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h i g h l i g h t s
 A regenerative concept for TE based waste heat recovery systems is proposed.
 Similar power output to high-T TEGs is achieved using only low-T TE materials.
 Low-cost, reliable, and available low-T TEMs can be used for high-T applications.
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a b s t r a c t
This paper presents a regenerative concept for thermoelectric (TE) based waste heat recovery systems
called thermoelectric generators (TEGs). TEG is usually a modified heat exchanger with the addition of
thermoelectric modules (TEMs) to recover waste heat for power generation. To utilize heat from high
temperature heat sources, current researches have largely been focused on the development of high temperature TE materials. In this study, we describe a regeneration concept in which a precooler is used to
lower the temperature of the hot gas and at the same time regenerate hot air from the cold air supply for
Bi2Te3-based TEGs, avoiding the use of high-temperature thermoelectric materials. It is found that the
regenerative TEGs can achieve a similar power output compared with TEGs using high temperature TE
materials such as filled-skutterudites (combined filled skutterudites and Bi2Te3 TE materials) through
obtaining a higher heat scavenging rate. Thus, the regenerative TEGs also have a similar absolute efficiency, defined according to the total available enthalpy from the hot gas. This could represent a paradigm shift in the TEG research and development, that much lower-cost, reliable, and readily available
TE materials and modules can be used for high temperature applications, and will ultimately enable wide
spread deployment of TEGs for real world waste heat recovery applications.
Ó 2016 Elsevier Ltd. All rights reserved.

1. Introduction
The increasing demands on energy and the concerns on fuel
shortage and carbon emission have drawn attentions to the recovery of waste heat, which is abundant from vehicle exhaust to
power plants and industrial furnaces. These waste heat sources
may vary within a wide temperature range from just above the
room temperature to over 1000 °C. Among methods of waste heat
recovery, thermoelectric generators (TEGs) are featured with direct
conversion to electricity, high reliability without moving parts or
special working fluids, and no vibration or noise emission. Over
decades of research and development, a wide spectrum of thermoelectric materials, including more recent developments of nanostructured materials have been discovered and synthesized to
achieve high figure-of-merit ZT, defined as a2 rT=k with a, r, k,
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and T being the Seebeck coefficient, electrical conductivity, thermal
conductivity, and absolute temperature, respectively, for a wide
temperature range from sub-room-temperature to over 1000 °C
[1–5].
Numerous efforts have been devoted into developing TEG applications [6–20], mostly focused on but not limited to engine and
industrial waste heat recovery. Design calculations were carried
out to improve the performance of power output/efficiency, reliability, and costs, and also evaluate the trade-off among these
parameters. Numerical modeling made it possible to investigate
these factors in a fast and economical manner [21–29]. Many
research efforts have been dedicated to the development of high
temperature TE materials [2,3,30–34] for converting high temperature heat sources to power, and achieving high ZT [34,35]. Up till
now, however, there are no reliable high temperature TE modules
made commercially available. The large thermal stress of materials
at high temperature and chemical instability, which often result in
the requirements of using inert gas or vacuum encapsulation [36]
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in the TE module and the TEG, are just some of the main barriers of
using these materials. Although there are high temperature TEG
demonstrations [6,8,14,15,17,19,20,37] and designs particularly
addressing reliability or costs [10,38], in general, implementing a
high temperature TEG poses much greater engineering challenges.
On the other hand, low temperature TEGs are much more reliable
and ready to use [22,35,39,40].
In addition to efficiency and reliability, the cost-performance
analysis is also key for the commercial feasibility of a TEG. Costeffective analyses have been carried out to illustrate the competitiveness of TEGs to improve fuel efficiency [41,42], and cost-perwatt [43] is often used for TEGs evaluation. It was also found that
the commercial barriers of using high-temperature TE material are
largely the system costs [44,45]. However, lacking sufficient data
on the costs of manufacturing high-temperature modules and high
temperature TEGs, accurate system cost estimations are yet to be
conducted. It is also noted that the cost of materials usually
accounts for about 10% of a high-temperature TEG, indicating the
choice or processing of materials are not the promising direction
for lowering the overall TEG cost though some reductions can be
made [44]. The transient performance [46], electrical connection
[47], etc. are also important factors for the TEG engineering realization. However, it is only meaningful to consider these factors after
the cost-effectiveness and reliability proven to be acceptable by
the market.
The concept of regeneration has been accepted in varieties of
thermal systems, including Stirling engines, absorption cooling
system, and especially combined turbine cycles. Taking advantage
of high performance heat exchangers, regeneration produces additional lower temperature heat sources and thus improves the efficiency by a noticeable amount. However, this useful and practical
concept has yet to be applied or investigated for thermoelectric
power generation. In this work we introduced the regeneration
concept to the area of TEG and proposed the regenerative thermoelectric generator (R-TEG) for recovering power from high temperature waste heat sources, using entirely low temperature TE
materials to circumvent the complications of manufacturing a high
temperature TEG.
The proposed R-TEG first cools the hot gas to a temperature
acceptable by low temperature TE modules, and simultaneously
raises the temperature of a stream of cold ambient air. Both the
cooled hot gas and the heated air are then fed into the TEGs that
use low temperature TEMs (Bi2Te3 modules are used in this study).
Two types of regeneration designs are studied using the previously
established numerical methods [48,49] and the optimization algorithm [50]. For comparison, the power outputs from a high temperature TEG using combined filled-skutterudite and Bi2Te3 TEMs
(referred to as high-T TEG in this work) are computed. It is found
that the regenerative TEG can achieve similar performance as the
high-T TEG. For waste heat recovery, the goal is to maximize the
power output with a given amount of waste heat source. The absolute efficiency, defined as ratio of the power output and the available enthalpy from the heat source, is an indicator of the TEG
performance. Therefore, the regenerative TEGs have a similar absolute efficiency compared with the ones using high temperature
TEMs. A cost analysis of R-TEGs is also performed. The reason for
the high performance of the R-TEG is analyzed, and is proven to
be consistent with the existing TE generation theory. Given the
tremendous benefits of using low temperature TEMs for the RTEG, including much lower-cost, reliability, and availability, the
development of R-TEGs will represent a paradigm shift in the
TEG research and development, and will ultimately enable the
wide spread deployment of TEGs for real world waste heat recovery applications.

2. Description of R-TEG
The R-TEG is designed based on a counter flow heat exchanger
as shown in the gas flow chart in Fig. 1. We assume the waste heat
source is hot gas (air) at 800 K with a mass flow rate of 0.1 kg/s, and
the room temperature air (300 K) is the coolant. The hot gas first
enters a gas phase heat exchanger called precooler, to cool to a
temperature that is acceptable for Bi2Te3 modules. In this work,
we limit the hot side junction temperature of the Bi2Te3 TEMs to
be lower than 550 K [40]. The cooled hot air then enters a Bi2Te3based TEG labeled as sub-TEG1 in Fig. 1.
For comparison, we also compute and optimize conventional
high-T TEGs, where filled-skutterudite modules are used in the
higher temperature sections and Bi2Te3 modules at the lower temperature sections. The hot side junction temperatures of Bi2Te3
modules in these high-T TEGs are also kept below 550 K. The
detailed parameters of the two types of TEMs are taken from Ref.
[49].
In our R-TEG design, the cold air that is used to cool the hot air
in the precooler comes from TEG1 in order to recycle (regenerate)
more heat as shown in Fig. 1. The regenerated hot air is then fed
into a second Bi2Te3-based TEG (sub-TEG2) to produce more
power. The amount of the cold air used for the precooler is chosen
such that the temperature of the output of the warmed cold air
reaches the limit for being used in sub-TEG 2, i.e., the same as
the inlet temperature for sub-TEG 1. The size and the cold air supply for sub-TEG 2 are thus proportional to those of the sub-TEG 1
according to the mass flow rate of the regenerated hot air.
A second R-TEG design is illustrated in Fig. 2. Instead of using a
fraction of the cold air from sub-TEG1 for the precooler, the regenerated air continuously flows in a closed loop as shown in Fig. 2.
One of the advantages of using the closed loop is that other types
of heat carrying fluid can be used, for example, liquid coolant, to
significantly enhance the heat transfer rate, resulting in more
power output from sub-TEG 2. However, the calculations below
are based on air as the regenerating fluid.
The computational model, materials properties, and optimization method for the TEGs are adapted from previous works [48–
51]. The precooler is calculated using the e-NTU method [52]. For
the TEGs, there are three major design parameters used in our
study: the heat exchanger area ðAHE Þ, the aspect ratio (width/
length), and the height of TEC legs ðHTE Þ. These are the basic geometric parameters of the heat exchangers and TEMs that govern
the heat transfer rate and junction temperature difference, and
thereby determine the power output. The aspect ratio of the heat
exchanger has less an effect on the power output according to
the sensitivity analysis [50]. In additional to the aforementioned
parameters, the fill factor of the TEM, i.e. the TE material coverage
over the total heat transfer area, is held as constant according to
the TEM designs for two materials respectively from previous
works [48,49]. Thus, the heat exchanging area and height of TEM
legs are the only two dominant parameters of the TEG performance
for this study. The width of the heat exchanger channel is selected
to be 0.27 m. AHE (=0.27 m  length) and HTE are selected as the
optimization factors with upper bounds set at 0.2 m2 and 8 mm,
respectively. In addition to the power output, the heat dissipation
rate from the hot gas is another key parameter to be evaluated. The
hot side convection coefficient is set to a constant 2700 W/m2 K
based on a typical intermittent corrugated plate heat exchanger
[53], and the cold side convection coefficient varies according to
Eq. (1) with h0 = 2300 W/m2 K. The index 0.35 in Eq. (1) is taken
from the regression of a similarly structured heat exchanger [53]
according to its dependence on the Reynolds number Re.
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Fig. 3. Optimized power output of TEGs with different designs under varied cold air
supply.

Fig. 1. Schematics of an R-TEG (R-TEG 1).
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Fig. 2. Schematics of regeneration concept 2 (R-TEG 2).
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3. Results and discussion
The TEGs with different design concepts are optimized to provide the maximum power output. We first assume there is abundant room temperature air for cooling and the calculations are
carried out with cold air supply up to 30 times of that of the hot
air (after which the output power does not change much as seen
below).
Fig. 3 compares the optimized power output for high-T TEG, RTEG 1 and R-TEG 2 vs. the cold air supply. In addition, the power
output from using the Bi2Te3 TEG alone (sub-TEG 1 in the RTEGs) is also shown. It can be seen that high-T TEG, R-TEG 1 and
R-TEG 2 have similar power outputs when the cold air mass flow
rate is low. With more cold air supplied, the power outputs
increase, and the power outputs from high-T TEG and R-TEG 2
increase more than that from R-TEG 1. Notably, R-TEG 2 generates
similar amount of power compared with high-T TEG, even for high
cold air supply rates.
The main advantage of our proposed design is that the cost can
be lower. Here we conduct a rough price comparison of the high-T
TEGs and the proposed R-TEG 2. Our estimation of the module cost
is based HZ-20 from Hi-Z Technology Inc. and PBTAGS-200.009A
from TECTEG FMR, for low and high-temperature modules, respectively. The cost of heat exchangers for TEGs is estimated from Ref.

[45] and is 7.6 $/(W/K). The cost of precooler (1 $/(W/K)) is interpolated from the data of a typical recuperator from Ref. [54]. The cost
of high-temperature TEMs is expected to become lower in the
future. On the other hand, the additional costs of building the
high-T TEG including thermal packaging/insulation, hightemperature electronic circuits, mechanical sealing, etc. are not
included as there are no available data, but are expected to be high
from our prior experience. The estimated TEG costs are plotted in
Fig. 4. The costs for the heat exchanges (HEX) alone are also shown
in Fig. 4. It is seen that most of the cost of an R-TEG is ascribed to
the heat exchangers. Therefore, the cost competitiveness of an RTEG lies in its much lower TEM manufacturing cost. Note that
the heat exchanger cost of an R-TEG is about twice of that of a
high-T TEG at a same coolant supply, owing to its overall larger
size.
As the cost of the R-TEG is largely determined by its size, we
further looked into the potentials of improving its cost effectiveness by limiting the total heat exchanger area. Fig. 5 shows the
heat exchange area vs. output power and system cost. The vertical
_ c ¼ 1:16 kg=s shown previously in
green1 line represents the case m
Figs. 3 and 4, where the total area is 0.463 m2. It can be seen that
90% of the power can be achieved by a system that is 40% smaller
or the costs are 40% less. The design with the minimized cost-perwatt is found to have a total AHEX = 0.12 m2 and costs $7.0/W. The
high-T TEG can be similarly reduced by limiting the heat exchanger
size. However, there is less room for the cost-effectiveness improvement due to the present high module cost.
We also estimate the cost of coolant supply and regenerative
pump power based on the energy consumption, assuming the cold
air supply at ambient temperature is abundant. The friction coefficient is obtained from regression calculations [53] to estimate the
pressure drop,

f ¼ 5:2073  Re0:71 ;

ð2Þ

and then the pump power is estimated as the product of the pressure drop and the volumetric flow rate. The net power output from
TEGs after subtracting the power needed to pump the cold air and
regenerated air is then calculated and shown in as solid lines in
Fig. 6. It is seen that the net power output of the R-TEG 2 is generally higher than the high-T TEG except when coolant supply is
about 0.5 kg/s (5 times of hot air mass flow rate) where both high
T-TEG and R-TEG outputs most of the power or net power. For cold
air flow rates higher than 0.5 kg/s, the power output of the R-TEGs
drops slower because the same amount of air is flowing through the
1
For interpretation of color in Figs. 3 and 4, the reader is referred to the web
version of this article.
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wider scaled-up channels in R-TEGs, resulting in lower flow velocity
and thus a lower pressure drop.
We now analyze why R-TEG 2 can achieve similar power output
compared with the high-T TEG which converts heat to power at
higher temperatures. It is known that the efficiency of converting
heat to power is related to (or limited by) the Carnot efficiency,
which is higher at higher operation temperature as shown in
Eq. (3):

Our results of power output using numerical models are consistent
with simple estimations using Eq. (4). To compare with the calculated data shown in Fig. 3, the power output is calculated again
using Eq. (4) based on the local junction temperatures and heat
transfer rate. The results are compared in Fig. 10. It is seen that
the results obtained using Eq. (4) are close to that from the numerical model. There are two reasons contributing to the slight discrepancy between the results of the two methods. One is that using the
material properties evaluated by the mean temperature (which is
used for ZT) results in a higher power output than using integral
averaged properties [51], which is the method we used in the model
[50]. Also, Q in Eq. (4) is a weighted average of the heat transfer rate
along the TEC legs and its value lies in between of the heat enters
and leaves the TEM. While in the calculations we used the heat
transfer rate that enters the TEM, which also results in a higher
power output.
We further analyze 1st Law efficiencies and absolute efficiencies of the high-T TEG and R-TEG 2, and compare them in Fig. 11.
The 1st Law efficiency is defined in Eq. (4b). The absolute efficiency
is based on the available enthalpy of heat source with respect to
the ambient temperature, as defined in Eq. (5), which also evaluates the energy scavenging capability in additional to the energy
conversion. hhot;in and h0 are enthalpies of air at hot inlet and ambient conditions.

W

gabs ¼ _
mC ðhhot;in  h0 Þ

ð5Þ

It is seen that generally R-TEGs have lower 1st Law efficiencies,
though not as low as their averaged Carnot efficiencies. However,
our R-TEG designs provide better energy scavenging capabilities
that can compensate for the lower 1st Law efficiencies. It is seen
that the R-TEGs have comparable absolute efficiency compared
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filled-skutterudite modules). Thus, the heat exchanging area and
the height of TEG legs are the two parameters for the current study.
The averaged intrinsic thermal resistance of TEMs in comparison
with the total thermal resistance across (1/UA) the TEG is plotted
in Fig. 12(a). Notice that the optimized TEM thermal resistance is
not close to ½ of the total thermal resistance. For the TEGs operating between two constant temperature reservoirs, the optimized
TEM resistance is ½ of the total resistance according to Eq. (6), in
which Rpack is the thermal resistance other than RTEM in the TEG.
However, in the cases of gas phase heat exchanger based TEGs
studied here, the temperatures of the hot and cold gasses are not
constant. The decrease in the temperature difference between
the hot and cold air reduces the heat transfer rate, which is equivalent to additional thermal resistances if we compare it with the
constant temperature reservoir formulation. Thus, the RTEM,opt is
to match up with the combined Rpack and the equivalent thermal
resistor to obtain the maximized power output.

P ¼ Q res  gc  gðZTÞ ¼
with that of high-T TEGs. Hence, similar amount of power can be
extracted from an R-TEG as from a high-T TEG.
The parameters studied showed their significance. The area of
heat exchanger simply indicates the scale of the TEG that varies
according to the amount of hot air. The ratio between the leg
height and the filled area determines the thermal resistance which
determines the trade-off between heat transfer rate and temperature difference, and has a significant impact on the TEG performance. In this work, the filled factor is held as constant as in
previous works [48–50] (0.631 for Bi2Te3 modules, 0.397 for

1

ðT H  T C Þ2
 2
Rpack
T H;j
RTEM

1
þ RTEM þ 2Rpack

ð6Þ

In Fig. 12(b), we show power output vs. resistance for one case
_ c ¼ 1:16 kg=sÞ, and the optimized HTE is 7.0 mm and the correðm
sponding (also optimized) thermal resistance is 0.01247 K/W. These
indicate the existence of a trade-off between heat transfer rate and
temperature difference (Carnot efficiency). However, a synergic
increase of AHEX and HTE will continuously increase the power output. This trend is only limited by economic factors as illustrated
in Fig. 5 or space availability rather than the performance itself.
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To apply the proposed R-TEG in real world applications, the following details will need to be emphasized. A high-effectiveness gas
phase heat exchanger needs to be integrated into the hot air
stream to achieve a large energy scavenging rate with minimal
irreversibility. For the precooler, since there is no requirement to
accommodate TEMs, prime surface recuperators are generally
favorable for their high overall heat transfer coefficient and low
pressure drop. Further, integration of the precooler and the hot
side heat exchanger of TEG 1 is also desirable to reduce losses at
pipeline connections. The coolant supply is separated for the two
sub-TEGs according to their hot side mass flow rate. An additional
flow controller is needed for the regenerated heat carrier cycling in
the abovementioned closed loop. TEG 2 running with the regenerated heat source is not limited to close to the hot air stream, and
thus is flexible in its placement. These details can be readily
implemented.
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TEG performance.
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