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H I G H L I G H T S

• Numerical study of heat exchangers with integrated thermoelectric generators (TEGs).

• Axial conduction has an adverse effect on TEGs power output in heat exchangers.

• Improved TEGs power output (up to 20%) is obtained by reducing axial conduction.

• Introduction of “Power Gain” term to represent enhancement in TEGs power output.

• Novel design and sizing criteria are introduced for TEG integrated heat exchangers.
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A B S T R A C T

The electrical power generated from thermoelectric generators (TEGs) integrated in a heat exchanger is max-
imized by applying novel heat exchanger design criteria for waste heat recovery systems. A numerical model is
developed and experimentally validated to simulate the performance of TEG-integrated heat exchangers. The
performance of a heat recovery system, suitable for low temperature commercial applications ~300 °C, is in-
vestigated for a range of heat exchanger sizes of 2 to 8 TEG rows and exhaust gas mass flow rates of 0.02 to
0.08 kg/s. The adverse effect of the heat conducted axially, along the flow direction, on the total power output of
the TEGs is quantified. The number of rows reaches an optimum value for a given gas flow rate beyond which a
significant drop in the hot-side temperature of the upstream TEG rows occurs due to the increase of the axial
conduction between successive rows. The term “Power Gain” is introduced in this study as the ratio between the
power output from a system without axial conduction to that with axial conduction. Power Gain shows the
potential benefits of limiting the axial conduction through the heat exchanger and values up to 1.2 times (20%
increase in power) can be obtained for relatively low exhaust gas flow rates (~0.02 kg/s). Novel performance
maps are developed to correlate the power output with the heat exchanger design, exhaust gas flow rate and
number of TEGs. Such maps can be used to guide the optimization of the design of TEG-integrated waste heat
recovery systems.

1. Introduction

Waste heat recovery systems are crucial to the harvesting of the
unutilized thermal energy in the exhaust streams of various commercial
and industrial processes. The exponential increase in the global energy
demands always raises concerns about the exacerbating issue of climate
change. Major energy savings can be obtained from the repurposing of
waste heat into useful forms to meet a portion of the energy demand
(i.e., electrical and/or thermal). As such, proper designs of waste heat
recovery systems help achieve more efficient utilization of energy, and

hence considerable reductions in the fossil fuel consumption and the
associated harmful greenhouse gas emissions. One example of such
systems is the thermoelectric generator (TEG), which is a solid-state
device that consists of p- and n-type semiconductors joined together to
form an electric circuit. While operating under a temperature differ-
ence, the TEG converts the heat flow into electric power by virtue of the
Seebeck effect. Generation of electrical power using TEGs has become a
viable option compared to other conventional systems owing to their
reliable and maintenance-free operation as well as their favorable
performance under low temperature differences [1].
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Waste heat is generated from processes of heating or power gen-
eration in the form of exhaust gases at elevated temperatures that are
typically discharged into the atmosphere. Integrating heat exchangers
between such exhaust streams and the hot side of TEGs enables the
generation of useful electrical power. However, the efficient operation
of the system requires a cooler fluid stream acting as a heat sink at the
cold side of the TEGs. In order to design and size such a system for
waste heat recovery, accurate modeling of the performance of the TEGs
and the heat transfer mechanisms through the heat exchanger is re-
quired. The performance of the TEG can be evaluated by modeling the
heat and current flows through the TEG using the thermoelectric
properties of the TEG material. Several modeling methodologies for
TEGs have been investigated in the literature such as idealized steady-
state models [2,3], and models including the effect of the electrical
contact resistance on the performance [4] as well as the effect of tem-
perature-dependent thermoelectric properties [5,6]. The heat transfer
mechanisms through the heat exchanger include convection between
the exhaust gas and the heat exchanger hot surface, conduction through
the heat exchanger structure and the contacts at the TEG surfaces, and
convection between the coolant stream and the heat exchanger cold
surface. Thermal resistances associated with these heat transfer me-
chanisms have a critical effect on the performance of the TEGs since
they directly impact the temperature differences between the heat
source/sink and the TEG hot/cold surfaces, respectively. Furthermore,
the flow rates through both sides of the heat exchanger have a major
influence on the effectiveness of the heat exchanger pronounced in the
streamwise temperature variation of the heat source/sink flows. Several
studies assumed uniform temperatures for the heat source and sink and
studied the performance of TEGs in a heat exchanger under the effect of
varying the TEG geometrical parameters using a simplified model.
Henderson [7] and Stevens [8] studied the effect of the length of the
TEG elements on the power output under low temperature difference.
Min and Rowe [9,10] studied the optimization of the TEG module
geometry. Rowe et al. [11,12] investigated the performance of TEG
modules under the effect of the thermal resistance of the heat transfer
medium. A simplified model was used in [13,14], referred to as the
“first-level model”, where the current flow through the TEG was ne-
glected, thereby omitting the effects of the Peltier and Joule heating.
Freunek et al. [15,16] investigated the effect of the heat exchanger

thermal resistance on load matching. The study showed that the mat-
ched load occurred at an effective internal resistance that was higher
than the calculated internal resistance of the TEG due to the effect of
the heat exchanger thermal resistances. This was often neglected in the
literature [13,17,18] and was shown to cause deviations in the esti-
mated power output, voltage and current. Different heat exchanger
models were explored to simulate the effect of temperature variation
along the flow direction on the performance of TEGs integrated in the
heat exchanger design. A numerical model was developed by Crane
et al. [19] to simulate the performance of TEGs in an automotive waste
heat recovery system. The analysis considered the axial heat conduction
(i.e., the heat conducted axially through the walls of the heat exchanger
in the direction of the flow). The heat exchanger was discretized into
cells along the direction of the hot fluid flow and the energy equations
were solved iteratively using Newton-Raphson method. The model was
validated experimentally for TEG modules integrated in a heat ex-
changer with hot water and cooling air channels [20]. Although the
axial conduction was considered, its impact on the power output of the
TEGs was not investigated. Kumar et al. [17,18] developed a numerical
model for TEGs in a parallel plate-fin heat exchanger for automotive
waste heat recovery. The flow domain was discretized along the ex-
haust flow direction. The temperature-dependent thermoelectric prop-
erties were averaged over the range of operating temperatures of each
of the TEG junctions, and the model equations were then solved
iteratively. The study used a 1-D thermal network and the axial con-
duction through the heat exchanger walls was not considered. In ad-
dition, the effective electrical internal resistance of the TEG was ignored
in the external load matching. A parallel-plate heat exchanger with
thermoelectric generator was modelled numerically by Yu et al. [21] to
explore the effect of the flow temperature profiles and flow rates on the
performance of the TEGs. The model was validated experimentally by
Niu et al. [22] for low temperature waste heat recovery system. The
numerical model was found to over-predict the power output and ef-
ficiency of the system over the entire range of heat source inlet tem-
peratures. The discrepancy was attributed to the thermal losses from
the heat exchanger to the surroundings in addition to the temperature
dependence of the thermoelectric properties which were not considered
in the model [22]. Furthermore, the axial heat conduction between the
TEGs was neglected which contributed to the deviation in the predicted

Nomenclature

Latin Letters

I Current Output [A]
K Thermal Conductance [W/K]
P Power Output [W]
Q Heat Transfer Rate (Flow) [W]
r R, Electrical Resistance [ohm]
Rth Thermal Resistance [K/W]
T Temperature [°C or K]
V Voltage Output [V]

Greek Letters

Seebeck Coefficient [V/K]
Joule Heat Distribution Ratio [–]
effectiveness [–]
Efficiency [–]
Thermal Conductivity [W/m K]

Subscripts

A Axial

av Average
cd Conductor
c ct, Contact
C Cold-side
g Gas
G Gap
H Hot-side
m Row/Element Number
n Node Number
th Thermal
T Thermoelectric Generator (TEG)
w Water

Acronyms

AC Axial Conduction
HX Heat Exchanger
NAC No Axial Conduction
TEG Thermoelectric Generator
TEG-HX TEG Integrated Heat Exchanger

M.H. Zaher, et al. Applied Energy 261 (2020) 114434

2



power output. Similarly, Gou et al. [23] has also presented a simplified
model where the temperature distribution along the TEG modules and
the axial conduction of heat through the flow channel and the heat
sinks were neglected. Hsu et al. [24] tested the effect of the temperature
uniformity of the hot-side surface of an array of TEGs on the perfor-
mance of the TEG system. Meng et al. [25] investigated the optimiza-
tion of TEGs for automobile exhaust waste heat recovery considering
the temperature variation along the flow direction in the exhaust and
coolant channels. The performance of the TEG module was evaluated
numerically while operating under different values of electric current
and using different numbers of TEGs per module. By increasing the
number of TEGs in the exhaust direction, the total output power was
shown to increase up to an optimum of 16 TEGs then decreased. The
output power of the individual TEGs in the module was found to de-
crease by increasing the number of TEGs per module. This was due to
the axial heat conduction in the exhaust channel wall which caused the
hot side temperature of the upstream TEGs to drop as more were in-
troduced downstream [25]. Zaher [26] studied the optimization of TEG
geometrical parameters under the effect of axial conduction on the
temperature distribution along a multi-row heat exchanger. The study
showed a decrease in the TEGs total power due to axial conduction. In
addition, it was shown that the thickness of the TEG (i.e. the length of
the thermo-electric element in the direction of the heat flow) has a
critical impact on the power output. Transient TEG heat exchanger
models were developed to investigate the TEG performance under
varying exhaust conditions for automotive applications [24,25,27].
Wang et al. [28] developed a transient model to investigate the opti-
mization of the number of TEG elements and the height of the ther-
moelements for an automotive waste heat recovery system. The axial
conduction within the heat exchanger was not considered in the model.
Love et al. [29] studied the performance of TEGs under the effect of
fouling for different heat exchanger materials for vehicles exhaust gas
recirculation (EGR) systems.

Large amounts of thermal energy is constantly wasted from gas-fired
appliances in food industry with temperature levels up to 400 °C [1]. As
such, this offers a great potential for electricity generation using ther-
moelectric generators (TEGs) in waste heat recovery systems [25,30].
Although the efficiency of TEGs is relatively low for this temperature
range, the power output from the waste heat recovery system is con-
sidered more valuable than the efficiency since waste heat can be
considered as a free source of energy [12]. Few researchers [26,30–32]
designed and tested waste heat recovery systems with integrated TEGs
for commercial food industry applications. These systems were meant
to harvest the thermal energy wasted from natural-gas-fired ovens with
naturally ventilated exhaust stream [32]. The oven was operated con-
tinuously to maintain a temperature of 260 °C for baking purposes. As a
result, heat was lost at a rate of approximately 10 kW through the
chimney to the outdoor atmosphere. Girard [32] studied the influence
of introducing the waste heat recovery system at the inlet of the
chimney of the oven. The study showed that the waste heat recovery
system impeded the natural draft through the oven by reducing the
inlet temperature to the chimney. This resulted into potential reduction
of the natural gas consumption by the oven of around 13% with no
effect on the operation of the oven.

As observed from the previous studies, the integration of TEGs in
waste heat recovery applications has been the topic of interest of re-
searchers and engineers for the efficient utilization of the recovered
thermal energy by directly converting it to electricity. Within the cur-
rent state-of-the-art, the optimization of the designs of the heat ex-
changer and the TEG modules has been widely considered. However,
the understanding of the unfavorable effect of heat conduction in the
axial direction (i.e. in the flow direction) on the TEGs performance
seemed to be lacking. As such, the main objective of this article is set to
study the adverse effect of axial heat conduction on the performance of
TEG-integrated heat exchangers and to develop novel criteria to guide
their design and sizing for waste heat recovery applications. A

numerical model is developed for the TEG-integrated heat exchanger
system and the numerical results are validated using experimental re-
sults presented by Girard [32]. The model takes into consideration the
effects of the streamwise variation of the temperature of the heat source
and sink, the electrical connections between the TEGs, the electrical
load matching and the axial heat conduction through the structure of
the heat exchanger. The term “Power Gain” is introduced to illustrate
the difference between the system performance with and without the
effect of the axial heat conduction in the heat exchanger. Performance
maps are then developed for the cases with and without the axial
conduction to correlate between the heat exchanger effectiveness, the
exhaust mass flow rate, the number of TEGs, and the power output.
Such maps are useful to guide decisions at the design stage about the
optimum sizing of the heat exchanger with an integrated TEG system
(TEG-HX) as well as the techno-economic value of limiting the axial
conduction between consecutive TEG rows on the heat exchanger.

2. Numerical Modeling of TEG-integrated Heat Exchanger

A numerical model is developed to study the performance of TEGs
in a multi-row heat exchanger at different operating conditions and
evaluate the effect of the axial heat conduction between consecutive
TEG rows. The heat exchanger is assumed to operate between exhaust
gas acting as the heat source, and water acting as the heat sink as shown
in the schematic in Fig. 1. The model takes into consideration the
coupling between the heat conduction through the TEGs, the Peltier
and Joule heating effects due to the electric current flow through the
TEGs, and the convection thermal resistances of the gas and water flows
through the heat exchanger. The flow domains of the heat source and
sink and the heat exchanger are discretized in the axial direction (i.e.,
the direction of the flow). A thermal network, shown in Figs. 2a and 2b,
is created to model the performance of multiple rows of TEGs connected
electrically in series. Each TEG row is discretized into several elements
(NE) in the direction of the exhaust gas flow.

Consider Fig. 2b, on the exhaust gas side, the streamwise tem-
perature distribution of the exhaust gas and the hot side of the heat
exchanger are given as Tg n, and TH m, . The average hot-side temperature
of the TEG element is represented by TT H m, , . Similarly, on the coolant
side, the streamwise temperature distribution of the coolant and the
cold side of the heat exchanger are given as TW n, and TC m, , respectively.
The average cold-side temperature of the TEG element is represented by
TT C m, , . The thermal conductance values due to convective heat transfer
(normal to the direction of flow) in the exhaust gas and the coolant
flows are given as KH m, and KC m, , respectively. The thermal con-
ductance values due to the axial conduction through the hot- and cold-
side heat exchangers are denoted by KA H n, , and KA C n, , , respectively. The
thermal resistances due to the contact between the heat exchangers and
the TEGs are accounted for in the terms KCt H m, , and KCt C m, , . For a given
TEG row, multiple TEG modules can be installed side by side. The
thermal conductance for the air gap between the TEGs in the same row
is KG m, , whereas the value of KT m, represents the thermal conductance

Fig. 1. Schematic of a TEG-HX.
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of the TEG element. The components of Joule heating that are trans-
ferred into the hot- and cold-sides of the TEG are given as I rm T m

2
, and

I r(1 ) m T m
2

, , respectively, where rT m, is the internal electrical re-
sistance of the TEG. For flat TEGs, the value of the distribution ratio of
the Joule heating ( ) was found to be equal to 0.5 [16]. The components
of the Peltier effect are given as functions of the hot and cold-side
temperatures as I TT m H m, and I TT m C m, , respectively, where T is the
Seebeck coefficient.

The energy balance under steady state operation can be represented
using the following equations:

Heat balance on the exhaust gas flow:

=
+

+
+m C T T K

T T
T( )

2g p g g n g n H m
g n g n

H m, , , 1 ,
, , 1

,
(1)

Heat balance on the wall in contact with the TEGs Hot-side:

+
=+K

T T
T K T T

2
( )H m

g n g n
H m Ct H m H m TH m,

, , 1
, , , , ,

(2)

Heat balance on the TEGs hot-side:

= +

+

K T T K T T I T I r

K T T

( ) ( )

( )
Ct H m H m TH m T m T H m TC m T m m T H m m T m

G m T H m T C m

, , , , , , , , , , ,
2

,

, , , , , (3)

Heat balance on the TEGs cold-side:

= + + +

K T T

K T T I T I r K T T

( )

( ) (1 ) ( )
Ct C m T C m C m

T m T H m TC m T m m T C m m T m G m T H m T C m

, , , , ,

, , , , , , ,
2

, , , , , ,

(4)

Heat balance on the wall in contact with the TEGs cold-side:

+
=+K T

T T
K T T

2
( )C m C m

w n w n
Ct C m T C m C m, ,

, , 1
, , , , , (5)

Heat balance on the water flow:

=
+

+
+m C T T K T

T T
( )

2w w w n w n C m C m
w n w n

, 1 , , ,
, , 1

(6)

The performance of the TEG-HX can be evaluated by solving for the
temperatures numerically, using different values of current (Im). The
model is solved iteratively to evaluate the temperatures of the thermal
nodes in the network for known inlet exhaust gas and cooling water
temperatures. The thermal network of a single element of TEG, shown
in Figs. 2a and 2b, is used as a building block in the multi-row TEG-HX
model to evaluate the performance of a heat exchanger consisting of
multiple rows of TEGs under steady-state operating conditions. The
rows are connected thermally through the gas flow, the water flow and
the heat exchanger structure. Also, they are connected electrically
through the electrical connections between the TEGs either in series or
in parallel configuration. The thermal/electrical network for the multi-
row TEG-HX assembly is shown in Fig. 3.

As shown in Fig. 3, the hot-sides of the TEGs are represented by the
nodes with temperature (TH), while the cold-sides are represented by
the nodes with temperature (TC). An axial heat conduction component
was added to the heat transfer equations of the TEG hot-side and cold-
side surfaces to account for the heat conducted though the heat ex-
changer structure. Eqs. (2) and (5) can be rewritten as:

+

= +

+

+ +

K
T T

T

K T T K T T K T T
2
( ) ( ) ( )

H m
g n g n

H m

A H n H m H m A H n H m H m Ct H m H m TH m

,
, , 1

,

, , 1 , , 1 , , , 1 , , , , ,

(7)

+

= +

+

+ +

K T T T

K T T K T T K T T
2

( ) ( ) ( )

C m C m
w n w n

A C n C m C m A C n C m C m Ct C m T C m C m

, ,
, , 1

, , 1 , , 1 , , , 1 , , , , , ,

(8)

At the beginning of the solution, the temperature values of all the
thermal nodes on the exhaust gas and the cooling water sides are as-
sumed to be the same as the inlet temperatures. After each iteration, the
solution of thermal network shown in Fig. 3 is obtained to resolve the
thermal coupling between the adjacent rows and update the values
from previous iterations. The error in the overall energy balance of the
heat exchanger and the absolute difference in the temperature of the
thermal nodes between successive iterations are used to indicate the

Fig. 2a. Thermal network of a single row discretized into 2 elements.

Fig. 2b. Description of the thermal network for a discretized element of TEG-HX.
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convergence of the numerical solution. The convergence of the solution
is assumed when the maximum error is less than 10 5.

The electrical output of the TEGs is evaluated numerically for dif-
ferent values of current (Im) using the following equations:

=V T T I r( )T m TH m TC m m T m, , , , (9)

=P I T T I r( )T m m TH m TC m m T m, , ,
2

, (10)

The electrical output solution is dependent on the electrical con-
figuration of the TEG rows, i.e. series or parallel. After the thermal
network solution is obtained, the electrical output is calculated using
the voltage and current outputs of each TEG row. Different solution
conditions are required for each type of electrical configuration; a series
connection between the TEG rows dictates equal current in all rows,
whereas a parallel connection dictates equal voltage across all rows.

In order to evaluate the effect of the temperature profiles of the
exhaust gas and the axial conduction on the performance of the system,
some assumptions are made to simplify the analysis:

1) All properties are assumed independent of the temperature.
2) Steady-state operation is assumed for the system and average flow

rates are considered for the exhaust gas and cooling water.
3) Negligible thermal losses from the gas flow and the heat exchanger

to the atmosphere.
4) The average fluid temperature is considered between the inlet and

outlet of the flow at each element as shown in Figs. 1 and 2.
5) For the hot-side heat exchanger, the gas flow is assumed to have a

uniform temperature and velocity distribution in the plane per-
pendicular to the exhaust flow direction. The flow is also assumed to
be fully developed.

6) For the cold-side heat exchanger, the water flow rate and inlet
temperature are assumed constant per row of TEGs.

7) The gap between the TEGs is assumed to be filled with thermally-

insulating material and the heat transfer through it is assumed
negligible.

8) Average temperature is used to evaluate heat flow and power output
at each node of each discrete element (m).

Each row of TEGs was discretized into 20 elements
( =x mm3.15 )for refined temperature profiles. A sensitivity analysis
shows that increasing the number of discretization elements per TEG
row (NE) from 1 to 4 elements led to a maximum change in the tem-
perature distribution of 1%.

3. Experimental Validation of the Numerical Model

The multi-row TEG-HX model is validated using the experimental
results presented by Girard [32] and Zaher [26] for a double-row TEG-
HX waste heat recovery system integrated into the chimney of a com-
mercial oven, as described in Appendix A. A plate-fin HX was designed
on the exhaust side, whereas an impinging water-jet HX was used on
the coolant side. The heat exchangers were made of aluminum to
maintain uniform temperature along both sides of the TEGs. The heat
exchanger was integrated with 48 TEG modules, split into 2 rows with
24 TEGs each, sandwiched between both HXs. The TEGs in each row are
divided equally into 2 groups which are connected electrically together
in parallel, all rows in the heat exchanger are connected electrically in
series. Flat TEGs (Model number: TEG1-12610-5.1) [33] were used with
dimensions 40 mm × 40 mm and a maximum power of 5.1 W per TEG
at a hot-side temperature of 300 °C and a cold-side temperature of
30 °C. A brief description of the experimental test facility is provided in
Appendix A. All the parameters of the TEGs and the HXs that were used
in the experimental testing are presented in Table 1 [26,32]. The
thermal resistances in the thermal network are calculated based on the
heat exchanger operation and design parameters provided in Table 1.

The inlet temperature of the exhaust gas is assumed to be constant

Fig. 3. Description of a thermal/electrical network for 4-row TEG module integrated in a heat exchanger.
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since the outlet temperature of the oven depends on the oven setpoint
temperature [32]. The exhaust mass flow rate is set to vary in the range
of 0.02 to 0.08 kg/s which lies in the range of operation of similar
commercial ovens depending on the draft conditions. The water inlet
temperature and mass flow rate per row are kept constant and the total
flow rate of water to the heat exchanger is equal to the number of TEG
rows multiplied by a constant water flow rate per row. For the studied
range of the exhaust gas flow rate, Reynolds number (Re) is found to be
lower than 500, and thus the Nusselt number correlation for laminar
flow is used [34]. The maximum uncertainty in the experimental
measurements are±1.9 °C for the exhaust gas temperature,±0.13 °C for
the water temperature, ±0.001 kg/s for the exhaust gas mass flow rate,
±0.0003 kg/s for the water mass flow rate and ±0.25 W for the power
output.

The numerical and experimental steady-state results are compared
under the testing conditions outlined in Table 1. The numerical results
for the gas and water outlet temperatures and the TEG hot- and cold-
side temperatures show good agreement with the experimental results
with a maximum error of 6% in the outlet temperature of the exhaust
gas, Figs. 4 and 5. By increasing the exhaust gas mass flow rate, the hot-
side temperature of the TEGs increases due to the increase in the
available thermal energy in the exhaust flow. This also results into an
increase in the temperature of the exhaust gas, shown in Fig. 4, and the
heat flow through the heat exchanger. The deviation in the predicted
gas outlet temperature from the experimental data may be attributed to
the one-dimensional treatment of the gas and HX base temperatures in
the normal direction to the flow and the use of an average Nusselt
number to estimate the gas heat transfer coefficient. Such deviation
could be improved using two-dimensional modeling of the gas flow
[26]. It is worth mentioning that the plotted hot-side temperature of the
TEGs is calculated as an average value at the center while the gas

temperature is at the outlet of each TEG row. The cold-side of the TEGs
experiences a slight increase in temperature due to the larger heat ca-
pacity of water (mCw) compared to that of the exhaust gas, Fig. 5.

General agreement is also noticed between the results for the power
output and efficiency, shown in Fig. 6. By neglecting the effect of the
axial conduction (NAC) along the heat exchanger, the model over-
estimates the TEG power output and a larger deviation from the ex-
perimental data is observed. This indicates that accounting for the ef-
fect of the axial conduction between the TEG rows in the numerical
model is essential for the accurate prediction of the power output. The
power output of the TEGs is found to increase by around 10% with the
increase of the gas mass flow rate from 0.038 to 0.044 kg/s due pri-
marily to the increase of the temperature difference across the TEGs
(Figs. 4 and 5). The efficiency, however, shows a smaller increase of
around 5%. In theory, the power output of the TEGs is directly pro-
portional to the square of the temperature difference across the TEG,
whereas the efficiency is linearly proportional to the temperature dif-
ference across the TEG [1].

Despite the increase in the power output and efficiency over the
tested range of exhaust mass flow rates, there is a noticeable deviation
in the power output data points in Fig. 6 at approximately 0.037 and
0.046 kg/s. This deviation could be due to the error in the exhaust gas
mass flow rate measurements.

4. Results and Discussion

The performance of a TEG-HX waste heat recovery system is af-
fected by various operation and design parameters. This study focuses
on the effect of varying the exhaust mass flow rate as well as the effect
of the axial heat conduction between consecutive rows of TEGs due to
the heat exchanger design. The validated TEG-HX numerical model is
used for this study.

4.1. Effect of operation and design parameters of the heat exchanger

The mass flow rate of the exhaust gas can significantly affect the
performance of the TEG-HX waste heat recovery system. The effect is
primarily pronounced in the streamwise temperature distribution of the
exhaust gas stream. This, in turn, will impact the hot-side temperature
of the TEG rows in the direction of the gas flow. A TEG-HX system,
consisting of two consecutive TEG rows, operating under the conditions
listed in Table 1, is investigated. The length of the TEG row in the axial
direction is chosen to be 63 mm. Fig. 7 shows that the decrease of the

Table 1
Design and operation parameters of the multi-row TEG-HX system [26,32].

Parameter [unit] Value

TEGs characterization effective parameters [26]
Per TEG:

• Seebeck coefficient ( T ) [V K/ ] 0.0346

• Internal electrical resistance (rT ) [ohm] 3.07

• Thermal conductance (KT) [W K/ ] 0.614

HX operation parameters [26,32]
Gas inlet:

• Temperature [°C] 270

• Mass flow rate (mg) [kg s/ ] 0.02 – 0.08
Water inlet:

• Temperature [°C] 8

• Mass flow rate per row (mwater ) [kg s/ ] 0.0345

HX design parameters [26,32]
Material: Aluminum

• Thermal conductivity ( ) [W m K/ · ] 200
TEGs (per row):

• Number of modules 24

Rows Thermal modeling [26]
Hot-side:

• Nusselt number [34] for laminar flow in rectangular
channels with aspect ratio ( )

6.41

• Transverse thermal resistance (Rth HX H, , ) [K W/ ] 0.0154

• Axial thermal resistance (Rth A H, , ) [K W/ ] 0.0194
Cold-side:

• Nusselt number [31] Re Pr0.3276 0.4225 1/3

• Transverse thermal resistance (Rth HX C, , ) [K W/ ] 0.0126

• Axial thermal resistance (Rth A C, , ) [K W/ ] 0.0454

Fig. 4. Comparison between experimental and numerical results for gas outlet
temperature and TEG hot-side temperature under different gas flow rates [26].
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exhaust flow rate yields larger axial temperature gradient in the exhaust
gas due primarily to the increase in the heat exchanger effectiveness.
This is found to have a prominent effect on the total power output from
the TEGs, as illustrated in Fig. 8. Larger temperature gradients in the
exhaust gas results into lower temperature on the hot-side of the TEG,
and hence lower power output from the TEGs.

The number of the TEG rows have a significant effect on the per-
formance of the waste heat recovery system. Increasing the size of the
heat exchanger to include more TEG rows yields larger power output at
higher gas mass flow rates (greater than0.03 kg/s). However, for lower
gas flow rates (less than0.02 kg/s), two rows of TEGs is found to gen-
erate a slightly higher power compared to that with four and six rows.
Fig. 9 shows that as the exhaust gas flow rate increases, the maximum
total power output occurs at a larger number of TEG rows. This is due to
the increase in the average hot-side temperature of the TEGs, shown in
Fig. 7. This indicates that more rows can be added as the gas flow rate
increases since more energy will be available for more TEG rows
downstream. The maximum total power output of the TEGs is found to
occur at 5 and 7 rows for the gas mass flow rates of 0.04 and 0.06 kg/s,
respectively. Also, Fig. 9 illustrates that the power output from the
system with a gas flow rate of 0.02 kg/s peaks when the number of TEG
rows is two. This can be explained by looking at the average hot-side
temperature of each TEG row shown in Fig. 10. For the case of low gas
flow rate and large number of rows, the temperature difference be-
tween the hot-side and cold-side of the TEG rows downstream are
considerably lower than those of the TEG rows upstream. Despite the
increase in the total number of TEGs, such behavior can lead to sig-
nificant deterioration of the power output from the system due to the
temperature mismatch [35].

Consider Fig. 11 which shows the performance curves of a 6-row

Fig. 5. Comparison between experimental and numerical results for water
outlet temperature and TEG cold-side surface temperature under different gas
flow rates [26].

Fig. 6. Comparison between experimental and numerical results for power
output and efficiency under different gas flow rates [26].

Fig. 7. Temperature distribution along the heat exchanger length for different
exhaust gas mass flow rates.

Fig. 8. The variation of TEGs maximum total power output under different
exhaust gas mass flow rates for different heat exchanger sizes.

Fig. 9. The effect of the number of TEG rows on the total power output under
different exhaust gas mass flow rates.
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system with low gas flow rate (0.02 kg/s) connected electrically in
series. The total power is maximized when all six TEG rows are oper-
ating at approximately 0.245 A. Due to the large temperature mis-
match, the high temperature upstream TEG rows are found to be op-
erating off their peak power point causing a significant drop in the total
power of the system. It is seen that under certain operating conditions
the TEG rows downstream can start acting as heat pumps instead of
heat engines (i.e., consume electric power instead of generating due to
the large mismatch in temperatures between the TEG rows). This pe-
nalizes the whole system by lowering the total output power. As a re-
sult, such systems should be operated at lower electric currents to
maximize the total power output. However, this would sacrifice the
operation of the upstream TEG rows at their individual maximum
power output. The adverse effect of the temperature mismatch in this
system of TEGs can be mitigated by maximizing the power output of
each TEG row using individual power management circuits. However,
this might lead to a more complicated and expensive power manage-
ment system.

4.2. Effect of axial conduction on TEGs performance

The results presented in the previous section show that, for a given
heat exchanger design, an optimum number of TEG rows is needed to
maximize the total power output of the system depending on the

exhaust gas mass flow rate. This section focuses on evaluating the ef-
fects of the axial conduction on the power output of the multi-row TEG-
HX waste heat recovery systems. Axial conduction (AC) of heat takes
place through the structure of the heat exchangers on the hot- and cold-
side of the TEGs between the consecutive rows. High temperature rows
near the gas inlet transfers heat by conduction to lower temperature
rows near the gas outlet as the exhaust gas cools through the heat ex-
changer. The axial conduction causes the temperature of the hot- and
cold-sides of the TEGs to have a lower gradient along the direction of
the exhaust gas flow, which will have a significant impact on the overall
power output of the system. The temperature profiles and power output
are compared in the case when the axial conduction (AC) is considered
versus the case where no axial conduction (NAC) takes place between
the TEG rows. Practically, the effect of axial heat conduction between
neighboring rows can be limited by introducing air gaps or adding thin
insulation layers between the rows.

4.2.1. Effect of axial conduction on temperature profiles
The effect of the axial conduction is eliminated artificially in the

numerical simulations by thermally insulating between consecutive
TEG rows in the axial direction, i.e. setting the thermal conductance
values KA H, and KA C, to zero. Fig. 12 shows the effect of axial conduc-
tion on the temperature profiles along the heat exchanger length for an
exhaust flow rate of 0.02 kg/s. It is seen that the gas temperature in the
case with no axial conduction (NAC) shows higher temperature values
at the outlet of the first row and a lower temperature value at the outlet
of the second row. This indicates larger amount of heat recovered from
the exhaust gas when the TEG rows are thermally isolated from one
another.

In addition, the first row of TEGs experiences significantly higher
temperature in the NAC case compared to the AC case, whereas the
second row has a slightly lower temperature. The axial temperature
gradient on the hot-side of the TEG is found to be generally lower in the
case of NAC. Due to the relatively large water mass flow rate, the cold-
side temperatures of both rows are seen to be hardly affected with slight
changes in temperature compared to the TEGs hot-side.

For a given exhaust mass flow rate, Fig. 13 shows that the axial heat
conduction acts to reduce the hot-side temperature of the upstream
TEGs and increase that of the downstream TEGs. As such, the system
with NAC experiences a higher temperature differences across the up-
stream TEG rows compared to the case with AC. This is observed to be
of high importance in applications with low exhaust gas mass flow rate,

Fig. 10. The temperature distribution along the heat exchanger length for
different number of TEG rows at constant exhaust gas mass flow rate of 0.02 kg/
s.

Fig. 11. The power output of TEGs versus current output in a heat exchanger of
consisting of 6 TEG rows with exhaust gas flow rate of 0.02 kg/s.

Fig. 12. Temperature distribution along the heat exchanger length for two rows
of TEGs and exhaust gas mass flow rate of 0.02 kg/s for AC and NAC cases.
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since the gas undergoes a large temperature drop near the inlet. By
limiting the axial conduction between the TEG rows, more power can
potentially be generated from the upstream TEG rows.

By increasing the exhaust gas mass flow rate for a given number of

TEG rows, Fig. 14 shows that the temperature profiles of both cases
with AC and NAC relatively approach each other since the high flow
rate promotes a more uniform temperature distribution through the
heat exchanger. Nevertheless, the case with NAC still shows a slightly
higher temperature difference across the TEGs in the rows upstream
than the AC case.

4.2.2. Effect of axial conduction on TEGs power output
Since the power output is directly proportional to the square of the

temperature difference across the TEG [1], the temperature distribu-
tions on the hot- and cold-sides of the TEGs have a significant effect on
the overall power output of the TEGs. As shown in Fig. 14, the axial
conduction of heat between the TEG rows causes the temperature of the
first row to drop significantly compared to the subsequent rows. This is
expected to have an adverse effect on the total power output from the
system. Fig. 15 presents the power output from the TEGs operating
under different exhaust gas mass flow rates and number of rows for
both cases with AC and NAC. The power output is found to be higher in
case with NAC compared to the case with AC for all cases illustrated in
Fig. 15. This highlights the advantage of thermally insulating between
the consecutive rows in TEG-HX systems. The increase in the power
output is mainly due to the significant increase in temperature of the
upstream rows which prevailed in all the cases with NAC. For the
studied range of gas flow rate, the number of rows that maximizes the
power output from the TEGs was found to be independent of the effect
of the axial heat conduction through the heat exchangers.

As a result, a new term “Power Gain” is introduced herein as the
ratio of the power generated from the TEGs in the case of no axial
conduction (NAC) to the case with axial conduction (AC) for the same
heat exchanger design operating under the same conditions:

=Power Gain P
P
NAC

AC (11)

The Power Gain is calculated using Eq. (11) and plotted in Fig. 16
against different number of TEG rows for exhaust gas mass flow rates of
0.02 kg/s and 0.06 kg/s. It is seen that the Power Gain is always higher
than unity, which indicates that the case with NAC generates higher
power output than that with AC. Limiting the effect of the axial

Fig. 13. Temperature distribution along the heat exchanger length for six rows
of TEGs and exhaust gas mass flow rate of 0.02 kg/s for AC and NAC cases.

Fig. 14. Temperature distribution along the heat exchanger length for six rows
of TEGs and exhaust gas mass flow rate of 0.06 kg/s for AC and NAC cases.

Fig. 15. Comparison of the TEGs total power output under different exhaust gas
mass flow rates and number of TEG rows for AC and NAC cases.

Fig. 16. Power Gain for different exhaust gas mass flow rates and number of
TEG rows.
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conduction is found to be more effective in the cases with lower exhaust
gas flow rates due primarily to the larger increase in the temperature
difference across the TEGs upstream.

As the number of rows increases, the value of the Power Gain
reaches a maximum value then drops. This means that there exists an
optimum design for the case with NAC beyond which increasing the

Fig. 17. TEGs total power output and heat exchanger effectiveness for AC case with different number of TEG rows and exhaust gas mass flow rates.

Fig. 18. TEGs Power Gain and heat exchanger effectiveness for different number of TEG rows and exhaust gas mass flow rates.
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heat exchanger size and adding more TEG rows becomes less beneficial.
This is because the available energy in the exhaust gas becomes in-
sufficient for the added TEGs to generate more power. As such, it is seen
that limiting the axial heat conduction in such systems can offer a great
potential of reducing the size of the heat exchangers, the number of
TEGs needed, and hence the cost of the entire system. It is worth
mentioning, however, that despite such advantages, the means of lim-
iting the axial conduction between the TEG rows might present tech-
nical and economic complexities on the design of the heat exchangers.
Such factors are considered outside the scope of the current study.

4.3. Design criteria for TEG-HX

As previously illustrated, the performance of the multi-row TEG-HX
waste heat recovery system is a function of various parameters such as
the number of rows (i.e., the size of the heat exchanger), the number of
TEGs per row, and the exhaust mass flow rate. For certain applications
with limited exhaust flow rate such as commercial ovens, the heat ex-
changers of the waste heat recovery system must be carefully sized to
maximize the power output.

The effectiveness of the heat exchanger is a useful design parameter
that can practically link the size of the heat exchanger to the amount of
heat transferred through it. The effectiveness ( ) is defined as the rate of
heat transferred through the heat exchanger to the maximum heat
transfer rate [36]:

= =
C T T

C T T
m C T T
m C T T

( )
( )

( )
( )

h h i h o

min h i c i

g p g g in g out

g p g g in w in

, ,

, ,

, , ,

, , , (12)

The heat exchanger effectiveness is calculated for the previously
studied design with axial conduction (AC) to investigate the relation-
ship between the effectiveness and the power output from the TEGs. For
a range of exhaust gas mass flow rates from 0.02 to 0.08 kg/s and a
number of rows from 1 to 8 rows, the numerical results are presented in
a 2D Power Output map, Fig. 17. It is seen that the heat exchanger
effectiveness can be used as a design criterion to identify the maximum
power for any given exhaust gas flow rate, and hence guides the se-
lection of the appropriate number of TEG rows needed.

To help clarify this, consider an example of the multi-row TEG-HX
waste heat recovery system, described in Appendix A, operating with an
exhaust flow rate of 0.03 kg/s. A heat exchanger with 60% effectiveness
will require three TEG rows to maximize the output power (Design A in
Fig. 17). However, a heat exchanger with lower effectiveness (Design B:
47% effectiveness with 2 TEG rows) will lead to a 6% decrease in the
power output but a more compact design with a smaller number of
TEGs. Finally, choosing a heat exchanger with higher effectiveness
(Design C: 68% effectiveness with 4 TEG rows) will result in little to no
increase in the power output (within 1%), which might not justify the
increased number of TEGs.

The Power Gain by eliminating the axial conduction can also be
used as a critical design criterion to guide the decision of thermally
insulating between successive TEG rows. Fig. 18 illustrates a 2D Power
Gain map of the gain values for a range of exhaust gas mass flow rates
from 0.02 to 0.08 kg/s and number of rows from 1 to 8 rows. It is shown

that higher values of Power Gain (more than 1.15) occur at lower ex-
haust flow rates (less than 0.03 kg/s). Comparing Design A and B in
Fig. 18, it is found that for an exhaust gas mass flow rate of 0.03 kg/s,
Design A has a larger Power Gain of 1.14 (i.e., 14% enhancement)
compared to Design B with a Power Gain of around 1.1 (i.e., 10% en-
hancement). This demonstrates that the decision of limiting the axial
conduction in Design A will be of greater value than in Design B.

5. Conclusion

The design of a heat exchanger for waste heat recovery applications
requires certain considerations when thermoelectric generators (TEGs)
are integrated within the design. Such considerations provide design
criteria for integrating TEGs in a heat exchanger to achieve the objec-
tive of maximizing the power output from the TEGs. The effects of the
heat exchanger operation and design parameters such as the exhaust
gas mass flow rate and number of TEG rows on the power output of
TEGs are studied. Since the performance of the system is highly de-
pendent on the temperature difference across the TEGs, accurate
modeling of the coupling between heat transfer and the thermoelectric
effects is required. As such, a numerical model is developed and then
experimentally validated to simulate the performance of a multi-row
TEG-HX design. The model takes into consideration the effect of the
temperature distribution along the heat exchanger, the electrical con-
nection and the axial conduction between TEG rows.

The numerical results show that the power output increases with the
exhaust gas flow rate. However, for a given gas flow rate, there exists an
optimum number of TEGs to maximize the power output from the
system. The axial conduction between consecutive TEG rows is found to
have an adverse effect on the total power output since it decreases the
temperature difference across the higher temperature TEGs near the
heat exchanger inlet resulting in lower power generation. The term
“Power Gain” is defined as the ratio between the power output from a
TEG-HX design without axial conduction to that from a design with
axial conduction. The Power Gain is always found to be higher than
unity for different exhaust gas mass flow rates and number of TEG rows.
The numerical results show that higher Power Gain values can be ob-
tained at low exhaust gas mass flow rates; up to 1.2 times for the case
with gas flow rate of 0.02 kg/s. The heat exchanger effectiveness is also
found to be a valuable tool to guide the sizing of the heat exchanger for
maximum system power output. The Power Gain and the heat ex-
changer effectiveness can be used as design criteria to evaluate the
potential benefits of limiting the axial heat conduction at the design
stage of TEG-HX systems. The Power Output and Gain maps are used in
a case study of a two-row experimental heat exchanger to guide de-
signers through the optimization of the number of TEG rows in the heat
exchanger and the prediction of the gain in the power output obtained
by eliminating the axial conduction. The proposed performance maps
suggest that three TEG-rows provide the optimum performance for the
studied system with significant enhancement of 14% in the power
output due to eliminating the axial conduction between the rows.
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Appendix A. – The experimental test setup of TEG-integrated heat exchanger

The experimental test setup is described in detail in previous work by Girard [32] and Zaher [26]. It is comprised of a natural gas commercial
oven with a TEG-integrated heat exchanger mounted between the oven and the chimney as shown in Fig. A1. The cooling water is supplied to the
heat exchanger cold side from the main supply, while the exhaust is supplied to the hot side of the heat exchanger from the oven. Fig. A2 shows a
schematic of the TEG-integrated heat exchanger with plate-fin HX in the exhaust side, the water side HX and the TEG arrangement. More details on
the experimental facility and the uncertainties of the measurement devices are described by Zaher [26].

Fig. A1. Schematic of the TEG-HX testing facility [32].
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