Energy Conversion and Management 334 (2025) 119834

Contents lists available at ScienceDirect = Eneroy
)

Conversion
{Management

Energy Conversion and Management . 2

ELSEVIER journal homepage: www.elsevier.com/locate/enconman

Research Paper ' N
Design and optimization of printed thermoelectric generators for

integration into plate heat exchangers in district heating applications

Muhammad Irfan Khan?, Leonard Franke “, Andres Georg Rosch ®, Md. Mofasser Mallick “,
Uli Lemmer *>¢"
2 Light Technology Institute, Karlsruhe Institute of Technology (KIT), Engesserstrasse 13, 76131 Karlsruhe, Germany

® InnovationLab GmbH, Speyerer Strasse 4, 69115 Heidelberg, Germany
¢ Institute of Microstructure Technology, Karlsruhe Institute of Technology (KIT), Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

ARTICLE INFO ABSTRACT
Keywords: Printed thermoelectric generators (TEGs) can be a promising solution for waste heat recovery. Due to large
Thermoelectrics variations in heat source and heat sink geometries, heat transfer coefficients, and temperatures found for the

Printed TEGs
Plate heat exchangers
District heating

different applications, a versatile manufacturing approach is needed for TEGs in this field. Shape-conformable
TEGs can be manufactured using printing technologies offering a low-cost and scalable manufacturing
method. This paper presents design optimization for printed TEGs that can be integrated with a water-to-water
corrugated plate heat exchanger (PHE) to realize a micro-CHP system in district heating applications. We
explicitly state the mass flow rates, temperatures, and heat flux boundary conditions for the PHE. Based on these
conditions, we optimize the TEGs using a Python-implemented model in conjunction with COMSOL simulations.
The fill factor is a degree of freedom in TEG design that allows to balance material consumption, mechanical
properties, and power density. By compromising on a portion of low-grade heat transfer, the proposed micro-
CHP (hybrid PHE-TEG) system produces high-grade electrical power densities of 355 W/m? and 710 W/m?
for TEG fill factors of F = 0.5 and F = 1.0, respectively. However, the optimal TEG leg thickness for F = 0.5 is
lower (190 pm) than for F = 1.0 (210 pm), and the former case exhibits more compromise on PHE performance
than latter one. Lastly, the total system cost (in €), cost per watt (in €/W), and levelized cost of electricity (LCOE,
in €-ct/kWh) are analyzed and reported for two system sizes—one with a 0.5 m? area and the other with a 1 m?
area. A system size with 0.5 m? area showed higher cost of electricity of 11.2 €/W and 10 €-ct/kWh for F = 0.5,
while for F = 1.0 they were 6.2 €/W and 6 €-ct/kWh. In comparison to 0.5 m?, 1 m? system size showed lower
cost of electricity of 8.1 €/W and 7 €-ct/kWh for F = 0.5, while for F = 1.0 cost values were 4.7 €/W and 4 €-ct/
kWh.

Likewise, oceans are an immense reservoir of thermal energy collected
from the sun and could generate 20 times the total electricity demands of
the United States if just 0.1 % of this thermal energy is transformed into
electricity [4]. Other sources include numerous material process in-
dustries [5-7], low-temperature geothermal heat sources [8], refriger-
ation and air conditioning [9], solar thermal systems as well as
photovoltaics [10]. The takeaway is that there are a lot of low-grade
thermal energy sources. Still, there has not been significant technolog-
ical advancement in the cost-effective way of transforming or recovering
this energy [11].

Thermoelectric (TE) technology seems to be a feasible and promising
solution for converting this low-grade thermal energy into usable elec-
trical energy. It has many merits over other approaches, including

1. Introduction

A substantial proportion of the global primary energy production is
lost to the environment as waste heat through exhaust systems. Among
the different available grades of thermal energy, low-grade energy
(<230 °C) [1] is a ubiquitous byproduct of several industrial and power
generation processes. Nevertheless, compared to medium and high
grades, it is also the most challenging to recover thermodynamically
because of its relatively small exergy [2]. Low-grade waste heat origi-
nates from various sources, including the human body, which maintains
a temperature of 37 °C. In a typical daily routine, the body releases
thermal energy to the environment with a heat loss rate of 100 W [3].
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Nomenclature

Symbols

w PHE plate width, (m)

Y distance b/w centers of plate’s ports, (m)

L active length, (m)

b mean channel spacing, (m)

t thickness, (m)

U overall HTC, (W/m?. K)

T temperature, (K)

l4 thermal resistance, (K/W)

q heat flow, (W)

h convection HTC, (W/m?. K)

A area, (m?)

Nu Nusselt number

Re Reynolds number

pr Prandtl number

D hydraulic diameter, (m)

[ specific heat capacity, (J/kg. K)

G mass flux, (kg/mz)

m fluid mass flow rate, (kg/s)

N, no. of PHE plates

Npass no. of passages/channel

C capacity rate (W/K)

F fill factor

Z figure of merit (1/K)

r area ratio

n; no. of thermocouples

p power density, (W/m?)

R electrical resistance, (Q)

I current, (A)

14 voltage, (V)

K TEG thermal conductance, (W/K)

Iy capital investment, (€)

d discount rate

E generated electrical energy (kWh)

Greek Symbols

A corrugation pitch, (m)

f friction factor

B chevron angle, (°)

@ surface enlargement factor

K thermal conductivity, (W/m. K)
dynamic viscosity, (kg-m-s)

a seebeck coefficient, (V/K)
c electrical conductivity, (S/m)
A difference

Subscripts and superscripts

pl plate
s heat source
a heat sink
hot side
c cold side
in inlet
out outlet
int internal
oc open circuit
cont contacts
load load (external)
simple PHE without TEGs
hybrid  PHE with TEGs
cony convection heat transfer
cond conduction heat transfer
f fluid
w near wall
cs cross section
eff effective
tot total
max maximum
n n-type
p p-type
filler filler material
m lifetime
y respective year
Abbreviations
TEGs thermoelectric generators

PHE plate heat exchanger

CHP combined heat and power

TES thermal energy storage

5GDH  5th generation district heating

HP heat pump

HTC heat transfer coefficient

CFD computational fluid dynamics

PTC parametric technology corporation
LCOE levelized cost of electricity

robustness, cost-effectiveness, absence of noise, reliability, and scal-
ability [12,13]. A thermoelectric generator (TEG) uses the Seebeck ef-
fect to convert thermal energy directly into electrical energy. It is long-
lasting and has no moving parts, enabling a vibration and friction-free
operation [14]. TEGs can also be manufactured in a plethora of shapes
and sizes. These devices comprise several thermocouples (n-type and p-
type) connected electrically in series and thermally in parallel. A simple
configuration of a planar TEG is shown in Fig. 1. The device is kept
between two thermal reservoirs to utilize the temperature difference for
electrical power generation.

District heating systems can be regarded as CHP systems, which are
viable for waste heat recovery since they simultaneously provide heat at
useful temperatures and electrical power [2,15]. Utilizing the TEGs to
develop a micro-CHP system could be a potential solution to improve
energy efficiency. TEGs might also improve the living conditions in
suburban and off-grid locations, especially in times of emergency [16].
Also, residential and industrial buildings have several heating demands
at specific temperatures. Many residential and commercial buildings,

especially in Europe, have already been built with a connection to hot
water supply networks from the district heating systems or large in-
dustries [2]. Thus, the interest in micro-CHP systems develops for a
variety of reasons. First, micro-CHP systems improve overall fuel effi-
ciency by better using the hot water’s exergy. Second, these systems
could be an option to augment the variability and uncertainty of most
renewable energy systems, such as solar and wind [17], and improve
energy security in places prone to power shortages. Third, the envi-
ronmental merits of these systems, such as reducing CO5 emissions for a
specific output, contribute to their appeal [18]. Currently, the paradigm
of high temperature district heating (typically reaching or exceeding
100 °C) is shifting to 5th generation district heating (5GDH) system, also
called cold or energy-efficient district heating (see Fig. 2) [19-21].
Several pilot projects have already been installed and are actively
operating in Europe. The 5GDH system is an innovative concept for
thermal energy distribution, characterized by low operating tempera-
tures (< 30 °C). Unlike 2nd generation (> 100 °C), 3rd generation (<
100 °C), and 4th generation (< 70 °C) networks, which suffer from
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Fig. 1. A planar TEG module between two thermal reservoirs.

higher thermal losses, 5GDH significantly minimizes these losses in
distribution [22]. Additionally, 5GDH can improve the system perfor-
mance by utilizing several available low-grade heat sources including
renewables (solar thermal, geothermal, biomass), industrial waste heat,
thermal energy storage, and low-temperature CHP. However, more
conventional high temperature traditional district heating systems are
unable to exploit these low-grade thermal energy sources. Since there

90°C

Temperature (°C)
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are many available low-grade heat sources (~ 70-80 °C) on one side and
continuous cold-water loop (~ 5-20 °C) of 5GDH on the other, these two
reservoirs become a point of interest to deploy cost-effective TEGs and
asses their potential. Also, heat dissipation from the cold side of TEGs
has always been a critical and challenging aspect [23]. However, in this
case, the cold-water loop of the 5GDH system can serve as an efficient
heat sink, effectively addressing this issue.

While there have been numerous research efforts on TEGs-integrated
CHP systems using conventional TEGs [16,24-27], the focus of this work
is on mechanically flexible and fully printed TEGs that can be geomet-
rically customized for the complex surfaces of the heat exchanger. Be-
sides geometrical customization printed TEGs offer potentially low
manufacturing costs for large and scalable mass production [28].

In this work, we optimally design printed TEGs to be integrated with
a water-to-water plate heat exchanger (Sigma M 7 NBL from APi Group),
aiming to propose a micro-CHP system in district heating applications,
along with a detailed cost analysis. This water-to-water PHE application
scenario is chosen for TEG integration due to its efficient heat transfer,
which is crucial for optimizing TEG performance. Additionally, its
smooth sinusoidal plate profile is a comparatively good fit for inte-
grating printed TEGs. Here, we also compare the performance of PHE
without TEGs (simple PHE) and PHE integrated with TEGs (hybrid PHE-
TEG system). The paper is divided into four sections: Introduction,
Modeling, Results and Discussion, and Conclusion.

2" Generation : (pressurized hot water pipes > 100 °C)

34 Generation : (hot water pipes < 100 °C)

4™ Generation : (low temperature heating)

1880 1920 1970 2010 2020 -->
Years
Fig. 2. Development of district heating (DH) systems.
Building Building
Building Factory
e —————————————
Il Energy center :
1
Hybrid PHE-TEG Water |
1
H.P H.P I ~70-80 °C : TES
1
e I
| Water :
[Seoodimeos] = 60-70 °C!
1
TEG output :
power J
= 5-20 °C = 5-20 °C cTTTEEEEEEm T

Fig. 3. Conceptual micro-CHP system with the hybrid PHE-TEG system in 5GDH.



M.I Khan et al.

Table 1

Characteristics of PHE by the manufacturer.
No. of sections 1 2
Fluid Cold water Hot water
Capacity 1959 I/h 2000 1/h
Plate grouping 4 channels 5 channels
Pressure drop 0.17 bar 0.1 bar

No. of plates
Heat exchange surface

10 (can be expanded to 35 plates)
0.5 m? (area of 8 active plates)

Table 2

Geometrical parameters of PHE chevron plate used in the model.
Geometrical parameters Value
Plate width, W (mm) 128
Vertical distance between centers of ports, Y (mm) 480
Active plate length, L, (mm) 410
Mean channel spacing, b (mm) 3.15
Plate thickness, t,; (mm) 0.6
Corrugation pitch, 2 (mm) 11.13
Chevron angle, $ (°) 61.7
Surface enlargement factor,¢ 1.172
Plate thermal conductivity, , (W/m. K) 15

lPs [Ppl l‘Ua
s «=—\NN-NVWN\V\N—e T,
(s w— (o w—

Fig. 4. Thermal circuit of a simple PHE.
2. Modeling
2.1. Micro-CHP system

The proposed micro-CHP system comprises a PHE Sigma M 7 NBL
from APi Group with the TEGs integrated on its corrugated plates. This
system was inspired by Kazuaki Yazawa’s research on waste heat re-
covery using the CHP-TEG heat exchanger concept [2]. In this research,
hot water, with a temperature around 80 °C is supplied to this system
either from a factory, a thermal energy storage (TES) unit, a geothermal
energy source, or another source. In the cold side loop, cold water at
around 20 °C enters and absorbs heat from the hot side, raising its
temperature to approximately 25 to 30 °C. This low-temperature heated
water, now at 25 to 30 °C, can be efficiently utilized for district heating
within the 5th generation district heating concept (shown in Fig. 3).
Localized heat pumps (H.P) then extract thermal energy from low-
temperature water to meet specific heating requirements [22,29]. The
output power from the TEGs may likely be used locally. Note that pumps
could consume some of the electrical power output. Consequently, a
trade-off arises between the pumping power required and the net power
output from the TEGs. The ideal micro-CHP system is shown in Fig. 3.
This system could also be a bottoming cycle approach for harvesting
exhaust heat that would otherwise be wasted.

2.1.1. Plate heat exchanger (PHE)

The hybrid PHE-TEG is a main component of the above micro-CHP
system. Tables 1 and 2 show the properties of the PHE used in this
component and its plate’s geometrical parameters, respectively.

The overall heat transfer coefficient (HTC) is an important parameter
that measures a heat exchanger’s overall thermal conductance. It rep-
resents the sum of all the individual thermal resistances to heat transfer
over the heat exchanger surface. For a simple PHE, Ugjny. is calculated
from Eq. (2) (if convection and conduction areas are different) and Eq.
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(3) (if convection and conduction areas are equal). For better under-
standing, a thermal circuit for a simple PHE has also been drawn in
Fig. 4.

1
Usimpte = ———————— 1
simple Ts ¥ Tpl ¥ y’a ( )
1

Usimple'A = (2

1 Ul 1

<h§}A1> * (Kp:AZ> * (ha(Ag)
cony cond conv
1

3

Usimple =
1 i 1
hs X
( ) conv " cond ha cony

In the above equation, the convection heat transfer coefficients of the
hot and cold fluids hs and h, are needed to calculate Usmpe. The Nusselt
number Nu relation:

_ Nu~kf

h="p

4

is used to compute the convection heat transfer coefficients for both hot
and cold fluids. Here, ks and D are the flowing fluid’s thermal conduc-
tivity and the chevron-type plate’s hydraulic diameter, respectively.

2
4

D )

In Eq. (5) b and ¢ are the mean channel spacing and surface area
enlargement factor for the chevron-plate, respectively. For sinusoidal
corrugations, ¢ is calculated by the following an approximating formula
(with an error < 2 %) [30]:

(p(x)zé(ux/ux2 +4\/1+x2/2> (6

where X =7b/A and 1 is the pitch or wavelength of the sinusoidal
corrugation, as shown in Fig. 9.

The Nusselt number Nu is calculated from the Martin Correlation for
chevron-type plate heat exchangers (Eq. (7) [30].

1
6

Nu = 0.205Pr*3%. (%) (f-Re*sin(2p) )" %)

1 cos(f) . 1 —cos(p) ®

VF\Jo.04stan(p) +0.09sin(p) + J;; V38

fo= g &fi = 14;25 4 0.9625 when Re < 2000 ©)

f, = (1.56In(Re) — 3) 2 & fi = 9.75Re™** when Re > 2000 (10)

Here, f is the friction factor developed by Martin [30] in terms of 3, the
chevron angle of the PHE plate as shown in Fig. 9. The friction factor is
different in laminar and turbulent flow regimes (see Eq. (9) and Eq. (10)
[31,32]. Furthermore, s and u,, are dynamic viscosities for bulk fluid
and fluid near the wall surface, respectively. Now the unknown terms in
Eq. (7) are the Reynolds no. Re and the Prandtl no. Pr which are
calculated by the following relations:

pr=to an
ky

Re= 9P 12)
He

Where, ¢, is the specific heat of fluid and Gy is the mass flux and is
calculated by the following formula:
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iy
G =a. (13)
N.-1
A =b-W- 1
bW (Zlem) (14)

Here, iy is the mass flow rate of fluid and A is the cross-sectional area
through which fluid passes. N; is the total number of PHE plates and Npqs;
is the number of passages per channel (1 in this case). Combining these
equations, we can analytically calculate convection heat transfer co-
efficients for both fluids [30]. Thus, we can get the overall heat transfer
coefficient Ugjny. for a PHE from Eq. (3) which results in 3556 W/m?. K.

2.1.2. Python model validation

To ensure the reliability and accuracy of the Python-implemented
model, the predicted overall heat transfer coefficient was compared
with the one from CFD simulations conducted using COMSOL Multi-
physics 6.2. Firstly, a 3D section of a corrugated plate heat exchanger,
comprising both hot and cold fluid domains, was modeled in PTC Creo
Parametric 10.0. The model was then imported into COMSOL, where
materials were assigned to each domain (refer to Fig. 5). Subsequently,
mass flow and temperature boundary conditions were applied in a
counterflow configuration of the heat exchanger, with hot water
entering from the top and cold water from the bottom. This study

employed a robust k-¢ turbulence model for turbulent flow, which is
commonly used in industrial applications, for CFD simulations. The
entered flow was treated as a fully developed flow for both hot and cold
sides.

Finally, a mesh independence study was conducted, starting with a
coarser mesh and progressing to an extra-fine mesh. The overall heat
transfer coefficient and the corresponding percentage errors were
evaluated at each stage, as shown in Fig. 6a). After fine mesh and
refining the mesh further, the values began to oscillate with a very low
percentage error (< 0.1 %), indicating that the solution was no longer
significantly affected by mesh refinement. COMSOL simulation pre-
dicted the overall heat transfer coefficient of 3558 W/m?2. K at the extra-
fine mesh, which shows strong agreement with the value predicted by
the Python model.

When hot and cold fluids flow along the plate length in a PHE, the
temperatures of the fluids vary at each location x, and are determined by
the equations Eq. (15) and (16) for the counter flow case [33]:

_ CS ) Usimple -Amr_ x
=, C Ly
T,(x)= | e (Ton — Too) | + T

(15)
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Where, C = m-c; is the heat capacity rate, defined as product of mass
flow rate and specific heat capacity of the fluids. T, is calculated by the
following relation:

(H%)(%%M)
C —Ca s
'Ts,in + Ta.ine

T, ="% a7)

. <1+,Céﬂ) ) (Usm:%li‘Aml)
-+e

—Cq

In the above equations Eq. (15) to Eq. (17), Ay is the active area of the
heat transfer in all 9 channels (8 active plates) shown in Fig. 9 and it is
calculated by:

A = Agy-(N, — 2) (18)
Aggp = ¢-Ly-W 19)

Where, A is the effective area of one plate.
The anticipated temperature profiles for both fluids along the flow
direction are presented in Fig. 6b).

2.1.3. Plate heat exchanger integrated with TEGs (hybrid PHE-TEG)

In this work, we consider a planar thermoelectric device, with the

\h, = 11183 W/m? -K
T h, = 6715W/m? - K
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selection of the optimal thickness and fill factor of the TEGs thoroughly
discussed in our previous work [28]. Fill factor and leg thickness are two
important geometrical parameters for designing a TEG device, ensuring
simultaneous thermal and electrical impedance matching. This optimum
condition is met only when TEG’s thermal resistance (¥1zs) and elec-
trical resistance (Ri;) match with the thermal contact resistances
(Veont = (¥s + ¥p1) + ¥a) and load electrical resistance (Rjoqq) Tespec-
tively (see Fig. 7). At each fill factor, there is unique leg thickness value
to achieve this condition. Here, we choose two fill factors F = 0.5 and F
= 1.0, and calculate corresponding leg thicknesses where this condition
is met.

To get the maximum effective device figure of merit Z,., a gener-
alized geometry condition was developed for equal thicknesses of n-
type, p-type, and filler material (t; = t, = tfer = t).

(aP - a”)z (20)
2
kn | Kfler 1-F & | Kllr 1-F
< an+crn F +\/o'p+ap F)

Where, @, an,0p,0n,kp, Kk, are the Seebeck coefficients, electrical con-
ductivities and thermal conductivities of the n-type and p-type TE ma-
terials respectively and gy is the thermal conductivity of filler
material. Additionally, Eq. (22) provides general expressions for the
optimal cross-sectional areas A, and Ap:

Zmax =

A 5y Killer 1-F
r= ITH = i: K;’Ir;n 1:7 (21)
P wt o F
FA F-A
A, = TEG A — TEG 22)

s Ldp — .
Tlt-(%-&-l) n-(r+1)

Material properties of the printed TEG used in this study are reported in
our previous work [34]. Besides this active material, the TEG device is
supposed to be filled with filler material (such as polystyrene) with a low
thermal conductivity of 0.1 W/m. K.

The flexible printed TEGs are designed to integrate directly onto the
corrugated plates of the PHE. To illustrate the simulation model, a
section of the hybrid PHE-TEG system for the aforementioned micro-
CHP system is shown in Fig. 8, considering two cases: case-I with F =
0.5 and case-II with F = 1.0. For each case, two thermocouples were
simulated in COMSOL under convective heat transfer boundary condi-
tions, with TEGs applied first into the cold channel and then into the hot
channel, and the results were compared. Note, convection heat transfer
coefficients h, and h, for hybrid PHE-TEG system were calculated using
the Python-based model (Eq. (4) to Eq. (14) as before, since the heat
exchanger plate profiles (b and ¢) remains unchanged after installing the
TEGs (see Fig. 9). The proposed TEG layout for this hybrid PHE-TEG

F=05

Fig. 8. A portion of hybrid PHE-TEG for simulation (case-I F = 0.5, case-Il F = 1.0).
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Fig. 9. Components of hybrid PHE-TEG system (TEGs in the cold channel).

system is also shown in Fig. 9.
Additionally, the following assumptions were made for our heat
transfer and TEG power output analysis:

e The plate heat exchanger is adiabatic to the surrounding
environment.

e Fluid properties are considered at the mean temperatures of the
respective channel fluid.

e The heat flux from hot to cold fluid will completely pass through the
TEGs, i.e., there is no heat loss from a thermal shunt.

e Only intrinsic TEG resistance is considered; electrical contact re-
sistances are neglected.

e No thermal contact resistance between the PHE plate and the TEGs
was considered.

2.1.4. Cost analysis

This novel hybrid PHE-TEG system provides a dual functionality of
heat transfer and power production. In this study, we also analyzed the
economic and performance metrics of the system including:

Total system cost: The overall capital cost (in €) required to construct
this hybrid PHE-TEG.

Cost per watt: The cost of generating one watt of electric power (in
€/W), calculated as the ratio of total system cost to the rated electric
power produced.

Lastly, we computed the levelized cost of electricity (LCOE, in €-ct/
kWh), a key metric that shows the cost per unit of electricity produced
over the system’s lifetime, in order to assess economic viability in this
study. The LCOE is calculated as the ratio of the system’s total lifetime
cost to its total lifetime electricity generation.

Capital cost

LCOE =
o Life time electricity output

(23)

As TEGs will not cause any maintenance and operational costs, it can be
calculated as [35]:

<
) | 1.77
< 1.75
I 74
“
=}
©
=
©
€ 1651
©
E
5 1.601
o T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0

Fill factor F
Fig. 10. Optimal area ratio r vs fill factor F.
Io
y=1{1+dy

This metric highlights the system’s cost-effectiveness, here, I is the total
initial investment, m is the total lifetime in years, d is the discount rate, y
is the respective year, and E, is the electricity generated per year.

3. Results and Discussion
3.1. Optimal cross-sectional area calculation

A TEG device performance strongly depends upon its effective figure
of merit Z. In order to maximize effective Z,q value for a device,
reference [28] reported a generalized geometric optimization condition
(refer to Eq. (21), which gives an optimal cross-sectional area ratio r =
An/A, of n-type and p-type legs. Fig. 10 illustrates values of r at different
fill factors, indicating that the cross-sectional area of the n-type leg
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Fig. 11. Output power densities and I-V curves (case-I F = 0.5, case-Il F = 1.0).

should be 1.74 times that of the p-type leg for a fill factor of F = 0.5, and
1.77 times for a fill factor of F = 1.0 for our choice of materials. This
difference in area arose due to the mismatch in the thermoelectric
properties of these two materials.

After determining the optimal area ratio for these two scenarios (F =
0.5 and F = 1.0), TEGs were modeled on the PHE plate, as illustrated in
Fig. 8, using the calculated areas for the n-type and p-type materials for
further analysis.

3.2. Optimal thickness calculation

The proper design of the TEGs for maximum power in any applica-
tion environment relies on optimizing thermal and electrical resistance.
Changing the thickness of the TEG at a given fill factor F is a key
parameter to vary with thermal and electrical resistance and find an
optimum spot. Under fixed thermal resistances of source and sink in the
PHE (calculated from the analytical model described by Egs. (1) to (14),
an increase in the TEG thickness initially causes a rapid rise in the
temperature difference AT across the TEG. On the other hand, the
electrical resistance also increases linearly as the TEG thickness in-
creases. When these two competing parameters approach a certain
threshold, we notice an initial rise in power due to an increased tem-
perature difference AT followed by a loss in power output due to an
increase in electrical resistance with suppressed benefits in increasing
thermal resistance further. This threshold refers to simultaneous
matching thermal and electrical impedances to maximize power output
from TEGs at given conditions. Fig. 11 presents the TEG output power
densities and I-V curves at three different TEG thicknesses, plotted to
determine the optimal operating conditions for the previously

introduced system (hybrid PHE-TEG) in two scenarios (F = 0.5 and F =
1.0).

Fig. 11a) represents the results of a COMSOL parametric sweep study
for three different TEG thicknesses, with the TEGs integrated into the hot
channel. In contrast, Fig. 11b) illustrates the results when the TEGs are
integrated into the cold channel. The analysis indicates that the optimal
TEG thickness is 190 pm, yielding a higher power density of approxi-
mately 355 W/m? when integrated into the cold channel compared to
the hot channel (see Fig. 11a) and 11b)). The higher power density for
the cold channel is attributed to the difference in the cross-sectional
areas of the thermoelectric legs exposed to the hot and cold sides.
Additionally, a mismatch in convective heat transfer between the two
sides contributes to this effect. The TEG generates more power when the
smaller area is exposed to a relatively higher convective heat transfer
coefficient, as illustrated in Fig. 8. In the second case, with a fill factor F
= 1.0, the optimal TEG thickness is found to be 210 pm, resulting in a
higher power density of approximately 710 W/m? when the TEGs are
integrated into the hot channel (see Fig. 11d) and 11e)). Here, the
thermoelectric leg areas are identical on both sides as shown in Fig. 8,
and the power output is higher with integration into the hot channel due
to the superior thermoelectric properties at higher temperatures. The 3D
temperature and voltage plots from COMSOL at the maximum power
point are shown in Fig. 11¢) and Fig. 11f), where for F = 0.5, the TEGs
are assumed to be integrated into the cold channel, and for F = 1.0, the
TEGs are assumed to be integrated into the hot channel.

3.3. Transferred heat flux in the simple PHE and hybrid PHE-TEG

The heat flux transferred from the hot fluid in the simple PHE was
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Fig. 13. System cost, cost per watt, and levelized cost of electricity (LCOE) of proposed micro CHP (hybrid PHE-TEG).

estimated to be 148.5 kW/m? In contrast, for the hybrid PHE-TEG
system optimized for maximum TEG power generation, the trans-
mitted heat flux is reduced to approximately 47.3 kW/m? and 72.6 kW/
m? for TEG fill factors of F = 0.5 and F = 1.0, respectively (refer to
Fig. 12a) and 12b)). So, this hybrid PHE-TEG introduced a compromise
in transferred heat flux, as a part of some low-grade thermal energy
converted into high-grade electrical energy. As a trade-off, the opti-
mized printed TEGs are expected to generate rated electrical power
densities of 355 W/m? and 710 W/m? for these two respective cases.

3.4. System cost (€), cost per watt (€/W), and levelized cost of electricity
(LCOE, in €-ct/kWh)

In Fig. 13, we calculate the total system cost including heat
exchanger and printed TEGs. For printed TEGs, the cost of each step,
starting from the bulk material cost to ink preparation, device
manufacturing, drying, sintering, and their integration into the PHE
were considered. Fig. 13 illustrates the projected total component costs
(in €), the cost per watt of the complete system (in €/W), and the lev-
elized cost of electricity (LCOE, in €-ct/kWh) over a 20-year operational
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Table 3
TEG fabrication cost analysis.
Components and/or steps Cost Source
involved
p-type TE material (Bi;Te3) 455 €/kg thermonamic.ecvery.com
n-type TE material (BizTes) 425 €/kg thermonamic.ecvery.com
Anodized aluminum substrate (Al- 125 €/kg steinertglobal.com
Al;03)
Dielectric (Thermally cured 460 €/kg https://www.dycotecmate
insulator) rials.com
Contact material (Ag) 2000 €/kg https://www.novacentrix.
com
Ink preparation (Ball milling) 35.428 €/kg  Own assessment
Printing (Screen printing) 4.629 €/m? Own assessment
Drying (Hot plate drying) 40.26 €/kg Own assessment
Sintering (Flash sintering) 4.03e-2 €/ Own assessment
m2

lifespan, assuming 80 % system uptime.

The first row of three subplots corresponds to the current system
shown in Fig. 13, featuring a hybrid PHE-TEG with 8 active plates
covering an area of 0.5 m2. The second row of subplots represents a
hybrid PHE-TEG system with double the size, comprising 16 active
plates and covering an area of 1 m2 For a fill factor F = 1.0, this
doubling restores the heat transfer capacity of a PHE without TEGs. The
plots demonstrate that the cost per watt and LCOE decrease as the sys-
tem size increases. This is primarily because the major cost of a plate
heat exchanger arises from its basic structure and mountings. The sys-
tem’s capacity can be expanded cost-effectively by adding more plates,
which are relatively inexpensive components. Over a 20-year lifespan,
the cost per kWh is estimated to be approximately 10 €-ct and 6 €-ct for
fill factors F = 0.5 and F = 1.0, respectively, for the 8-plate (0.5 m?)
hybrid PHE-TEG system. For the 16-plate (1 m?) hybrid PHE-TEG sys-
tem, the cost per kWh is reduced to 7 €-ct and 4 €-ct for F = 0.5 and F =
1.0, respectively. Note, that these calculations also account for a 2 %
discount rate and a 0.5 % annual TEG degradation. Table 3 details the
costs of individual components and the steps involved in fabricating the
TEGs.

Fig. 14 illustrates the total cost distribution and the weight contri-
bution of each component and step involved in the system building. The
plate heat exchanger (PHE) is the most expensive component of this
hybrid PHE-TEG system in both cases. Estimated costs of TEG’s com-
ponents, fabrication, and integration into the system are less than 40 %
and 50 % of the total cost for fill factors F = 0.5 and F = 1.0, respectively.

Cost distribution (Total: 2861 €) for
F = 0.5 and system size 1 m?
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4. Conclusion

Numerous low-grade thermal energy resources allow us to apply
thermoelectric energy conversion to recycle wasted thermal energy.
Printed TEGs present a promising approach for device optimization and
fabrication, leveraging additive manufacturing techniques to enable
cost-effective production of complex and diverse geometries. In this
manuscript, we proposed a hybrid PHE-TEG system for micro-CHP low-
grade waste heat recovery from hot water (80 °C). TEG device design
and optimization were performed for a corrugated chevron-type plate
heat exchanger utilized in district heating applications, employing a
Python-implemented model alongside COMSOL simulations. We
compared the performance of a simple PHE (without TEGs) and a hybrid
PHE-TEG system (with TEGs), highlighting the trade-off between heat
transfer and TEG performance. By sacrificing a portion of low-grade heat
transfer, the hybrid PHE-TEG system produced high-grade electrical
power densities of 355 W/m? and 710 W/m? for TEG fill factors of F =
0.5 and F = 1.0, respectively, for ideal conditions (i.e., no additional
Ohmic losses in the system). Additionally, the total system cost (in €),
cost per watt (in €/W), and levelized cost of electricity (LCOE, in €-ct/
kWh) were analyzed and reported for two system capacities—one with a
0.5 m? area and the other with a 1 m? area—at both TEG fill factors. The
values for cost per watt (in €/W) and levelized cost of electricity (LCOE,
in €-ct/kWh) decreased as the hybrid PHE-TEG system size increased. A
system size with 0.5 m? area resulted in a cost of electricity of 11.2 €/W
and 10 €-ct/kWh for F = 0.5, while for F = 1.0 they were 6.2 €/W and 6
€-ct/kWh. In comparison to 0.5 m?, 1 m? system size showed cost of
electricity of 8.1 €/W and 7 €-ct/kWh for F = 0.5, while for F = 1.0 cost
values were 4.7 €/W and 4 €-ct/kWh.

Future investigations should delve into incorporating different
printed TEGs into other potential energy recovery applications, such as
combined heat and power (CHP) systems on large scales, solar thermal
systems, geothermal energy systems, seasonal thermal storages, etc.
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