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1. Introduction

Global energy consumption is projected to
surge by nearly 50% by 2050,[1] driven by
rapid industrialization and population
growth. However, over 60% of primary
energy is currently wasted as heat across sec-
tors, exacerbating resource depletion and cli-
mate change.[2]

Waste heat recovery (WHR) from sources
such as industrial processes, power genera-
tion, and transportation holds significant
potential for mitigating these impacts.[3–6]

Among these sources, latent heat from satu-
rated steam—a byproduct of power plants,
chemical industries, and district heating sys-
tems—remains underexplored despite its
high energy density.

TEGs, which convert temperature gra-
dients into electricity via the Seebeck effect,
are compact, solid-state devices ideal for
WHR applications. Their efficiency is
quantified by the dimensionless figure of
merit (ZT).[7–10]

The proposed TEG-based WHR system is designed for direct
integration into any waste heat system as steam turbine exhaust
systems in power plants to recover its heat and convert it to power,
where protects the environment from global warming. The advan-
tages of this system are in its compact, solid-state devices without
moving parts or working fluids, very lowmaintenance, high dura-
bility, enhanced scalability, and reliability in various settings.[11–14]

Despite current TEG conversion efficiencies averaging between 4
and 7%, the technology remains economically viable by harness-
ing otherwise wasted energy.[15–17] TEG modules typically consist
of n-type and p-type semiconductor pairs arranged to generate a
voltage from temperature gradients, making them a promising
addition to WHR systems in power generation, chemical process-
ing, and other industrial settings where waste heat is abundan.

Studies on flue gas WHR provide foundational insights for
steam-based systems. Zhao et al.[18] integrated TEGs with humid-
ified flue gas (60–90 °C) using a finned-tube heat exchanger
(HX), achieving a 15–25% improvement in heat transfer and
18.6W power output. Similarly, Zhao et al.[19] tested a modular
TEG array on natural gas boiler exhaust (120–180 °C), demon-
strating that increasing flue gas temperature from 120 to
180 °C boosted power output by 156% (4.8–12.3W). These stud-
ies highlight the critical role of HX design and temperature
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Low-grade waste heat recovery (WHR) from steam turbines presents an oppor-
tunity to enhance energy efficiency and minimize losses in power plant. This study
evaluates the perfromance of thermoelectric generator (TEG) configurations
under varying steam parameters (mass flow rate, quality, temperature), to
identify optimal configurations. A MATLAB- based numerical model integrating
thermodynamics, heat transfer, and thermoelectric priniciples is devolped to
simulate four TEG arrangements: 100� 100, 50� 200, 25� 400, and 12� 833
(longitudinal). Simulations span a wide range of steam conditions: flow rates
(5–20 kg s�1), qualities (0.05–0.97), and temperatures (100–160 °C). Results
shows that the longitudinal 12� 833 configuration delivers the highest power
output 15.62 kW at 20 kg s�1, x= 0.97, and 36.88 kW at 160 °C emphasizing
temperature’s critical role. System efficiency increases by 36% when temper-
ature rises from 100 to 160 °C, while improving quality enhances by 8–12%. The
heat utilization factor is highest at low steam qualities (x= 0.05), reaching 59.4% at
100 °C (5 kg s�1), but drops significantly at higher flow rates. Findings highlight the
potential of longitudinal TEG arrangements to maximize WHR through enhanced
latent heat extraction and thermal gradient management.
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gradients in TEG performance but focus on sensible heat,
neglecting latent heat recovery.

Compact HX designs are pivotal for maximizing power den-
sity in steam-driven systems. Khalil et al.[20] tested copper heat
spreaders on a vertical chimney (80–130 °C), achieving a 28%
higher power density (1.1Wm�2) compared to aluminum, with
turbulent flow enhancing temperature uniformity. Hussein
et al.[21] proposed a multi-TEG panel (16 TEGs on 0.25m2) for
solar heat harvesting, emphasizing the trade-off between TEG
density and airflow resistance. These findings underscore the
need for tailored HX geometries and material selection to opti-
mize TEG arrays in phase-change environments.

While existing research explores sensible heat recovery from
flue gas, automotive exhausts, and solar panels[18,19,21] latent heat
from saturated steam remains understudied. Phase-change heat
transfer in compact HXs introduces unique challenges, such as
condensation management and interfacial thermal resistance,
which are critical for maintaining temperature gradients across
TEGs. Current systems, like those tested by Niu et al.[7] and
Ahiska et al.[12] highlighted the importance of fluid flow rates
and initial temperatures in optimizing TEG performance.
Similarly, Sasaki et al.[22] examined TEG scalability with large
water-based configurations, demonstrating a system capable of
generating 1 kW of power using hot spring water at 95 °C and
cold mountain water at 15 °C, with a power density of
5.4 kWm�3. The system’s efficiency depends on the temperature
difference between the hot and cold water, as well as the material
properties of the thermoelectric modules. Additionally, HX
design and material selection have proven critical to TEG effi-
ciency but remain challenging for high-temperature applications.

Kumar et al.[23] demonstrated the advantage of counterflow
designs over co-flow designs for fluid movement in enhancing
power generation; however, this setup has been tested primarily
in laboratory conditions rather than in high-temperature steam
environments. Lesage et al.[24] demonstrated that specific vortex
generator designs, such as slotted flat plates, could enhance
power output, albeit with increased flow resistance unsuitable
for high-throughput steam applications. Studies by Rezania
et al.[25] and Wang et al.[26] applied microchannel HXs and opti-
mized materials to improve TEG efficiency. Efforts to minimize
thermal and electrical resistance in TEG modules, such as
through specialized barriers or silicone grease, were sug-
gested.[27] Liu et al.[28] investigated TEG power output using heat
from automobile engines and Savani et al.[29] explored TEG per-
formance in transient environments such as silicon casting.

Material innovations are critical for enhancing TEG efficiency
in steam applications. Abaszade et al.[30] demonstrated that
gadolinium-doped carbon nanotubes improve thermal stability
and specific heat capacity, enabling robust performance under
fluctuating heat fluxes. Hybrid systems, such as TSCs,[31] com-
bine energy harvesting and storage, offering dual functionality
for intermittent steam sources.

Beyond industrial WHR, TEGs show promise in wearable tech-
nologies,[32] where body heat or ambient temperature gradients
power sensors and devices. MXene-based pyro-piezoelectric nano-
generators[33] and hybrid piezoelectric–triboelectric systems[34]

integrate TEGs with complementary energy-harvesting mecha-
nisms, achieving self-powered operation in healthcare and remote
monitoring applications. While these systems prioritize

miniaturization, their design principles—such as thermal inter-
face optimization—inform scalable solutions for improving the
overall WHR system performance.

While prior studies have extensively explored TEGs for recov-
ering sensible heat from industrial flue gas, automotive exhausts,
and solar panels,[18,19,21] latent heat recovery from saturated steam
—a ubiquitous byproduct of power plants and industrial processes
—remains understudied. For instance, Niu et al.[7] demonstrated a
TEG system for glycol/water mixtures, achieving 146.5W at
150 °C. However, latent heat recovery from saturated steam—a
ubiquitous byproduct of power plants—remains underexplored.
Existing systems prioritize external WHR sources (e.g., exhaust
gases), neglecting the high-energy potential of steam turbine con-
densation processes. This study introduces a first-of-its-kind TEG
system designed to recover latent heat from saturated steam in
power plants. Unlike prior works focused on sensible heat, our
system targets steam quality (0.05–0.97) and condensation dynam-
ics, capturing energy traditionally lost to cooling towers.

Given the high-temperature nature of waste steam in some
power plants, often exceeding 250 °C, condensers must be large
and require substantial water resources to cool the steam before
it reenters the boiler. Capturing this latent heat in a WHR system
would reduce energy loss and environmental impact, contribut-
ing to plant efficiency. Despite advancements in TEG materials
science, selecting the optimal TEG system design for steam tur-
bine applications remains an open challenge. Most prior
research has focused on external WHR sources, leaving a gap
in understanding how to directly apply TEG technology to cap-
ture latent heat from saturated steam. This study addresses this
gap by introducing a novel WHR system that uses saturated
steam directly from a steam turbine as a TEG heat source.
The system captures energy typically lost in condensation by har-
nessing latent heat from wet steam. This approach has not been
extensively explored in literature, making it an innovative contri-
bution to WHR research. The system is designed with a parallel-
flow HX housing 10 000 TEG modules, configured in various
arrangements (100� 100, 50� 200, 25� 400, and 12� 833) to
optimize power density and thermal uniformity. To further
assess the system’s performance, critical parameters, including
steam inlet quality (0.05–0.97), steammass flow rate (5–20 kg s�1),
and inlet steam temperature (100–160 °C), are systematically
varied. A comprehensive mathematical model was developed
and programmed in MATLAB to simulate heat transfer, steam
condensation, and TEG performance under dynamic condi-
tions. The model integrates the X-Steam Library to accurately
compute saturated steam properties (enthalpy, entropy, density)
across variable inlet qualities, temperatures, and mass flow
rates. The model was validated against experimental data.

This work bridges the gap between TEG research and indus-
trial steam systems, offering a scalable solution to reduce energy
losses in power plants while advancing SDG 7 (Affordable Clean
Energy) and SDG 13 (Climate Action).

2. Physical Model Description

This system’s primary source of heat is the saturated steam that
exits a power plant’s turbine just before it enters the condenser.
This system is designed to act as a pre-condenser, condensing
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the vapor in the steam into liquid form before it enters the pump.
This process integrates smoothly into the plant’s operational cycle.

This model investigates a WHR system that incorporates a
parallel-flow HX equipped with a fixed number of thermoelectric
generators (TEGs). These generators are arranged in various
configurations to optimize heat transfer from steam to the TEG
modules (see Figure 1). This study examines four specific TEG
configurations: 100� 100, 50� 200, 25� 400, and 12� 833. The
arrangements are optimized to enhance the temperature differen-
tial across the TEGs, which is a critical factor for maximizing the
performance of the modules (illustrated in Figure 2).

To enhance heat transfer rates and optimize electricity
production, high-conductivity aluminum plate-fin heat sinks
are installed on both the hot and cold sides of each TEG module
(see Figure 3). The geometric specifications of these heat sinks,
as outlined in Table 1, are crucial for maintaining a stable tem-
perature gradient across the TEG modules, which is essential for
efficient operation.[35]

The TEG modules operate based on key thermoelectric
principles for power generation. This involves the Seebeck

effect, which generates voltage from temperature differences,
and the Peltier effect, which facilitates internal heat transfer
between p–n junctions. Also, thermal conduction plays a crucial
role in heat distribution within the TEG module.

However, Joule heating, caused by resistive heating, can neg-
atively impact power output by introducing internal resistance.

Figure 1. Waste heat recovery system design heat exchanger.

Figure 2. TEGs different arrangements: a) 1-[100� 100], b) 2-[50� 200],
c) 3-[25� 400], and d) 4-[12� 833].

Figure 3. TEG model arrangement with heat sink and thermal resistance
model.

Table 1. Geometrical dimensions of the aluminum plate-fin heat sink and
TEG module.

Parameter Variable Value Units

Aluminum plate-fin heat sink[35]

Width W 41 mm

Length L 40.5 mm

Fin height Lfin 36 mm

Fin width W fin 41 mm

Fin thickness tfin 1.3 mm

Fin-to-fin distance d 0.9 mm

Number of fins n 19 –

Thermal conductivity K fin 235 Wm�1 k�1

Base height Lbase 4 mm

TEG module[20]

TEG model SP184827145

PN thermocouples 127 thermocouples

PN dimensions Apn*Hpn 1.4� 1.4� 1.6 mm

TEG dimensions ATEG*tTEG 40� 40� 3.9 mm

Ceramic chip dimensions – 40� 40� 0.8 mm
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Each TEG module in this study (model SP184827145)[20] is con-
structed with 127 thermocouples made from a bismuth telluride
(Bi2Te3) alloy. The design comprises n-type and p-type semicon-
ductors arranged in series and layered between ceramic-insu-
lated electrical conductors. This configuration allows for high
performance in environments with significant temperature gra-
dients, such as those in waste heat applications. The physical
dimensions of the module are detailed in Table 1.

3. Mathematical Model and Solution

The mathematical framework for the WHR system, designed to
capture low-grade waste heat from steam exiting steam turbines
via TEG models, is presented here. This model analyzes the
WHR system’s performance across various operating conditions.
To streamline the calculations, the following simplifying
assumptions are incorporated: 1) the TEG model assumes
series-connected p–n junctions; 2) steady-state operation is
assumed, with uniform material properties in all TEG parts;
3) heat transfer losses along with the HX and radiation losses
are neglected; 4) the parallel-flow HX has bends; flow contrac-
tions and defects are ignored; and 5) flow behavior at bends
in the HX is simplified, assuming no TEG impact.

3.1. TEG Module

The TEG modules generate power through a combination of the
Seebeck effect, the Peltier effect, thermal conduction, and Joule
heating. The Seebeck effect generates an electric current when a
temperature gradient exists across an electrical conductor.[36]

These solid-state devices consist of numerous pairs of n-type
and p-type semiconductor blocks arranged electrically in series.
The semiconductors are chosen for specific material properties
that enhance TEG performance, such as a high Seebeck coefficient
αpn for high voltage generation, low thermal conductivity Kpn to
minimize heat losses, and high electrical conductivity σpn for effec-
tive current flow.

The proposed TEG model used in this study is SP184827145,
composed of 127 thermocouples based on bismuth telluride
Bi2Te3 alloy. These numerous pairs are sandwiched between
electrical conductors and encapsulated by insulating layers and
ceramic substrates on hot and cold sides, as shown in
Figure 4. This structured design facilitates a temperature differ-
ence ΔT across the TEG surfaces, where a larger ΔT leads to a
higher electrical power output.

Equation (1)–(15) describing heat transfer within a TEG mod-
ule detail how heat is supplied to the hot side (Qh) and extracted
from the cold side (Qc) of the TEG. These processes are outlined
in Equation (1–2) as follows:[19]

Qh ¼ n ½αpn � I � Th þ Kpn � ðTh � T cÞ � 0.5� I2 � Rpn�
(1)

Qc ¼ n ½αpn � I � T c þ Kpn � ðTh � T cÞ þ 0.5� I2 � Rpn�
(2)

where I is current generated by TEG module generate, Th is the
TEG hot surface temperature in K, T c is the TEG cold surface

temperature in K, αpn is the Seebeck coefficient, Kpn is the
thermal conductivity, and Rpnis the electrical resistance.

Equation (3)–(6) define various parameters within the TEGmod-
ule, including the Seebeck coefficient (αpn), thermal conductivity
(Kpn), electrical resistance (Rpn), and the generated current (I).[19]

αpn ¼ αp � αn (3)

Kpn ¼ ðKp þ KnÞAleg

Lleg
(4)

Rpn ¼ ðρp þ ρnÞLleg
Aleg

(5)

I ¼ αpnðTh � T cÞAleg

Lleg
(6)

where the Lleg is the leg length and Aleg is the square cross-section
area of the leg.

The Seebeck coefficients (αp, αn), thermal conductivities
(Kp, Kn), and electrical resistivities (ρp, ρn) for both the (p) and
(n) legs. The performance of the TEG module is strongly influ-
enced by temperature variations, which significantly affect the
behavior of the legs

Equation (7)–(12) are used for calculating these temperature-
dependent properties of the TEG at a temperature range of
300–518 K.[20]

αpðTÞ ¼ ½5.921376� 10�13 T3 � 3.274207� 10�9 T2

þ 2.422355� 10�6 � 2.743842� 10�4�
(7)

αnðTÞ ¼ ½1.291689� 10�13 T3 þ 1.074408� 10�9 T2

� 9.271759� 10�7 þ 8.958888� 10�6�
(8)

σpðTÞ ¼ ½2.248899� 10�14 T3 � 1.250867� 10�10 T2

þ 1.388189� 10�7 T� 2.244786� 10�5��1
(9)

σnðTÞ ¼ ½�1.24614� 10�14 T3 � 6.429015� 10�11 T2

þ 9.103036� 10�8 T � 1.049646� 10�5��1
(10)

KpðTÞ ¼ ½1.251606� 10�7 T3 � 1.242845� 10�4 T2

þ 3.873788� 10�2 T� 2.362707�
(11)

Figure 4. Thermoelectric generator structure.
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KnðTÞ ¼ ½�1.592653� 10�8 T3 þ 2.905845� 10�5 T2

� 1.58323� 10�2 Tþ 3.727526�
(12)

The Seebeck coefficient, internal resistance, and thermal con-
ductance all influence TEG’s electrical output power (Pnet) and
efficiency (ηsystem), which depend on heat transfer (Qh, Qc)
between the hot and cold sides, which are expressed by[19,37]

Pnet ¼ Qh � Qc (13)

P ¼ I2 � Rload (14)

ηsystem ¼ Pnet=Q (15)

3.2. Thermal Resistance Modeling Equations

In pursuit of maximizing efficiency, the WHR system incorpo-
rates aluminum plate-fin heat sinks on both the hot and cold
sides of the TEG module. To facilitate detailed analysis of the
system’s thermal behavior, Figure 3 provides a thermal resis-
tance model that divides the system into three principal seg-
ments: the hot side (saturated steam), the cold side (cooling
fluid), and the TEG module itself.

Heat transfer within this system is governed by three main
types of thermal resistance on each side: contact thermal resis-
tance, base material thermal resistance, and convection thermal
resistance. Contact thermal resistance (Rc) is the interfacial resis-
tance that occurs between the TEG and the heat sink base and
significantly impacts overall efficiency. It can be estimated using
the following equation:[38]

Rc ¼
R

00
t,c

Abase
(16)

whereAbase represents the base area of the heat sink, and R
00
t,c is

the value of thermal resistance of representative solid/solid inter-
faces,[39] which depends on factors like material properties and
surface roughness.

Base material thermal resistance (Rb) represents the resistance
through the material of the heat sinks.[38]

Rb ¼
Lb

KbAbase
(17)

where Lb is the thickness of the heat sink base and Kb represents
the thermal conductivity of the heat sink.

Following Newton’s law of cooling, the heat transfer process
between the fluid (steam or coolant) and the solid surfaces (TEG
and heat sink) also experiences resistance due to convection. This
resistance, denoted by (Rconv), can be quantified using the follow-
ing equation:[40,41]

Rconv ¼
1

hconv Aeff
(18)

where hconv is the coefficient describing the convection heat
transfer process between surface and fluid and Aeff is the effec-
tive heat transfer area.

The effective heat transfer area and fin efficiency (ηf ) the plate-
fin heat sinks are vital parameters for accurate convective thermal

resistance calculations. These can be determined using dedicated
equations that consider the heat sink geometry:[38,41]

Aeff ¼ ð2n�W fin � LfinÞ � ηf þ ðn� 1Þ �W fin � tfin (19)

ηf ¼
tanhm Lfin

m Lfin
(20)

m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hconv

K fin � tfin

s
(21)

where n indicates number of fins, W fin indicates fin width, Lfin
indicates fin height, tfin is the fin thickness, andm indicates param-
eter determined by the fin geometry and material properties.

Thermal resistance RTEG between two sides of the TEG
module can be written by following the equation:[38,41]

RTEG ¼ Th � T c

Qh � Qc
(22)

3.3. Heat Transfer Model in Hot and Cold Sides

Accurate calculation of the heat transfer coefficient due to con-
vection hconv. It is crucial for calculating thermal resistances
and analyzing heat transfer within the TEG system for both
the hot and cold sides. For the hot side, the model dynamically
selects between two equations to compute hconv,steam depending
on the degree of steam condensation. Specifically, during the
condensation phase, Equation (23)–(26)[42] provide correlations
for calculating the convection coefficient hconv,steam until the
steam reaches near-saturated liquid conditions (exit quality
close to 0).

hconv,steam ¼ hl 1þ 3.8
Z0.95

� �
(23)

Z ¼ 1� X inlet

X inlet

� �
0.8
P0.4
r (24)

hl ¼ 0.023
Gmð1� X inletÞDh

μl

� �
0.8 Pr0.4l K l

Dh

� �
(25)

Gm ¼ m°
steam

Dh
(26)

where hl is the liquid-only heat transfer coefficient, Gm is the
mass velocity in kg m�1 s�1, Prlis reduced pressure, Pr is the
Prandtl number, and Dh is the hydraulic diameter.

The hot fluid transitions to liquid water after steam flows over
the TEG modules and undergoes complete condensation. In this
case, theMATLAB code adapts by applying Equation (27) and (28)
to estimate the convection heat transfer coefficient. When com-
plete condensation occurs at the inlet, the code switches to a sen-
sible heat transfer calculation based on temperature difference
rather than latent heat as the primary heat transfer mechanism.
The Dittus–Boelter relation[43] is then used to calculate the con-
vection coefficient (hconv,water) on the hot side, linking the heat
transfer coefficient to the liquid phase’s fluid properties and flow
conditions.
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Nu ¼ 0.023Re0.8P0.3
r (27)

hconv,water ¼
Nu� Kwater

Dh
(28)

On the cold side, water is used as the cooling fluid, entering at
an inlet temperature of 10 °C and a mass flow rate of 20 kg s�1.
Calculations are conducted assuming forced convection of the
cooling fluid through the heat sink channels. The Dittus–
Boelter equation, widely applied in cases of turbulent flow, is
employed to calculate the convection heat transfer coefficient,
as it effectively relates this coefficient to fluid properties and flow
conditions.

Nu ¼ 0.023Re0.8P0.4
r (29)

hconv,cold ¼
Nu� Kwater

Dh
(30)

The previous formula accounts for factors such as flow veloc-
ity, fluid viscosity, and thermal conductivity, providing a reliable
means to estimate the heat transfer coefficient on the cold and
hot sides.

As the cold fluid flows through the TEG modules, heat transfer
occurs between the fluid and the solid surfaces of the heat sink and
TEG, resulting in an energy change within the cold fluid. This
change in energy can be quantified by evaluating the temperature
difference between the fluid’s inlet and outlet as it passes across
the TEG module, as shown in the following equation:

Qc ¼ m°
waterCpðTo,water–T i,waterÞ (31)

The convective heat transfer equation of hot fluid is given by

Qh ¼ hconv,steamAtegðT steam � ThÞ ¼ ðT steam � ThÞ=Rth, total,hot

(32)

The general equation for convective heat transfer is

Qc ¼ hconv, coldAtegðT c � TwaterÞ ¼ ðT c � TwaterÞ=Rth, total,cold (33)

where Rth,total is the total thermal resistance on each side.

Rth, total ¼ Rc þ Rb þ Rconv (34)

After calculating the amount of heat utilized by the TEG sys-
tem, the heat utilization factor (HUF) can be determined. This
factor represents the relationship between the actual heat trans-
ferred to the TEG WHR system and the maximum theoretical
heat that could be moved if all the steam were condensed from
its inlet quality to a saturated liquid state, as follows:

HUF ¼ Qh

Qmax

� �
(35)

Qmax ¼ m°
steam ðhinlet�hexitÞ (36)

where Qmax is the maximum amount of energy in the WHR sys-
tem, Qh is the heat used in the steam side, hinlet is the enthalpy
inlet at different steam inlet qualities, and hexit is the enthalpy at
the saturated liquid condition.

3.4. System Solution and Validation

The mathematical system of equations for the physical model is
programmed and solved using MATLAB R2024a software, utiliz-
ing the XSteam package.[44] An iterative approach is employed in
MATLAB to solve three unknown variables within the system:
Th, T c, and I. The flowchart in Figure 5 illustrates the iterative
process used to solve the WHR system, accommodating config-
urations with varying numbers of TEGmodules. The solving pro-
cess is initiated by implementing the mathematical model for the
WHR system, where a fixed external load resistance (Rload ¼ 3Ω)
is connected to each TEG module. A critical step in the solving

Figure 5. Solution procedure of WHR using MATLAB code.
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sequence is balancing the heat transfer equations on both sides
of the TEG module. On the hot side, Equation (1), which
describes the internal heat transfer within the TEG module as
a function of Th, T c, and I, is balanced with Equation (32), which
represents the heat transfer between the hot fluid (steam) and the
hot TEG surface. Equation (32) depends on T steam and the total
thermal resistance. This total thermal resistance includes contri-
butions from convection, fin, and contact thermal resistances,
with the convection coefficient as a primary factor. The
MATLAB code dynamically selects the appropriate equation
since the hot-side convection heat transfer coefficient depends
on the steam phase for the latent heat phase, where the steam
quality ranges from 0.97 to 0.05. Equation (23)–(26) are utilized.
If sufficient TEG modules condense all the latent heat from the
steam, but additional TEGs remain, the code then calculates the
convection coefficient for these remaining modules using
Equation (27) and (28), transitioning from latent heat (governed
by Equation (23)–(26)) to sensible heat transfer. A similar balanc-
ing approach is applied on the cold side. Equation (2), which
describes the internal heat transfer through the TEG on the chilly
side, is balanced with Equation (33), representing the heat trans-
fer from the cold fluid to the TEG’s cold surface. These equations
depend on Th, T c, and I. The cold-side convection coefficient is
calculated using Equation (29) and (30). The electrical power gen-
erated by the TEG module is determined by the difference
between the heat transfers on the hot and cold sides, and this
value is also equal to the power dissipated in the external load
(I2 � Rload). By solving this set of three equations (two heat trans-
fer balance equations and one power equation) for the three
unknowns (Th, T c, and I), the MATLAB code determines the
desired variables. Subsequently, it calculates additional perfor-
mance metrics, including hot-side heat transfer (Qh), cold-side
heat transfer (Qc), net power generation (Pnet), and system effi-
ciency (ηsystem).

To validate the mathematical model solution, the experimental
data[37] from a WHR system serves as a benchmark when used.
This conventional system employs a forced air heat sink, cooled
by an electrical fan on the cold side. The TEG module employed
in the traditional WHR system is the SP184827145, composed
of 127 thermocouples made from a bismuth telluride (Bi2Te3)
alloy. The TEG module measures 40� 40� 3.9 mm. Figure 6

compares the model-predicted output power with the experi-
mental data[37] across a range of temperature differences
(ΔT= 5–95 K). The numerical results exhibit close agreement
with the experimental measurements over the tested ΔT range.

4. Results and Discussions

This section presents the analysis of a WHR system utilizing
TEG modules arranged within a parallel-flow HX. The WHR
system is designed to capture and convert the latent heat of satu-
rated steam exiting a steam turbine in a power plant, providing
an innovative approach to harnessing low-grade waste heat. The
study examines the influence of varying operational parameters—
including steam inlet quality, mass flow rate, and TEG module
configurations, as illustrated in Table 2—on power generation,
system efficiency, and HUF. Throughout all analyses, the cooling
fluid conditions are held constant at an inlet temperature of 10 °C
and a flow rate of 20 kg s�1 to ensure uniform cooling across dif-
ferent parameter settings.

4.1. Impact of Steam Mass Flow Rate on WHR System
Performance

The initial analysis investigates the impact of steam mass flow
rate on power output, with steam qualities ranging from 0.05
to 0.97 at a fixed inlet temperature of 100 °C.

Figure 7 shows how variations in steam inlet quality and mass
flow rate affect power generated from the WHR across TEG
configurations (100� 100, 50� 200, 25� 400, and 12� 833).
Across all configurations, a consistent trend emerges, showing
that net electric power output generally increases with higher
steam inlet quality and elevated steammass flow rates. This trend
can be attributed to critical thermodynamics, heat transfer, and
material factors that underscore the role of both steam quality
and flow rate in optimizing TEG power generation.

First, steam with a higher dryness fraction (quality) inherently
contains a more significant proportion of latent heat, which plays
a crucial role in power generation due to its impact on the heat
transfer rate between the steam (hot fluid) and the TEG surface.
As a high-energy content component, latent heat drives signifi-
cant thermal exchange, resulting in a more substantial temper-
ature gradient across the TEG modules. This temperature
gradient is essential for enhancing the Seebeck effect, as a more
significant differential across the TEG junctions leads to greater
voltage output. Increasing steam quality elevates the convection
heat transfer coefficient in this context, facilitating more effi-
cient energy transfer. This higher heat transfer coefficient helps

Figure 6. Comparing numerical and experimental results.

Table 2. Studied parameters and configurations.

Configuration
no.

TEG
configuration

Dryness
fraction [Xinlet]

Th,i
[°C]

m°CF
[kg s�1]

Tc,i
[°C]

m°steam
[kg s�1]

1 100� 100 [0.97:0.05] 100 20 10 [5:20]

2 50� 200

3 25� 400

4 12� 833

www.advancedsciencenews.com www.entechnol.de
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reduce the total thermal resistance on the hot side, which con-
sists of contact, fin, and convective resistances, allowing more
heat to be absorbed by the TEGs, as illustrated in Equation (1).

Second, the configuration of TEGmodules in the HX substan-
tially impacts on the effectiveness of latent heat extraction, with
arrangements that maximize longitudinal TEG distribution
(such as the 12� 833 configuration) enhancing power genera-
tion. In longitudinal arrangements, the extended surface area
and increased flow channel length promote more remarkable
enthalpy change as the steam flows through the HX. This layout
allows each TEG module to absorb incremental heat from the
steam, benefiting from the enthalpy gradient that forms due
to the continuous energy transfer along the flow path.
Configurations with balanced lateral and longitudinal distribu-
tions, such as the 100� 100 arrangement, tend to distribute
steam flow and thermal load more uniformly. This may lead
to suboptimal heat extraction due to lower localized enthalpy dif-
ferences across each TEG module.

An example of this influence is demonstrated by the increase
in net power output from 15.11 to 15.62 kW when switching
from a 100� 100 (Figure 7a) to a 12� 833(Figure 7d) arrange-
ment at a steam inlet quality of 0.97 and a mass flow rate of
20 kg s�1. This increase in power generation is attributed to the
higher energy extraction potential of the 12� 833 arrangement,
where 337 kW of thermal energy is utilized from the inlet steam,
compared to 332 kW in the 100� 100 configuration. This
enhanced energy extraction directly translates to higher power
output, as the enthalpy gradient varies more dynamically in
the longitudinal direction.

Additionally, increasing the steam mass flow rate impacts net
power output by raising the total thermal energy available for
conversion. Higher flow rates increase the steam volume in con-
tact with the TEGmodules, thus elevating the latent heat transfer
rate across the HX. This phenomenon results in a proportional
increase in the temperature differential, which is critical to sus-
taining efficient TEG operation. The effectiveness of this increase
can be observed in Configuration 2 (50� 200) (Figure 7b), where
increasing the steam flow rate from 5 to 20 kg s�1 at a constant
inlet quality of 0.97 raises the net power output from 15.27 to
15.4 kW. This improvement is due to the higher enthalpy flux,
which maximizes thermal transport to the TEG surfaces and,
consequently, the Seebeck effect response.

Another consideration is the role of the thermal boundary
layer development as the steam flow rate increases. At higher
flow rates, the boundary layer within the HX becomes thinner,
reducing resistance to heat transfer and facilitating more rapid
energy transfer to the TEG modules. This effect is particularly
relevant in parallel-flowHXs where efficient boundary layer man-
agement can improve the effectiveness of thermal contact across
the TEGs, thus enhancing both power output and system
efficiency.

These findings underscore the significance of optimizing
steam flow rate and TEG module configuration to maximize
power generation in TEG-basedWHR systems. In practical appli-
cations, such as in steam power plants, implementing TEG con-
figurations that maximize longitudinal flow contact (e.g., the
12� 833 arrangement, Figure 7d) could lead to substantial

(a)

Configuration-1 [100*100]

(b)

Configuration-2 [50*200]

(c)

Configuration- 3 [25*400]

(d)

Configuration- 4 [12*833]

Figure 7. Impact of steam mass flow rate on the net power generated:
a) Configuration 1 [100� 100]; b) Configuration 2 [50� 200];
c) Configuration 3 [25� 400]; and d) Configuration 4 [12� 833].
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power gains and enhanced energy recovery from waste steam.
This configuration’s ability to efficiently utilize latent heat aligns
well with industrial energy efficiency goals.

The second analysis investigates the effect of varying the
steam mass flow rate on the system efficiency assessed at a fixed
inlet temperature of 100 °C and varying steam qualities.

To comprehensively assess the WHR system’s performance, it
is critical to understand how power generation impacts system
efficiency, defined as the ratio of net power output to the total
heat absorbed on the hot side (Equation (15)). System efficiency
depends on howmuch energy the TEGmodules capture and how
effectively this energy is converted into electrical power. Figure 8
illustrates how variations in steam inlet quality and mass flow
rate affect system efficiency across TEG configurations
(100� 100, 50� 200, 25� 400, and 12� 833). A significant con-
tributor to efficiency gains is the increase in net power output as
steam inlet quality rises. Higher steam quality means more latent
heat relative to sensible heat, which is incredibly potent for driv-
ing energy conversion in TEG modules. Latent heat provides a
high-energy transfer mechanism, intensifying the temperature
gradient across the TEG modules—a fundamental requirement
for maximizing the Seebeck effect. As steam quality improves,
the enhanced latent heat content drives higher power output,
increasing system efficiency since more thermal input is con-
verted into electrical output. This way, the efficiency improve-
ments observed at higher steam qualities directly correlate
with the increased net power generated. For instance, in
Configuration 1 (Figure 8a), efficiency rises from 4.54% to
4.552% as the steam flow rate increases from 5 to 20 kg s�1 at
a steam inlet quality of 0.97. Although this efficiency increase
may seem incremental, it reflects substantial thermal gains
achieved through higher power output.

Increasing steam mass flow rate also plays a pivotal role in
enhancing power generation and system efficiency. Higher mass
flow rates improve the total thermal energy transferred to the
TEG modules, which amplifies the temperature differential
needed for efficient TEG operation. This increase in heat trans-
fer, facilitated by a higher convection heat transfer coefficient,
reduces total thermal resistance on the hot side and allows more
heat to be absorbed by the TEGs, thus raising net power output.
Consequently, as power output rises with greater steam mass
flow, system efficiency improves due to the more effective utili-
zation of available heat. Among the TEG configurations, the
12� 833 arrangement (Figure 8d) demonstrates the highest effi-
ciency and power output due to its increased number of TEGs in
the longitudinal direction. This layout promotes continuous
energy extraction along the steam flow, reducing heat saturation
in individual modules and facilitating a more even distribution of
thermal load. The extended surface area and flow path in this
configuration allow each TEG module to absorb incremental
latent heat, further boosting net power output and, in turn, sys-
tem efficiency.

For instance, transitioning from a 100� 100 to a 12� 833
configuration at a steam inlet quality of 0.97 and a mass flow rate
of 20 kg s�1 raises power output from 15.11 to 15.62 kW, directly
contributing to a corresponding rise in system efficiency by
4.63%.

(a)

Configuration -1 [100*100]

(b)

Configuration -2 [50*200]

(c)

Configuration -3 [25*400]

(d)

Configuration -4 [12*833]

Figure 8. Impact of steam mass flow rate on TEG system efficiency:
a) Configuration 1 [100� 100]; b) Configuration 2 [50� 200];
c) Configuration 3 [25� 400]; and d) Configuration 4 [12� 833].
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The final analysis examines the effect of varying steam mass
flow rate and inlet quality on the HUF, a vital indicator of the
system’s efficiency in capturing and converting available thermal
energy. Figure 9 illustrates how HUF varies across different TEG
configurations (100� 100, 50� 200, 25� 400, and 12� 833) as
steam inlet quality and mass flow rate are adjusted.

A clear trend emerges where HUF decreases as steam inlet
quality increases across all configurations and mass flow rates,
especially at lower qualities (0.05 to 0.4). The proportion of latent
heat relative to total heat input can explain this behavior. At lower
steam qualities, a more significant proportion of the heat input is
latent heat, which the TEG system can efficiently extract.
Consequently, lower-quality steam enables the TEG modules
to convert a substantial portion of the incoming heat, resulting
in a higher HUF. Higher heat utilization efficiency at lower qual-
ity is due to the greater ease of transferring latent heat across the
TEG modules, which enhances the system’s effectiveness in cap-
turing and converting energy into power. As steam quality
increases, the total heat content (denominator) entering the sys-
tem also increases due to the greater enthalpy of higher-quality
steam. Although the TEG system still extracts a substantial
amount of thermal energy at these higher qualities, the propor-
tion of heat effectively converted decreases about the total heat
input. Therefore, as inlet quality rises, HUF tends to plateau,
as the more considerable heat input at higher qualities lowers
the utilization factor even though the system is capturing a sig-
nificant quantity of thermal energy.

Additionally, HUF shows an inverse relationship with steam
mass flow rate, with lower flow rates resulting in higher HUF
values. Lower mass flow rates extend the residence time of steam
within the HX, allowing more thorough thermal contact between
the steam and TEG surfaces. This prolonged interaction enhan-
ces the heat transfer efficiency, enabling each TEG module to
absorb a significant fraction of the available thermal energy.
Consequently, at lower flow rates, HUF is higher because more
thermal input is effectively utilized. Table 3 provides data on
maximum latent heat input at different steam qualities and flow
rates, demonstrating how these conditions affect inlet heat values
and HUF.

This relationship between HUF and the total heat input under-
scores the importance of optimizing steam quality and mass flow
rate. At lower steam qualities, where latent heat content repre-
sents a significant portion of the total energy input, the TEG
modules effectively convert a more substantial proportion of
incoming heat, yielding a higher HUF. In contrast, higher steam
qualities introduce more total heat into the system, making it
challenging for the TEG modules to maintain the same utiliza-
tion factor despite the substantial thermal energy being
absorbed. For example, at a steam mass flow rate of 20 kg s�1

and an inlet quality of 0.05, HUF increases slightly from
14.63% to 14.7566% when moving from Configuration 1
(Figure 9a) to Configuration 2 (Figure 9b). This suggests that
configurations with more TEG modules arranged in the longitu-
dinal direction improve heat utilization efficiency by expanding
the HX’s surface area, allowing for more effective heat transfer
and better HUF. The impact of mass flow rate on HUF is par-
ticularly evident in Configuration 4 (Figure 9d), where, at a fixed

(a)

Configuration -1 [100*100]

(b)

Configuration -2 [50*200]

(c)

Configuration -3 [25*400](d)

Configuration -4 [12*833]

Figure 9. Impact of steam mass flow rate on the HUF: a) Configuration 1
[100� 100]; b) Configuration 2 [50� 200]; c) Configuration 3 [25� 400];
and d) Configuration 4 [12� 833].

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2025, 2402453 2402453 (10 of 16) © 2025 Wiley-VCH GmbH

 21944296, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ente.202402453 by m

oham
ed ashraf - Institute O

f Science T
okyo , W

iley O
nline L

ibrary on [07/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.entechnol.de


steam inlet quality of 0.05, HUF rises significantly from 14.917
to 59.433% as the steam mass flow rate decreases from 20 to
5 kg s�1. This substantial increase in HUF at lower flow rates
indicates that slower steam flow improves the system’s ability
to efficiently extract heat, as each TEG module absorbs a more
significant portion of the available energy, maximizing power
output.

4.2. Effect of Increased Inlet Temperature on Optimal TEG
Configuration

The 12� 833 configuration consistently demonstrates superior
performance in power generation and efficiency compared to
other TEG arrangements, achieving a peak power output of
15.615 kW with an efficiency of 4.627% at a steam inlet quality
of 0.97 and a mass flow rate of 20 kg s�1. Given this configura-
tion’s optimal performance under these conditions, further
investigation explored how increasing the saturated steam inlet
temperature (ranging from 100 to 160 °C) influences power gen-
eration, with mass flow rates adjusted between 5 and 20 kg s�1.

Figure 10 shows the relationship between steam inlet temper-
ature, quality, and net power output at varying mass flow rates (5,
20/3, 10, and 20 kg s�1). A consistent trend indicates that increas-
ing the temperature difference across the TEG modules signifi-
cantly increases power generation. This behavior aligns with the
principles of the Seebeck effect, where voltage generation within
a TEG module is directly proportional to the temperature differ-
ential across the device’s pn junctions. Thus, the more significant
temperature gradient enhances power output as the inlet temper-
ature increases. This trend is particularly evident in Table 4,
where the net power output at a steam inlet quality of 0.97
and a mass flow rate of 20 kg s�1 increases substantially from
15.615 to 36.881 kW, an increase of over 130% when the temper-
ature difference rises from 100 to 160 °C.

Additionally, power output slightly increases with rising steam
inlet quality for a fixed temperature difference. For example,
Figure 10a shows that increasing steam quality from 0.05 to
0.97 at a constant temperature difference of 100 °C and a mass
flow rate of 5 kg s�1 increases power output from 15.43 to
15.583 kW. This incremental gain is due to higher latent heat
content at increased steam quality, allowing more energy transfer
to the TEGs and enhancing power generation. Although the
effect of steam quality is less pronounced than that of

Table 3. Maximum inlet latent heat to WHR system.

Xinlet Qmax,20 kg �1

[kW]

Qmax,10 kg s�1

[kW]

Qmax,6.63 kg s�1

[kW]

Qmax,5 kg s
�1

[kW]

0.97 43 775 21 887 14 592 10 944

0.8 36 103 18 051 12 034 9026

0.6 27 077 13 539 9026 6769

0.4 18 051 9026 6017 4513

0.2 9026 4513 3009 2256

0.05 2256 1128 752.1 564.1

(a)

Steam flow rate = 5 kg/s

(b)

Steam flow rate = 20/3 kg/s

(c)

Steam flow rate = 10 kg/sec

(d)

Steam flow rate = 20 kg/sec

Figure 10. Impact of steam temperature on the power generated
for Configuration 4: a) steam flow rate= 5 kg s�1; b) steam flow rate=
20/3 kg s�1; c)steamflowrate= 10 kg s�1;andd)steamflowrate= 20 kg s�1.
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temperature difference, the higher latent heat content at elevated
qualities supports more efficient energy absorption by the TEGs,
further optimizing output.

The analysis also shows that increasing the steam mass flow
rate while maintaining a constant temperature difference slightly
enhances power output, as seen in Figure 10a–d. For instance, at
a temperature of 10 °C and steam quality of 0.97, increasing the
mass flow rate from 5 to 20 kg s�1 raises power output from
15.583 to 15.62 kW. This increase is attributed to the greater
quantity of latent heat delivered per unit of time, supporting a
higher rate of thermal energy conversion in the TEG modules.
However, the effect of mass flow rate is marginal compared to
temperature difference, as the latter directly influences the ther-
moelectric voltage generated within the TEGs.

The influence of the temperature difference is particularly pro-
nounced at the higher end of the temperature range. At an inlet
temperature of 160 °C, the substantial temperature gradient
leads to early condensation within the TEG array, especially at
lower steam inlet qualities. For example, at an inlet quality of
0.05 and a mass flow rate of 5 kg s�1, steam condensation begins
after ≈744 TEG units in the longitudinal direction, as illustrated
in Figure 10a. This early condensation occurs due to the high-
temperature differential, combined with the specific longitudinal
arrangement of the 12� 833 configuration, which promotes
rapid energy extraction from the steam. The remaining 89
TEG units generate power through sensible heat transfer, indi-
cating the system’s capacity to maintain power generation even
as the steam phase changes within the HX.

Figure 11 shows how variations in steam inlet temperature,
from 100 to 160 °C, impact the TEG system’s efficiency across
different steam qualities and mass flow rates (5, 20/3, 10, and
20 kg s�1). While previous analyses have highlighted the effects
of steam quality and mass flow rate, these findings emphasize
that the temperature differential across the TEG modules is
the most influential parameter affecting system efficiency due
to its direct impact on power generation.

As the steam inlet temperature rises, the temperature gradient
across the TEGmodules increases, directly enhancing the voltage
output per unit of heat absorbed due to the Seebeck effect. This
increase in voltage boosts net power generation, leading to a cor-
responding rise in system efficiency. For instance, at a relative
temperature of 100 °C, the system generates 15.615 kW with
an efficiency of 4.6277%. When the temperature increases to
160 °C, power generation increases significantly, resulting in
an efficiency of 6.3043%. This nearly 1.8% improvement in effi-
ciency is attributed to the enhanced voltage response at higher

Table 4. Power generated per unit TEG at quality 0.97 and 20 kg s�1 steam
inlet condition.

Th,i [°C] Pout,1st TEG [W] Voltage [V] Current [A] η1st TEG [%] ηSystem [%]

100 1.63 2.211 0.7372 4.73 4.6277

120 2.32987 2.64367 0.8813 5.514 5.3942

130 3.084 3.042 1.0139 6.097 5.9635

160 3.8528 3.4 1.1331 6.4479 6.3043

(a)

Steam flow rate= 5 kg/sec

(b)

Steam flow rate = 20/3 kg/sec

(c)

Steam flow rate= 10 kg/sec

(d)

Steam flow rate = 20 kg/sec

Figure 11. Impact of steam temperature on the TEG efficiency for
Configuration 4: a) steam flow rate= 5 kg s�1; b) steam flow rate=
20/3 kg s�1; c)steamflowrate= 10 kg s�1;andd)steamflowrate= 20 kg s�1.
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temperature gradients, which maximizes the electrical output of
each TEG module.

Moreover, the efficiency gain with rising inlet temperature
also reflects the improved ratio of power output to heat input,
as elevated temperatures allow for more effective thermal-to-
electrical energy conversion. Even though higher temperatures
increase the heat input, the associated rise in power output
compensates for this, resulting in an overall efficiency boost.
At a steam mass flow rate of 20 kg s�1 and a temperature of
160 °C, for example, the system achieves its peak efficiency
due to the optimized balance between high thermal input and
maximized power output. The data indicates that while steam
quality and mass flow rate contribute incrementally to efficiency
gains, the temperature differential across the TEG remains dom-
inant. This is because increased inlet temperature boosts power
output and improves the thermodynamic efficiency of energy
capture in the WHR system. As the temperature gradient
widens, the TEG modules can more effectively convert heat
into electrical energy, making this parameter crucial for opti-
mizing WHR system performance in applications with high-
temperature waste steam.

Figure 12 illustrates the effect of varying steam inlet tempera-
ture on the HUF across steam qualities and flow rates (5, 20/3,
10, and 20 kg s�1). Generally, HUF decreases with higher steam
qualities, especially at lower quality values (0.05 to 0.4), where
more latent heat is available for extraction. In contrast, HUF
is less sensitive to changes in higher steam qualities (0.4–0.97)
due to limited latent heat. Additionally, HUF improves at lower
mass flow rates as extended residence time enhances heat
absorption. However, the temperature differential across the
TEG modules is the primary factor influencing HUF. Higher
temperature differences drive stronger heat absorption on the
steam side, thus maximizing HUF. For example, at a low steam
quality of 0.05 and a flow rate of 5 kg s�1 (Figure 12a), HUF
reaches 100% at a temperature difference of 160 °C, indicating
complete latent heat absorption and subsequent steam conden-
sation. In this case, condensation occurs after 744 TEG modules,
with the remaining TEGs generating power through sensible
heat transfer. As the temperature differential decreases, HUF
also declines. For instance, HUF drops to 91.8% at 140 °C
and further to 59.4% at 100 °C, demonstrating that more minor
temperature differences reduce the system’s heat utilization
efficiency.

At higher flow rates, such as 20 kg s�1 (Figure 12d), HUF val-
ues are generally lower across all temperatures due to reduced
contact time between steam and TEGs, which limits heat
transfer.

4.3. Comparative Analysis

Table 5 presents a comparative analysis between the experimen-
tal study conducted by Niu et al.[7] and the present work. This
comparison highlights key advancements in TEG-based WHR
systems, focusing on power generation, operating conditions,
system configurations, and efficiency improvements. This com-
parison underscores the novelty of our approach in leveraging
latent heat from saturated steam and highlights its scalability
for industrial steam turbine applications.

(a)

Steam mass flow rate= 5kg/sec

(b)

Steam mass flow rate= 20/3 kg/sec(c)

Steam mass flow rate= 10 kg/sec

(d)

Steam mass flow rate= 20 kg/sec

Figure 12. Impact of steam inlet temperature on the HUF for
Configuration 4: a) steam mass flow rate= 5 kg s�1; b) steam mass flow
rate= 20/3 kg s�1; c) steam mass flow rate= 10 kg s�1; and d) steam
mass flow rate= 20 kg s�1.
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5. Conclusion

This study systematically evaluated the performance of a TEG-
based WHR system for harvesting energy from saturated steam
in power plants. Through parametric analysis of steam inlet
quality (0.05–0.97), mass flow rate (5–20 kg s�1), temperature
(100–160 °C), and TEG configurations, the following key conclu-
sions are drawn. 1) Increasing the steam inlet temperature from
100 to 160 °C amplified the temperature differential across TEGs,
resulting in a 136% surge in net power output (15.62 kW to
36.88 kW) and a 36% rise in system efficiency (4.63–6.30%).
This underscores temperature difference as the most critical
parameter for enhancing the Seebeck effect and energy conver-
sion efficiency. 2) The longitudinal 12� 833 arrangement
outperformed compact designs, achieving 15.62 kW at 100 °C,
20 kg s�1, and x= 0.97—3.3% higher than the 100� 100 config-
uration. 3) Lower steam qualities (x= 0.05) and reduced mass
flow rates (5 kg s�1) maximized the HUF, a measure of the sys-
tem’s ability to recover and utilize waste heat (up to 59.4% at
100 °C), enabling near-complete latent heat recovery. Higher flow
rates (20 kg s�1) degraded HUF by 75% (59.4–14.9%). 4) The
proposed WHR system can potentially recover 36.88 kW of
electricity from waste steam at 160 °C, aligning with SDG 7
(Affordable Clean Energy) by offsetting fossil fuel consumption
and SDG 13 (Climate Action) through reduced CO2 emissions.

While this study demonstrates the viability of TEG-based
latent heat recovery from steam turbines, some limitations must
be acknowledged. The model assumes constant thermoelectric
material properties (e.g., Seebeck coefficient, thermal conduc-
tivity) for computational stability, which may lead to minor
overestimations of power output at high temperatures due to
temperature-dependent variations in real-world scenarios.
Additionally, the analysis neglects transient steam condensation
effects, by assuming steady-state operation, potentially underes-
timating dynamic challenges in industrial systems. Also, this sys-
tem’s efficiency is not high in the case of low-temperature waste
heat sources. To address these limitations, integration of
advanced high-temperature materials (e.g., Mg3Sb2), and hybrid
systems combining TEGs with real organic Rankine cycles to
minimize the assumptions impact on the final results and maxi-
mize system efficiency.

Nomenclature

A Area [m2]

Cp Specific heat at constant pressure [kJ kg�1·K�1]

Dh Hydraulic diameter [mm]

d Fin to fin distance [m]

Gm Mass velocity [kg m�2·s�1]

h Convective heat transfer coefficient [W m�2·K�1]

hl Liquid-phase convection heat transfer coefficient
[W m�2·K�1]

I Current generated by the TEG module [A]

K Thermal conductivity [W m�1·K�1]

L Length [m]

m Fin Parameter [m�1]

m° Mass flow rate [kg s�1]

n Number of fins

Nu Nusselt number

P Power [W]

Pr Reduced pressure

Pr Prandtl number

Q Heat transfer rate [W]

R Resistance [Ω]

R
00
t,c Thermal resistance solid/solid interfaces

T Temperature [°C]

t Thickness [m]

W Width [mm]

Z Correlating parameter for condensation heat transfer

X Steam quality

Greek Letters

α Seebeck coefficient [V K�1]

η Efficiency [%]

ρ Electrical resistivity [Ω·m]

α Seebeck coefficient [V K�1]

μl Liquid-phase dynamic viscosity [Pa·s]

Subscripts

b Base

Table 5. Comparative analysis of waste heat recovery (WHR) TEG systems.

Category Niu et al.[7] Proposed system

Power generation 146.5 W (at 150 °C, 30 °C cold side) 36.88 kW (at 160 °C, x= 0.97, 20 kg s�1)

Operating conditions Hot fluid temp: 50–150 °C
Cold fluid temp: 20–30 °C
Flow rates: 0.2–0.6 m3 h�1

Steam hot temperature: 100–160 °C
Steam quality: 0.05–0.97

Mass flow rate: 5–20 kg s�1

Waste heat source Low-temperature waste heat Saturated steam

Number of TEGs 56 10 000

TEG configuration Compact array (56 modules sandwiched in layers) Longitudinal and variable configurations
(e.g., 12� 833 maximized latent heat extraction)

Efficiency 4.44% at 150 °C 6.30% at 160 °C (36% increase from 100 °C)

HUF Not evaluated Peaks at lower steam quality (x= 0.05) with 59.4% HUF

Scalability Small-scale prototype (≤200W target) Industry-scale feasibility (36.88 kW power recovery)
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c Cold/contact

conv Convection

eff Effective

f Fin

h Hot

i Inlet

l Liquid

load Resistance load

leg pn Leg

net

n Negative

o outlet

p Positive

th Thermal

w water

Abbreviations

CF Cold Fluid

PN Positive negative

WH Waste Heat
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