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Abstract—Conventional internal combustion engine vehicles
(ICEV) generally have less than a 30% of fuel efficiency, and
the most wasted energy is dissipated in the form of heat energy.
The heat energy maintains the engine temperature for efficient
combustion as a good aspect, but the amount of heat generation
is excessive and eventually breaks the engine components unless
advanced cooling system technologies are supported such as
high-capacity radiators, elaborated water jackets, high-flow rate
coolant pumps, etc. The excessive heat dissipation plays a key
role on a poor fuel economy, but reclamation of the heat energy
has not been a main focus of vehicle design.

This work is first to propose a cross-layer, system-level solution
to enhance thermoelectric generator (TEG) array efficiency in-
troducing online reconfiguration of TEG modules. The proposed
method is useful to any sort of TEG array to reclaim wasted
heat energy because cooling and exhaust systems generally have
different inlet and outlet temperatures. In this paper, we deploy
the proposed method to vehicle radiator heat energy harvesting,
which does not affect the vehicle performance while exhaust
heat energy harvesting may disturb the combustion and emission
control integrity. We introduce a novel TEG reconfiguration and
maximize the TEG array output in spite of dynamic change of
the coolant flow rate and temperature, which results in a huge
variation in the coolant temperature distribution of inside the
radiator. The proposed method enables all the TEG modules
to run at or close to their maximum power points (MPP) under
dynamically changing vehicle operating conditions. Experimental
results show up to a 34% enhancement compared with a fixed
array structure, which is a common practice.

I. INTRODUCTION

The cooling system is one of the most essential components
in internal combustion engine vehicles (ICEV) that makes
it possible to achieve small but powerful engines allowing
continuous and long-lasting operations. The excessive heat
generation from the engine is theoretically explained by Carnot
Limit, and approximately 1/3 of the fuel consumption is
wasted in the form of heat. About a half of the generated
heat goes through the engine cooling system, which leads to
additional energy consumption for releasing the heat [1].

Modern ICEV is equipped with water cooling systems.
Coolant flows through the water jacket in the engine block
and cylinder head and cools down the engine components
such as valves, cylinder block, etc. The hot coolant is cooled
down in the radiator, a heat exchanger. The radiator dissipates
heat with natural convection while the vehicle is moving, but
forced-convection air cooling is often required under many
circumstances, which consumes additional energy. Coolant
flow is generated by a coolant pump, which also consumes
significant energy. Radiator fans and cooling pumps can be
driven either by the engine crank shaft or the vehicle battery,
which is again charged by the alternator driven by the engine
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crank shaft. Therefore, higher cooling capacity consumes more
fuel energy for cooling.

Many previous practices on cooling control and optimiza-
tion methods have been conducted to investigate the state-
of-the-art vehicle radiators in order to minimize power con-
sumption [2]. A mathematical model of radiator fans and a
forced-convection heat transfer process have been developed
to establish a mixed integer nonlinear programming problem,
and an interior points approach has been developed to solve
the minimization problem in [3]. The emergence of computer-
aided design (CAD) software and finite element methods
(FEM) are changing the modeling of automotive radiators
and analysis of their structural behavior [4]. In this paper, we
borrow a radiator model from [5].

There are many ways to convert heat energy to other forms
of energy. Converting the heat energy to electric energy is
desirable because the electric energy can be easily stored and
converted to other forms of energy. A thermoelectric generator
(TEG) is a device that directly converts heat energy to electric
energy by the Seebeck effect. It is a solid device without a
moving part and thus is easy to handle.

A large portion of vehicle heat energy harvesting has been
attempted from exhaust pipes. Exhaust pipes carry very hot
combusted gas so that an efficient medium-temperature TEG
can be applied, and it is reported that a few hundreds Watts
of power can be harvested from a light-duty vehicle [6], [7].
However, there are obvious downsides in the exhaust heat
energy harvesting because TEG installation in the hot exhaust
pipes around the catalyst may significantly affect the emission
control integrity and engine power. To avoid such side effects,
TEG modules are often installed after the catalyst where the
exhaust gas is already cooled down significantly. In addition,
the exhaust pipe surface is much cooler than the exhaust gas
itself. Therefore, there have been many attempts to install TEG
modules inside the exhaust pipe. However, such a method may
alter the engine back pressure, and cooling the TEG cool side
becomes challenging. The TEG modules are vulnerable to be
damaged due to severe vibration as well.

Typical coolant inlet temperature is not higher than 100°C,
and low temperature TEG modules can be integrated with
the cooling system. Low temperature TEG modules integrated
with a a light-duty vehicle radiator were reported to harvest
around 75 W [8]. In spite of such a low energy density from
radiator energy harvesting, there are also obvious advantages.
Low temperature TEG modules are much more affordable
than medium-to-high temperature ones. However, we do not
emphasize the pros and cons of the radiator energy harvesting
over the exhaust energy harvesting in this paper. We focus
on the system level solution to leverage the TEG module



efficiency. Most of all, the proposed method is very useful
both for exhaust and radiator energy harvesting, moreover, the
proposed method can be applied to any kinds of wasted heat
energy harvesting including factory facility environment.

Multiple TEG devices generally form a module to generate
a usable voltage level. In addition, a large number of TEG
modules, typically connected in series and parallel, ensure the
required power and energy densities. However, even with a
large number of TEG modules, it is natural to use a single
power converter connected to the both ends of the series-
parallel TEG module array.

Large number of TEG modules occupy a significant surface
area. Any cooling or exhaust system, which carries coolant or
gas, gradually loses heat energy and temperature toward the
outlet. A part of TEG modules is located next to the inlet while
some others are located nearby the outlet. Therefore, each
TEG module must have different hot side temperatures; TEG
modules close to the inlet have a higher hot side temperature
and vice versa. We focus on one of the most challenging
problems such that all the TEG modules should operate at
their maximum power point (MPP) even if they have different
hot side temperatures but are connected all together in series
and parallel.

We perform real measurement of a production ICEV and
confirm that the coolant temperature in the radiator signifi-
cantly decreases from the inlet to outlet, and the temperature
difference is up to 60° C even in summer, and the temperature
distribution dynamically changes by the driving condition.
This explains that none of the TEG modules attached to the
radiator has the same hot side temperature, and their hot side
temperatures vary all the time. Therefore, a fixed series and
parallel connection of TEG modules cannot ensure the MPP
operation of the TEG modules even though the charger has
the MPPT (maximum power point tracking) capability.

In this paper, we introduce the radiator temperature mea-
surement, modeling and simulation. This paper shows the ex-
perimental setup to characterize the real coolant behavior and
performance evaluation of the proposed methods under the real
vehicle driving condition. Our problem formulation describes
the optimal TEG module reconfiguration to achieve the MPP
operation under dynamically changing coolant temperature
and flow rate. We devise algorithms with a polynomial time
complexity to find the best TEG module array configuration
for a given coolant flow rate, inlet temperature, airflow (vehicle
speed), and ambient temperature.

Conventional methods cannot optimize the number of
series-parallel connections for dynamically changing coolant
inlet temperature and flow rate, which largely vary by the
vehicle driving conditions. Experimental results exhibit up to
a 34% performance enhancement compared with a 10 by 10
fixed array TEG modules.

II. COMPONENT MODELS

A. Radiator Model

We employ a radiator model as a finned-tube heat exchanger
(coolant in tubes, air in cross flow) from [5]. This model is
constructed under the following assumptions: (i) the dissipated
heat only travels through the radiator; (ii) the coolant flow
rate in the coolant tube is uniformly distributed through
the radiator, and the coolant is in a fully flowing condition
in the tube; and (iii) both fluids (coolant and ambient air)
are considered as incompressible flow and unmixed at any
intersection between paths.

We adopt the NTU (number of heat transfer units) method
to determine the effectiveness of the radiator as a heat ex-
changer [5]. This method involves three dimensionless param-
eters to be calculated including NTU, effectiveness (i.e., €)
and heat capacity ratio (i.e., C,). The heat capacity ratio is
defined as

Cr = Cmin/cma:r (l)

where C,,,;, equals to the minimal one between C, and C.,,
and C), 4, equals to the maximal one between C,, and C.. C,
and C. stand for the heat capacity rate for the ambient air and
the coolant, respectively. They are calculated by

Co =mg X cpg and Co =me X Cp 2)

where m, and m.. are the flow rates of ambient air and coolant,
respectively, and ¢, , and c, . are the specific heat capacities
of the ambient air and coolant, respectively. NTU is widely
used for heat exchanger analysis and is defined as

Ux A
Cmin
where U denotes heat transfer coefficient, and A represents

the radiator surface area. The heat exchanger effectiveness ¢
is obtained by

NTU =

3)

1 0.22 (-CrxNTUO7T8)
6:1_e(cr><NTU ><(e 1). (4)

The maximum possible heat transfer rate i.e., Q4. for the
exchanger is defined as

Q'rnaw = - Ta,in) (5)

where T ;, and T, ;, denote the inlet temperatures of the
coolant and ambient air, respectively. The actual heat transfer
rate is determined from the expression

Q =€ X Qmaz- (6)

The coolant and ambient outlet temperatures are
Teout = Tein — Q/Ce and Ty oyt = Ty in + Q/Co.  (7)
The temperature profile along the radiator fins is obtained by

Ta,out + Ta,in (Ta,out + Ta,in)

2 2
. . . (8)
where A, is the area vector for local temperature derivation,
and therefore T,/ is a vector with the same dimension as A,q;.

B. Model and Characterization of a TEG module

A TEG device comprises of a top, a bottom ceramic
plates (thermoelectric materials) and internal pellets. A group
of TEG devices is packaged together and forms a module.
The bottom ceramic plate attaches to the hot side. In this
particular application, this side faces with the radiator surface.
A heatsink, i.e, a radiator pin, attaches to the top ceramic and
exposes into the ambient air, which forms the cool side. The
actual installation of the TEG modules requires modification of
the radiator. TEG modules reside between the radiator surface
and radiator fins while the factory radiators have integrated
structure of the radiator surface and fins.

The TEG module generates electrical energy from the
temperature difference between the bottom and top ceramic
plates. We assume that the heatsink and ambient air have the
same temperature; the ambient airflow is enough to fast, which
is a typical operating condition of vehicle radiators.

min X (Tc,in

—U
Tpp = (Toin — )X eTe Avar 4
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Fig. 1. The derived (a) V-1 (b) V-P output characteristics of the selected TEG
module by temperature (TGM- 199-1.4-0.8) [9].

TEG Voltage (V)

The output power of the TEG module is estimated by the
following formulas:

Eteg =aX (Tpf[z] - Tamb) X Ncph (9)
Ete
Lieg = 55— (10)
tes Rteg + Rload
Pteg - Ithg X Rload (1 1)

where « is the Seebeck coefficient, T),¢[i] is the local radiator
fins temperature where TEG module is attached, T}, is the
temperature of ambient air, N, is the number of the couples,
and R;ey and Ij,qq stand for the TEG module resistance and
load resistance, respectively.

We extract the voltage-current (V-I) and voltage-power (V-
P) output characteristics of the TEG module used in this work
(TGM-199-1.4-0.8) under different AT where AT = T),f[i] —
Tams- The black dots in Fig. 1 (a) and (b) are their maximum
power points (MPP.)

III. PROBLEM FORMULATION
A. A TEG Module Array on Radiator

We assume an 1-dimensional radiator structure in this paper
for easy delivery of the most important technical contributions.
The real vehicle radiators have a 2-dimensional structure,
which can be explained with multiple parallel connections
of the 1-dimensional radiator. There are also temperature
differences at fork, each inlet of the parallelly connected 1-
dimensional radiators. We leave the model expansion to a 2-
dimensional radiator model for future work in this paper.

Fig. 2 illustrates an S-shaped 1-dimensional pipe structure
radiator with TEG module arrays. There are N TEG modules
attached on the radiator where T,¢[i] is the radiator surface
temperature at the location of TEG i (1 < i < N) obtained
from (8). Therefore, the temperature difference between the

bottom and top ceramic of TEG i is AT; = Tpr[i] — Toume-

Coolant flow rate, m,
Inlet temperature, 7,
TEG, TEG;

o
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Fig. 2. A TEG module array attached to the 1-dimensional S-shaped radiator.
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Fig. 3. A fixed regular array, a series-parallel, connected TEG module array
on a radiator: the baseline setup (a common practice.)

Once again, along the radiator pipe from the coolant inlet to
the outlet, T}, ¢[i] and also AT; gradually decrease, which is the
key motivation of this work. Each TEG module has a different
coolant temperature (their hot side temperature) as the coolant
is gradually but significantly cooled down while their cool side
temperature is the same, i.e., each AT; is not the same. This
results in different MPP voltage and current values by TEG
modules.

Previous work [10] commonly assumed that the array of
TEG modules has fixed series-parallel electrical connections
where each row of the array has the same number of TEG
modules as shown in Fig. 3. Ideally, the TEG module array
can achieve output power as high as the sum of the MPP
power of each TEG module if all the TEG modules operate at
their MPP. Unfortunately, none of TEG modules in Fig. 3 is
guaranteed to operate at their MPP even if the endpoint charger
has the MPPT feature. As a result, the entire TEG module
array poorly produces electrical energy. We are first to point
out this issue for wasted heat energy harvesting with TEG
modules, which is the first technical contribution of this work.
Moreover, we fix this problem with a system-level solution,
which is the main technical contribution of this paper.

Fig. 4 visualizes the reason for TEG module power loss
caused by temperature differences [10]. The MPP line is
denoted in green while the actual operating points are il-
lustrated in red. This is because all the TEG modules must
have the same output voltage when they are connected in
parallel as shown in Fig. 4 (a), and all the parallelly connected
TEG module groups must have share the same amount of
current when they form a series string as shown in Fig. 4 (b).
Comparing with the sum of power values in blue dots, the total
power generation from the TEG array, i.e., the sum of power
values in red dots, is extremely poor. A brute-force cure to
solve this problem is to connect an individual power converter

Inlet

A Outlet

\%
(a) A parallel connection. (b) A series connection.

Fig. 4. TEG module output power loss due to the differences in the hot side

temperatures among the connected modules.



Fig. 5. Architecture of the proposed reconfigurable TEG module array.

to each TEG module, aka., a micro-converter architecture.
Such a method provides the maximum power output despite
the hot side temperature differences with a great expense of
cost, which the real automotive market cannot afford.

B. TEG Array Reconfiguration

We propose a system-level solution to overcome the output
power loss ! of TEG module array caused by spatial temper-
ature variation in the radiator. We borrow the reconfigurable
switch network, which was introduced for the photovoltaic
systems [11]. TEG reconfiguration has been mentioned in [12],
but this work tries to change between all in series and all in
parallel. In addition, they assume that all the TEG modules
have the same temperature difference to obtain better power
converter efficiency. Also, the number of switches are more
than those in [11].

Fig. 5 illustrates the electrical connections of the reconfig-
urable array of N TEG modules. Each TEG module (except
for the N-th one) is integrated with three solid-state switches: a
top parallel switch Spr ;, a bottom parallel switch Spp ; and a
series switch S ;. The parallel switches connect TEG modules
in parallel while the series switches connect TEG modules
in series. We reconfigure the array dimension (i.e., electrical
connections) of the TEG modules by controlling the ON/OFF
states of the switches without changing their physical location.
Most importantly, the switch network configures imbalanced
array structures where each row has a different number of
columns. This is the key feature to enable the use of a
single power converter while maintaining the near MPP of all
the TEG modules with largely different hot side temperature
values among TEG modules.

Fig. 5 shows the configuration to make a series or parallel
connection by the use of two series switches and a parallel
switch. The T E(G1 is connected in parallel to TEG5 as both
the parallel switches on top and bottom are ON leaving the
series switch OFF. On the other hand, TEG n_1 is connected
to TEGy in series.

We provide a formal description of the TEG module array
configuration. Let us consider a reconfigurable TEG module
array with N TEG modules. It may have an arbitrary number
of TEG module groups, i.e., g (X N). There are r; parallelly
connected TEG modules in the j-th TEG module groups:

g
ZTJ‘ S N.
j=1

Fig. 6 illustrates the system configuration of a vehicle
radiator heat energy harvesting that includes the proposed
reconfigurable TEG module array. The key subsystems include
a reconfigurable TEG module array, a battery charger, a

(12)

'We call this is the loss: the difference between the power output with
MPPT micro-converters and that with a fixed regular array with a single
converter.

Reconfiguration
| 4 controller

=

DC-DC converter
(battery charger)
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Fig. 6. A system diagram of a reconfigurable TEG heat energy harvesting
system from a vehicle radiator.

vehicle battery, and a reconfiguration controller. Typical lead-
acid car battery charging voltage is 13.8 V, and we optimize
the reconfiguration to 13.8 V. The TEG module array is
connected to the battery charger that is cable of the MPPT.
The MPPT charger tracks the TEG module operating point by
controlling its output current such that the TEG module array
achieves the maximum output power under the TEG module
array configuration. The reconfiguration controller computes
the optimal TEG module array configuration according to the
instantaneous spatial temperature distribution on the vehicle
radiator and controls the ON/OFF states of the switches. The
reconfiguration algorithm is periodically executed by the con-
troller and keeps the optimal TEG module array configuration
setup at all times.

We provide the formulation of the TEG module array
reconfiguration problem in the following:
TEG Module Array Reconfiguration Problem Statement:
Given TEG module array along the radiator fins with instan-
taneous spacial temperature variation T, ¢ [i] for 1 <4 < N,
Find the optimal TEG module configuration C°P* and the TEG
module array operating point (Vorray, Iarray)
Maximize the battery charging current Ip,ys.

IV. TEG MODULE ARRAY RECONFIGURATION
ALGORITHMS

The ultimate goal of the TEG module array reconfig-
uration is to find the TEG module array configuration
C(g;71,72,...,74) such that each TEG module in the array
can work near its MPP. Given the temperature distribution
of the radiator and the TEG module array configuration, we
estimate the MPP power of the TEG module array based on
the MPP voltage and current of each TEG module.

The TEG module groups connected in parallel have the
same terminal voltage. Each TEG module is modeled by a
series connected current source and a series resistance. The
the TEG modules in the same parallelly connected group must
have similar AT; and thus similar MPP voltage values to avoid
being severely off from their MPP. The MPP voltage of TEG
modules in the same group, r;, should be close with each
other. Therefore, we assume that the terminal voltage of r;
is an average MPP voltage of TEG modules in r; without
appreciably sacrificing the fidelity saving a lot of burden for
online computation. After we determine the terminal voltage,
we find the current of each TEG module in 7; to take the
summation of those and derive the current of r;.

Given a TEG array configuration C(g; 1,12, ...,7,4), we find
the configuration such that the summation of the MPP currents
in each TEG module group is well balanced (i.e., as close to
each other as possible.)



Algorithm 1: TEG Module Array Reconfiguration

Input: The TEG module array temperature profile i.e., Tp pli] for 1 <4 < N.
Output: The optimal TEG module array configuration i.e., C°P* (r Opf)

Calculate the MPP current of each TEG module i.e., IMPP based on T, ¢ [1]
for1 <i < N.

Pmaz — 0
for r1 from1to N —1do
j=1
N [MPP MPP
while 3~ (E LR L >3 do
j=J5+1
(S 1 Tk) 1 mpPP
Find the value of 7; such that >~ I; <
7(2 Tk)+1
i Tk MPP
JIMPP < k=L MPP.
zi Zf izl e+
end
Generate three configurations i.e.,
CG+1Lr,re, i, N =307 rr),
C(jsr1, 72, s mj—1, N = 321 -1 i), and C(j; 1,72, ..oy 7).

Pick the configuration with the highest MPP power as C(71).
if MPP power of C(r1) > P™“” then

P™® = MPP power of C(r1);

Pt =

cor (e
end

= C(’I‘l);

end

OBD (On-Board

Inlet temp.
iagnostic) system

sensor

Outlet temp.:

|
Flow meter sensor

Vehicle speed
Engine RPM

Fig. 7. Vehicle radiator experiment setup using a 3.0L diesel pickup truck.

The reconfiguration algorithm to find C(g;r1,72,...,7)
such that i) TEG modules in each group, r;, have similar
AT;, ii) each r; value is similar among each other and iii)
the sum of terminal voltage of r; is close to 13.8 V. The
reconfiguration algorithm has two parts; one is an outer loop
that searches the number of TEG modules in 7, and the
other part is a kernel procedure that fixes the TEG module
array configuration according to C(rq). The configuration
C°Pt(r9P") resulting in the array MPP power is chosen and
returned as the optimal configuration under the current TEG
module array hot side temperature distribution. The pseudo-
code of the reconfiguration algorithm is shown in Algorithm 1.

The kernel procedure receives the number of TEG modules
in the first TEG module group, r; from the outer loop and
determines the number of TEG modules in the second TEG
module group, 5. The summation of the MPP currents of TEG
modules in the second group is the closest to the summation
of MPP currents of TEG modules in the first group:

r1+r2—1 r1+72
Z IMPP < ZIMPP < Z IMPP (13)
1=r1+1 =1 1=ri1+1

where IMPF denotes the MPP current of the i-th TEG module.
Likewise, we determine r3, 74, and so on.
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Fig. 8. Measured trace of the radiator coolant flow rate, inlet/outlet temper-
ature and vehicle driving information (engine RPM and vehicle speed.)
We determine the value of 7; and find

N ri4reo—1

MPP MPP
> IMPP < N IMPP

i:’l”1+7’2+‘..+7‘j+1 i=ri+1

(14)

The summation of the MPP currents in the rest TEG modules
is smaller than the summation of the MPP currents of the
TEG modules in the first group. There are three choices for
the rest TEG modules such as i) forming the 7+ 1-st group, ii)
being added to the j-th group, or iii) being bypassed; i) C'(j +
1; rl,r%... ri, N =37 _ 1), i) C(jsri,7re,..rjm1, N —
Zk 17'k) or iii) C(j;r1,72,...,7j). We compare the MPP
power of the three configurations and pick the one with the
highest MPP power as C(r1) (i.e., the returned result of the
kernel procedure.)

V. EXPERIMENTAL RESULTS
A. Vehicle Radiator Experiments

We measure the vehicle coolant flow rate, inlet temperature,
outlet temperature, engine RPM, vehicle speed, etc. from a
regular cab 3.0 L diesel pickup truck (Hyundai Porter II) with
a radiator size of 665 mm x 385 mm as shown in Fig. 7. We
use a Recordall industrial flow meter to measure the coolant
flow rate. We obtain the coolant inlet and outlet temperature of
the radiator using thermocouple probes (model: TC-K-NPT-U-
72), which are mounted at the inlet and outlet of the radiator.
A National Instrument (NI) data acquisition (DAQ) module
is used to log the flow rate and inlet/outlet temperature. We
extract driving information such as engine RPM (revolutions
per minute) and vehicle speed by accessing the onboard diag-
nostic (OBD 1II) system. Fig. 8 shows the measured trace of
radiator coolant flow rate, inlet/outlet temperature and vehicle
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Fig. 10. The performance enhancement by the dynamic reconfiguration.

driving information (engine RPM, vehicle speed) during the
a test driving period. The flow rate is highly correlated to
the engine RPM because the coolant pump is driven by the
serpentine belt. Coolant temperature is related to the engine
RPM, vehicle speed and engine temperature, and they show
similar patterns and the maximum values (shown in red dots.)

Fig. 8 (d)-(f) shows the transitions in the radiator inlet
and outlet temperatures and the difference between while the
truck is driven. There is a certain time delay in the coolant
temperature values between inlet and outlet of the radiator
(around 30 s), which causes a large variations in the spatial
temperature difference. The temperature difference between
radiator inlet and outlet is up to 65°C, which really limits
the effectiveness of the MPP tracking for a fixed regular TEG
module array.

We obtain the temperature distribution inside the radiator
based on the radiator model discussed in Section II-A. Radia-
tor pins, heatsinks, are attached to the top ceramic plates of the
TEG modules and are exposed to the ambient air convection,
which is around 10°C' in our experiments. The bottom ceramic
plates of the TEG modules are attached to the designated
locations of on the radiator surface. Fig. 9 shows the extracted
temperature distribution trace in the radiator that gradually but
significantly decreases.

B. Performance Evaluation

The target radiator can accommodate up to 100 TEG
modules which are limited by the surface area of the target
radiator. The physical location of the TEG modules is fixed
at the system design stage. The proposed TEG system is
comprised of a TEG module array, a TEG charger of Linear
Technology LTM4607 converter and a vehicle battery with
a charging voltage of 13.8 V. We compare the performances
of the proposed dynamic reconfiguration of the TEG module
array with a baseline, which is a fixed regular 10 by 10
TEG module array. We apply the MPPT proposed in [13].
For the comparison with the state-of-the-art technologies, we
also assume bypass diodes with the baseline TEG modules to
enhance power output [14].

We use five benchmark temperature distributions (T1 to
T5) for performance evaluation of the dynamic reconfiguration
from the extracted temperature distribution radiator traces in
Fig. 9. Fig. 10 shows the performance enhancement of the
dynamic reconfiguration compared with the 10 by 10 fixed
TEG module array. We obtain power gain by the dynamic

reconfiguration from 15% to 34%. Radiator inlet temperature
is rapidly decreased in Benchmarks T1, T3 and T4. Irregular
TEG module power by these radiation temperature variation
causes power loss in the 10 by 10 fixed TEG module array.
Therefore, we obtain larger power gains by the dynamic
reconfiguration in these benchmarks.

VI. CONCLUSION

This paper introduces a novel system-level solution for
thermoelectric generator (TEG) modules attached to a vehicle
radiator. TEG energy harvesting has been mainly driven by
material science and device research groups, and therefore,
the proposed dynamic reconfiguration is the first attempt to
enhance the power efficiency using a system-level solution
while it offers significant performance enhancement at low
development cost. Such a system-level solution can be hardly
achieved by conventional material and device research. The
practical aspects of the proposed research has been strongly
backed up by actual vehicle radiator measurement demonstrat-
ing up to a 34% performance enhancement compared with
common practices.
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