TEG. This commitment to accuracy is essential for 
deriving meaningful insights into the TEG’s performance across 
varying conditions. 

• Visualization: Visualization tools within COMSOL empower re-
searchers to intuitively understand and interpret simulation results. 
Graphical representation in 2D and 3D, animations, and other visu-
alization techniques facilitate a comprehensive analysis of the TEG’s 
thermal and electrical behaviour. This visual feedback enriches the 
understanding and aids in drawing meaningful conclusions from the 
simulations [29].  

• Design Optimization: COMSOL may be used for optimization studies 
to determine the optimal design parameters for a particular situa-
tion. This can result in better product designs as well as cost re-
ductions in engineering applications [30].  

• Simulation-Based Decision-Making: COMSOL enables researchers to 
conduct virtual experiments, eliminating the requirement for actual 
prototypes and experiments. This may save a lot of time and money 
on product development and research efforts [31]. 

Overall, the selection of COMSOL Multiphysics is driven by a thor-
ough consideration of the complex physics inherent in the TEG system. 
By tailoring simulations to encompass these physics, it is aimed to 
extract valuable insights into the TEG’s performance and contribute to 
the advancement of thermoelectric technology for aeronautical 
applications. 

4.2. Boundary conditions, meshing and model development 

Based on the information available from the manufacturer, four TEG 
modules, each containing 17 legs of p-n type, were designed. The 
dimension of each P–N strip is 50 × 1 × 0.3 mm (leg length × leg width 
× leg thickness), which is the same as the manufactured TEG; also, each 
pair is connected through a copper block for electrical continuity as 
indicated in Fig. 12. 

The properties of the material used in the simulation are indicated in 
Table 3. Properties such as Seebeck coefficient, electrical and thermal 
conductivity are temperature dependant, however, in this simulation, 
constant values were implemented. 

A variety of numerical approaches are used within the context of 
COMSOL Multiphysics®, each of which relies on the principle of a Mesh 
to discretize the modelling space. This Mesh serves two functions in the 
simulation process. It serves as an approximation of the computer-Aided 
Design (CAD) geometry first and foremost, offering a structured repre-
sentation of the physical domain under consideration. Second, it defines 
discrete points or nodes scattered over the geographic domain from 
which the approximate solution to the given issue is determined. 

Given that mesh refinement is the foundation of numerical precision, 
its significance becomes clear. The numerical solution eventually con-
verges towards a more accurate representation of the real solution to the 
boundary value problem being addressed by progressively improving 
the quality of this Mesh. In fact, the Mesh refinement process makes it 
possible to reduce mistakes and enhance the alignment between the 
results of simulations and physical reality, making it a crucial step to-
ward COMSOL Multiphysics® simulations that are accurate and resilient 

Fig. 6. Schematic design of the generator and generator electrode foils and 
thermoelectric strips. 

Fig. 7. Thermoelectric layer of the generator.  

Fig. 8. Schematic of the composite laminate with InComEss TEG and heater mat integration.  
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[32]. Table 4 indicated the details of the mesh used for this simulation. 
Fig. 13 shows the meshed TEG model which has been simulated for 

this investigation. In order to fully duplicate the TEG in real life, the TEG 
was positioned in rectangular shape box as indicated in Fig. 13. 

Following the design and meshing of the Thermoelectric Generator 
module, the next phases required defining the material characteristics, 
comprehending the underlying processes, and determining the module’s 
boundary conditions. In addition to these preparations, the simulation 
used two particular COMSOL modules, particularly ‘Heat Transfer in 
Solids’ and ‘Electric Currents’. These modules were critical components 
of the simulation framework, allowing for a thorough examination of 
heat transfer and electrical current flow within the TEG module. By 
combining these specialised modules, it is possible to obtain a more 
precise and thorough simulation of the TEG’s performance and behav-
iour, contributing to a better knowledge of its functioning and effi-
ciency. These two physics were introduced comprehensively in previous 
papers by the authors [9,33]. 

However, within ‘Heat Transfer in Solids’ interface, ‘Fluid’ node was 
added. This node employs Equation (1) of the heat equation to model 
heat transfer in fluids: 

ρCp
∂T
∂t

+ ρCpu.∇T +∇.q = Q (1)  

q= − k∇T  

Where: 

ρ: Fluid density ( kg
m3

)
. 

Cp: fluid heat capacity at constant pressure 
(

J
kg.K

)
. 

k = fluid thermal conductivity 
( W

m.K
)
. 

u: fluid velocity field, either an analytic expression or a velocity field 
from a Fluid Flow interface 

( m
s
)
. 

Q: heat source (or heat sink) (W
m3

)
. 

Moreover, for this specific simulation, in addition to ‘Heat Transfer 
in Solids’ and ‘Electric Currents’ interfaces, ‘Laminar Flow’ interface 
physics was added. The Laminar Flow interface is used to compute the 
velocity and pressure fields for the flow of a single-phase fluid in the 
laminar flow regime, this interface has capabilities for handling 
incompressible, weakly compressible, and low Mach number 
compressible flows, which includes non-Newtonian fluids. It is also used 
to solve both the Navier–Stokes equations governing momentum and the 
continuity equation for conserving mass. 

The Laminar Flow interface is applicable to both stationery and time- 
dependent analyses, with a preference for time-dependent studies when 
dealing with high-Reynolds number flows, as these tend to exhibit 
unsteadiness. 

Fig. 9. Instrumented composite laminate for InComEss TEG performance assessment: (a) patch and (b) heater mat side.  

Fig. 10. Test setup configuration: (a) general view and (b) detail on the test demo assembly.  
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By adding the Laminar Flow interface, default nodes such as Fluid 
Properties, Wall (with a No slip boundary condition as the default), and 
Initial Values are automatically included, moreover, nodes such as Inlet, 
Outlet, and Symmetry were also added. Inlet conditions are applied for 
domains with a net inward flow, and it is recommended to also consider 
Outlet conditions to ensure problem stability. Outlet conditions are 
applied to domains with a net outward flow. Symmetry conditions are 

implemented in cases of geometric and expected solution mirror. When 
using this node in a model its size could be reduced by one-half or more, 
making this an efficient tool for solving large problems [34]. It must be 
mentioned that Air is selected as the working fluid due to its relevance in 
aeronautical applications and its direct impact on TEG performance. The 
choice of air aligns with conditions encountered during various flight 
stages, making this analysis applicable to practical aeronautical 

Fig. 11. Thermographic inspection: (a) thermal scan and (b) temperature distribution profile.  
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scenarios. 
Moreover, the integration of the ‘Electrical Circuit’ interface in the 

simulation framework played a pivotal role in the analysis of currents 
and voltages within the TEG closed electric circuits. This versatile 
interface facilitated the modelling of various electrical components, 
encompassing voltage and current sources, resistors, capacitors, in-
ductors, and semiconductor devices. Notably, the Electrical Circuit 
interface allowed for seamless incorporation of connections to distrib-
uted field models, enabling a comprehensive assessment of circuit 
behaviour. 

Upon the addition of the ‘Electrical Circuit’ interface, a default 
‘Ground Node’ feature was automatically introduced. This feature is 

associated with node zero within the electrical circuit, serving as a 
reference point for potential differences and grounding considerations. 
In addition to the Ground Node, another essential feature which was 
added within the interface is the ‘Resistor’. This feature facilitated the 
straightforward connection of resistors between two nodes within the 
electrical circuit, enabling precise control and analysis of resistance 
properties within the circuitry. 

The utilization of the Electrical Circuit interface enables to construct 
and analyse closed circuit configurations, contributing to a deeper un-
derstanding of the electrical characteristics of the TEG module under 
varying conditions. This interface served as a cornerstone for the elec-
trical analysis and played a crucial role in the interpretation of the 
simulation results [35]. 

These thorough boundary conditions, tailored to the specifics of the 
TEG module and its operational environment, paved the way for a 
comprehensive simulation. The interplay between thermal, electrical, 
and fluid dynamics aspects was intricately captured, ensuring that the 
computational model accurately reflected the real-world behaviour of 
the polymer nanocomposite-based Thermoelectric Generator under 
varying conditions. The ensuing sections delve into the results and dis-
cussions derived from this robust numerical framework. 

4.3. Result and discussion 

After setting the boundary conditions and finalising the meshing 
process, the model was subjected to simulation. This simulation was 

Table 2 
InComEss TEG measured output voltages.  

Trial 
# 

Lower 
temperature 
(◦C) 

Upper 
temperature 
(◦C) 

Temperature 
delta (◦C) 

Output 
voltage 
(mV) 

1 − 14 63 77 116 
2 − 10 50 60 90 
3 0 50 50 85 
4 1 41 40 67  

Fig. 12. Material used for the TEG.  

Table 3 
Material properties used for simulation.  

PC - P type 

Property Variable Value Unit 
Heat capacity at 

constant pressure 
Cp 1.54 J/(g⋅K) 

Density rho 930.0 kg/m3 

Seebeck coefficient S_iso; Sii = S_iso, Sij = 0 36.80 μV/K 
Electrical conductivity sigma_iso; sigmaii = sigma_iso, 

sigmaij = 0 
0.17 S/cm 

Thermal conductivity k_iso; kii = k_iso, kij = 0 0.47 W/ 
(m⋅K) 

Relative permittivity epsilonr_iso; epsilonrii =
epsilonr_iso, epsilonrij = 0 

3.0 1.0 

PC - N type 
Property Variable Value Unit 
Heat capacity at 

constant pressure 
Cp 1.65 J/(g⋅K) 

Density rho 970.0 kg/m3 

Seebeck coefficient S_iso; Sii = S_iso, Sij = 0 − 56.60 μV/K 
Electrical conductivity sigma_iso; sigmaii = sigma_iso, 

sigmaij = 0 
0.24 S/m 

Thermal conductivity k_iso; kii = k_iso, kij = 0 0.48 W/ 
(m⋅K) 

Relative permittivity epsilonr_iso; epsilonrii =
epsilonr_iso, epsilonrij = 0 

3.0 1.0  

Table 4 
Mesh details.  

Mesh type Quantity 

Tetrahedra 4882256 
triangles 466477 
edge elements 28624 
vertex elements 1462 
Domain element statics 
number of elements 4882256 
minimum element quality 0.002321 
average element quality 0.5592 
element volume ratio 4.15E-08 
Mesh volume 0.025 m3  

Fig. 13. Meshed model. A) The whole mesh B) Meshed TEG.  
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conducted in two distinct phases. In the initial phase, the primary focus 
was on investigating the thermal and electrical performance of the 
Thermoelectric Generator (TEG), with no consideration for the sur-
rounding environment. 

Subsequently, to perform a finite element analysis encompassing the 
TEG and its immediate surroundings, the TEG setup was placed within a 
rectangular enclosure. In this setup, a fluid (air) was directed from one 
end (inlet) to the other end (outlet) of the enclosure. Notably, the 
ambient air’s temperature was set to match that of the heat sink, which 
was at − 15 ◦C. 

4.3.1. Temperature distribution 
In this simulation, the baseline conditions were initially established 

by setting the cold junction temperature to − 15 ◦C and the hot junction 
temperature to 66 ◦C. However, to ensure that the simulation closely 
mirrored the real-world experimental conditions (which were conduct-
ed across a spectrum of temperatures), iterative simulations were con-
ducted within specific temperature ranges. These temperature ranges 
were thoughtfully categorised into four distinct sets to comprehensively 
capture the experimental scope.  

a) -15 ◦C–66 ◦C  
b) -10 ◦C–50 ◦C  
c) 0 ◦C–5 ◦C  
d) 1 ◦C–41 ◦C 

The results corresponding to each of these temperature ranges will be 
presented in the Results section of this paper. Fig. 14-A represents the 
temperature distribution for the TEG at temperature range of 
− 15 ◦C–55 ◦C, while Fig. 14-B shows the temperature distribution in the 

TEG module and its surrounding environment. 

4.3.2. Electric potential 
The Thermoelectric Generator module employed in this study was 

constructed as a composite assembly, consisting of four distinct seg-
ments. Each of these segments, in turn, incorporated 17 legs of p-n type. 
Consequently, during the simulation process, it became essential to 
monitor and record the electrical potential of each individual section. 

To facilitate this measurement, all four sections were strategically 
interconnected in a series configuration. This arrangement allowed for 
the cumulative determination of the overall electric potential of the TEG 
module by summing the electric potentials of the individual sections. 
This approach not only enabled precise electrical characterization but 
also ensured the comprehensive evaluation of the TEG module’s per-
formance across the specified experimental conditions. Fig. 15 shows 
the electrical potential distribution for the TEG at temperature range of 
− 15 ◦C–55 ◦C. 

To comprehensively analyse the electrical performance of the 
Thermoelectric Generator, the simulation approach encompassed two 
distinct scenarios: open circuit and closed-circuit conditions. To achieve 
this, the essential preliminary step involved the determination of the 
TEG’s internal resistance, which is a critical parameter for subsequent 
electrical analysis. 

The internal resistance calculation served as a foundation for the 
simulations under open and closed-circuit conditions. In the open circuit 
configuration, the TEG operated without an external load, allowing to 
observe its voltage output under no load conditions. Conversely, in the 
closed-circuit setup, an external load resistance was systematically 
applied to the TEG module, simulating real-world operating conditions, 
and providing insights into its electrical behaviour under load. 

Fig. 14. Temperature distribution for the TEG A) TEG module. B) TEG surrounding environment.  
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The outcomes of these simulations, under both open and closed- 
circuit scenarios, are comprehensively documented and presented in 
Table 5. This table offers a detailed overview of the electrical charac-
teristics of the TEG module, shedding light on its performance across a 
spectrum of operating conditions, as evident from the data presented in 
the table, it becomes apparent that a larger temperature differential 
corresponds to a proportionally greater electrical potential generated by 
the TEG. It provides essential data that will be discussed and analysed in 
the subsequent sections of this paper to draw meaningful conclusions 
and insights. 

4.3.3. Flow analysis 
In order to conduct a finite element analysis on the Hybrid Ther-

moelectric Generator (TEG) and its surrounding environment, a struc-
tured setup was employed. The hybrid TEG was positioned within a 
rectangular enclosure, and ambient air was introduced into this enclo-
sure through an inlet, flowing towards the opposite end, which served as 
the outlet. 

Maintaining a controlled thermal environment, the ambient air was 
set to match the standard temperature of 25 ◦C. This precise temperature 
control was essential to ensure consistent conditions for the analysis. As 
depicted in Fig. 16, an observation of the temperature distribution 
within the enclosure revealed uniformity across most of the space, with 
notable exceptions occurring around the areas of heat source and heat 
sink. 

For the fluid dynamics aspect of the analysis, a defined velocity 
profile was imposed at the inlet, where the incoming air exhibited an 
initial velocity of 5 m/s. Subsequently, the development of the airflow 
was closely monitored throughout the enclosure. Fig. 16 illustrates the 
resulting velocity plot for the hybrid TEG and its surroundings. 

This plot reveals a clear trend in the velocity profile. Starting from 
the inlet, the air exhibited a consistent velocity of 5 m/s, indicating a 
stable flow. However, as it progressed within the enclosure and 
encountered the TEG slat, there was a noticeable alteration in its 
behaviour. Specifically, the velocity experienced a slight increase, 
reaching 5.6 m/s, before undergoing a subsequent decline. 

This change in velocity is indicative of the interaction between the 
airflow and the hybrid TEG structure, highlighting the localised effects 
of the TEG on the fluid dynamics within the enclosure. Such insights are 
invaluable for understanding how the TEG presence influences the 
thermal and fluid behaviour of the surrounding environment. 

4.4. Model validation 

Model validation plays a crucial role in the assessment of computa-
tional models, serving as a fundamental step in ensuring their accuracy 
and predictive capability. In this context, the COMSOL simulation model 
was thoroughly compared with experimental data to evaluate its cor-
rectness and predictive accuracy, a process depicted in Fig. 17. This 
comparative analysis was instrumental in assessing the reliability of the 
computational model and its ability to replicate real-world outcomes. 

Fig. 17 offers a visual representation of the results obtained through 
the COMSOL simulation, alongside with the experimental data. A closer 
examination of the findings reveals interesting insights. In the initial 
trials, specifically trials 1 and 2, the simulation results exhibited a slight 
tendency toward higher output voltage when compared to the corre-
sponding experimental measurements. However, this trend reversed in 
trials 3 and 4, where the laboratory measurements yielded higher output 
voltages than those derived from the COMSOL simulations. 

It is worth noting that the materials employed in this study, partic-
ularly those of PC-based composition, possess properties such as elec-
trical conductivity, thermal conductivity, and the Seebeck coefficient 
that are known to be temperature-dependent. For the purpose of this 
simulation, these properties were treated as constant values, a simpli-
fication that may have contributed to the observed discrepancies be-
tween the computational and experimental results. These deviations 
underline the importance of considering temperature-dependent mate-
rial properties in future simulations to achieve even greater accuracy. 

To quantify the accuracy of the model, the relative error between the 
computational and experimental results were calculated for each trial. In 
trial 1, the error between the two sets of results was a mere 5.5 %, 

Fig. 15. Electric potential distribution for the patches.  

Table 5 
Open circuit and closed circuit Electrical potential values.  

Trial Cold 
junction 
(◦C) 

Hot 
junction 
(◦C) 

Temperature 
difference (◦C) 

Electric 
potential 
(open 
circuit) 
(mV) 

Electric 
potential 
(closed 
circuit) 
(mV) 

1 − 15 63 77 231.2 122.41 
2 − 10 50 60 180.2 95 
3 0 50 50 149.98 79.6 
4 1 41 40 120.04 63.6  
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showcasing the model’s reliability. A similar level of precision was 
maintained in trial 2, with an error of 5.8 %. In trial 3, the error margin 
slightly increased to 6.3 %, still within an acceptable range of deviation. 
Finally, for trial 4, the error was 5.1 %, indicating consistent agreement 
between the model and experimental data. 

Despite these variations, the overall consensus drawn from this 

comparative analysis suggests that the computational model aligns 
favourably with the experimental observations. Consequently, the 
computational model can be considered validated, indicating its capa-
bility to emulate real-world scenarios with commendable reliability. 

5. Conclusion 

In this paper, the effectiveness of a polymer nanocomposite-based 
Thermoelectric Generator, developed as part of the EU project InCom-
Ess, was comprehensively evaluated within the context of a typical 
composite laminate in a controlled temperature environment. To create 
a thermal gradient for TEG operation, the TEG patch was strategically 
bonded to the laminate, while a heating pad was positioned on the 
opposing side. Throughout a series of test runs, wherein temperature 
gradients were systematically varied, the temperature distribution 
across the composite laminate and the corresponding voltage outputs 
generated by the InComEss TEG were monitored. 

The observed output voltages from the InComEss TEG ranged from 
67 mV to 116 mV, with the variation primarily contingent on the applied 
temperature gradient. To affirm the precision and predictive capacity of 
the experimental results, they were subjected to rigorous comparison 
with those generated by the COMSOL simulation model. The remarkable 

Fig. 16. TEG COMSOL model – Velocity magnitude A) Top overview with temperature B) Bottom view.  

Fig. 17. InComEss TEG output voltages, computational analysis vs. the 
experimental results. 
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congruence between the simulation outcomes and the empirical mea-
surements of the InComEss TEG output voltages attested to the suc-
cessful validation of the computational model. Moreover, the finite 
element analysis, incorporating precise temperature control and fluid 
dynamics simulations, allows for a comprehensive understanding of the 
Hybrid TEG’s performance characteristics and its impact on the sur-
rounding airflow. These findings provide a foundation for optimizing 
the TEG’s design and operational parameters for enhanced thermo-
electric efficiency. 

It is worth highlighting that the average error between the compu-
tational model’s results and the laboratory measurements amounted to a 
modest 5.68 %, further reinforcing the model’s reliability and suitability 
for scientific investigations of this nature. 

It is essential to note that while minor discrepancies existed, these 
errors underscore the robustness of the computational model and its 
ability to closely replicate real-world observations. Moreover, these re-
sults bolster confidence in the accuracy and predictive capability of the 
InComEss TEG in composite laminate environments. 

In summary, these findings indicate significant progress in the 
development and evaluation of polymer-based TEGs for aeronautical 
applications. However, further advancements are needed to augment 
their efficiency and prepare these polymer-based thermoelectric gen-
erators for the task of powering monitoring sensors within aeronautical 
structures, thereby ensuring sustained long-term performance. This 
study thus contributes meaningfully to the ongoing evolution of TEG 
technology in the context of aeronautical applications, underscoring the 
necessity for persistent innovation and refinement in this domain. 
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[4] S. Brückner, S. Liu, L. Miró, M. Radspieler, L. F. Cabeza, and E. Lävemann, 
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