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Abstract

With ever increasing concern on oil prices and energy conservation, there is a fast growing interest in hybrid
vehicles globally. Currently, all hybrid vehicles, including micro, mild and full hybrids, adopt internal combustion
engines which are inefficient in general. The corresponding waste heat of exhaust gas constitutes up to 40% of the
fuel consumption. So, it is a pressing need for researchers to develop viable energy-efficient technology to recover
the waste energy of exhaust gas for hybrid vehicles. In this paper, an overview of thermoelectric waste-heat energy
recovery for hybrid vehicles is presented, with emphasis on the system configuration, heat exchanger, thermoelec-
tric material, power converter and maximum power point tracking.
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1. INTRODUCTION

The oil consumption of road transportation is one of the
major issues in the world, especially in the field of en-
ergy and environment. Particularly, the oil consump-
tion and carbon dioxide emission from road transporta-
tion in China have exhibited a dramatic growth. The
latest statistics indicates that the annual oil demand in
China will reach 407 million tons by 2010, while the
road transportation will account for 54.1% of the total
demand [Xinhua, 2008]. So, just a 1% improvement in
the fuel economy of automobiles will save about 2 mil-
lion tons of oil in China, and much more in the world.
Internal combustion engine vehicles (ICEVS) have been
developed for over 120 years. Nevertheless, their en-
ergy efficiency has not been greatly improved from the
original version. Actually, for modern gasoline fueled
ICEVs as shown in Figure 1, there is only about 25% of
the fuel combustion energy is utilized for vehicle opera-
tion whereas about 40% is lost in the form of waste heat
of exhaust gas [Stabler, 2002].

Among various classes of electric vehicles (EVS), in-
cluding the battery EV, hybrid EV and fuel cell EV, the
hybrid EV (HEV) incorporates both engine and motor
[Chan and Chau, 2001], and adopts a hybridization of
two energy sources (gasoline fuel and battery) [Chau
and Wong, 2001]. Since HEVS, loosely termed hybrid
vehicles, take the definite advantage of high fuel
economy, they are becoming attractive in the auto mar-
ket, [Chau and Wong, 2002; Ehsani et al., 2005; Wong
et al., 2006]. In order to enhance their competitiveness,

there is a pressing need to develop various energy-effi-
cient technologies for HEVs [Chau and Chan, 2007],
including both energy generation and energy utilization.
A recent study has revealed that the fuel economy of
ICEVs can be increased by up to 20% simply by captur-
ing the waste heat of exhaust gas and converting about
10% of it to electricity [Yang, 2005]. Hence, for HEVS,
the recovered energy can be easily stored in the battery
or directly used by automotive electronic appliances.
The significance and value of waste heat energy recov-
ery for HEVs is tremendous. The benefits will not only
be the improvement in fuel economy, but also the con-
servation of energy resource and hence the protection
of environment [Wong et al., 2005].

Thermoelectric generation (TEG) has the ability to di-
rectly recover such waste heat and generate electricity
without adding engine load [Rowe, 1999]. So, the pur-
pose of this paper is to give an overview of latest TEG
technology for hybrid vehicles.
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Fig. 1 Consumption of fuel combustion

2. SYSTEM CONFIGURATION
The thermoelectric effects are the direct conversion of
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heat differentials to electric voltage and vice versa
[Rowe, 2006]. The Seebeck effect is the conversion of
temperature differences directly into electricity. This
effect was first discovered by Thomas Johann Seebeck
in 1821, who found that a voltage existed between two
ends of a metal bar when a temperature gradient existed
in the bar. In contrast, the Peltier effect was first ob-
served in 1834 by Jean Peltier, who found the reverse of
the Seebeck effect. Based on the Seebeck effect, the
TEG system takes the advantages of no moving parts,
silent operation and very reliable. For HEVS, the waste
exhaust heat can be recovered directly to electrical en-
ergy for battery charging, thereby increasing the overall
vehicle fuel efficiency.

Figure 2 shows a typical temperature distribution of the
exhaust gas system, in which it is composed of the ex-
haust manifold, exhaust pipe, catalytic converter, center
muffler and rear muffler [LaGrandeur et al., 2005]. Itis
a natural choice that the heat exchanger should be in-
stalled at the location with the highest temperature,
namely at the front-end location. Since the correspond-
ing temperature at full load is up to 790°C, it may ex-
ceed the allowable working temperatures of the selected
thermoelectric materials. As a result, a compromise may
be required on the selection of heat exchanger location.
The heat energy available from exhaust gas needs to be
extracted by the heat exchanger. The heat exchanger
can directly combine with the thermoelectric devices to
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Fig. 2 Temperature distribution of exhaust gas
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form a united system, hence offering a compact struc-
ture [Matsubara, 2002]. Alternatively, the heat exchanger
shown in Figure 3 works with the thermoelectric devices
by means of a pump which circulates the working fluid
(for example, 75% He and 25% Xe) between them
[LaGrandeur et al., 2006]. The use of this pumping loop
can allow for a wide variation of exhaust gas flow and
hence thermal flux. It should be noted that the design of
heat exchanger involves a trade-off between the thermal
exchange efficiency and the exhaust gas flow rate. The
restriction of the flow path of exhaust gas for the im-
provement of thermal exchange efficiency may result in
the generation of exhaust backpressures which will re-
duce the engine efficiency and hence offset the overall
energy efficiency.

3. TEG MATERIAL

The selected thermoelectric material needs to offer high
energy conversion efficiency which is measured by the
figure of merit:

ST
Kp

T =

M

where S is the thermoelectric power, T is the absolute
temperature, xis the total thermal conductivity and p is
the electrical resistance [Yang, 2005]. In recent years,
the characteristics of thermoelectric materials have been
significantly improved in terms of both the highest ZT
value and the temperature range. Figure 4 and Figure 5
show the ZT characteristics of typical thermoelectric
materials [Crane and Bell, 2006; Caillat et al., 2001]. It
can be seen that both the p-type and n-type Bi,Te, offer
the optimal ZT values at the lower temperature range
(<200°C) of exhaust gas; the p-type Te-Ag-Ge-Sb alloy
(TAGS) and the n-type PbTe offer the optimal ZT val-
ues at the medium temperature range (200-500°C); and
the skutterudites (p-type CeFe,Sb,, and n-type CoSb,)
offer the optimal ZT values at the higher temperature
range (500-800°C).

In order to achieve the highest average ZT over the en-
tire operating temperature range of exhaust gas, differ-
ent thermoelectric elements can be employed. To man-
age the thermoelectric compatibility both within each
element and between individual elements, each mate-
rial segment and layer may have different thicknesses
[Rowe, 2006]. Inatraditional TEG system, as shown in
Figure 6, the configuration suffers from a problem for
the elements with different thicknesses and different ther-
mal expansion coefficients. Recently, an alternative
configuration as shown in Figure 7 has been proposed,
which can accommodate elements of different thick-
nesses and thermal expansion coefficients [LaGrandeur
et al., 2006; Bell, 2004].
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4. TEG CONVERTER
The TEG system needs to charge the battery or supply
electrical energy to the vehicle power network. Since
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Fig. 7 Alternative TEG configuration

the TEG output voltage changes dynamically with the
temperature of exhaust gas and hence varies in a wide
range, power conditioning between the TEG and the load
is inevitable as shown in Figure 8. For example, the
output voltage range of typical TEG is 0-25 V, which
needs to be converted to 12.3-16.5 V for battery charg-
ing [Kim and Lai, 2008]. Therefore, a dc-dc converter,
having step-up and step-down characteristics, is required
to serve for power conditioning.

Several dc-dc converter topologies have been proposed
for TEG conversion, such as the SEPIC converter
[Eakburanawat and Boonyaroonate, 2006], the Cuk con-
verter [Yu et al., 2007] and the boost-buck cascade con-
verter [Kim and Lai, 2007]. As shown in Figure 9, the
SEPIC converter takes the advantages of low-ripple in-
put current which is desirable for TEG operation, and
wide-range output voltage which is essential for battery
charging. Additionally, as shown in Figure 10, the Cuk
converter takes the advantage of low ripple currents at
both the input and the output, though with the inconve-
nience of inverting output voltage. However, both con-
verters suffer from high component stresses, and thus
not favorable for high power applications. On the other
hand, as shown in Figure 11, the boost-buck cascade
converter is a two-stage power circuit which adopts
three-phase interleaving technique to reduce total cur-
rent ripple and synchronous rectification to reduce con-
duction loss. However, this converter requires more
power devices and components, thus increasing the hard-
ware cost and control complexity.

5. MAXIMUM POWER POINT TRACKING

In order to fully utilize the thermoelectric material and
maximize the recovery of waste heat energy, the TEG
needs to adopt the maximum power point tracking
(MPPT). The MPPT methods that have been applied to
TEG are mostly developed for photovoltaic generation,
such as the load matching method [Khouzam, 1990],
the curve-fitting technique [Kislovski and Redl, 1994],
the incremental conductance method [Kuo et al., 2001],
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the ripple correlation method [Shmilovitz, 2005] and the
perturbation and observation (P&QO) method [Femia et
al., 2005]. Moreover, the fuzzy logic [\eerachary et al.,
2003] and neural network [D’Souza et al., 2005] have
also been adopted to improve the MPPT for photovol-
taic generation.

Among the aforementioned MPPT methods, the P&O
method is most commonly adopted. The online tuning
for MPPT control can be explained by Figure 12. When
the converter is initialized to work with a duty cycle 9,
there are two possible initial operating points, either A
or B, denoting the output power P,. Then, after a posi-
tive perturbation of duty cycle A¢ is applied, the new
output power P, will be observed. If P is greater than
P, itindicates that the initial operating point is A, thus
the duty cycle 6 should keep on increasing in the next
iteration to move the operating point towards P__. On
the contrary, if P is smaller than P, it reveals that the
initial operating point is B. Thus, the sign of Ad should
be reversed so as to reduce 6 to achieve a larger output
power in the next iteration. By repeating this process,
the system will operate at steady state around the maxi-

mum power point automatically.

It should be noted that this MPPT method has the self-
searching ability, which can overcome parameter varia-
tions and uncertainties. Nevertheless, the correspond-
ing convergence and searching time are not well defined.

6. CONCLUSION

In this paper, the TEG technology of waste-heat energy
recovery for hybrid vehicles has been overseen. Particu-
larly, the TEG materials and their configurations as well
as the TEG converters and their MPPT methods have
been discussed in detail. Itis anticipated that this emerg-
ing technology will be a major research direction for
HEVs in near future, and will push the energy efficiency
of HEVs to a new height.
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