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Analysis and optimization of topping thermoelectric generators with bottoming Rankine cycle is pre-
sented. Interface temperature between the two cycles is optimized for fuel efficiency. It is shown that
the topping thermoelectric generator may increase the system efficiency by 6% for a coal-fired power
plant with approximately 0.2–0.3 $/W in material cost. The topping cycle can be a viable large scale appli-
cation of thermoelectric generators since peak ZT of the material can be optimized in a narrow temper-
ature range without cascading.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

It is remarkable that, since 1961 [1], a very early success of the
thermoelectric (TE) power generator was a high temperature
(�1000 �C) application enabling spacecraft powering systems by
an auxiliary nuclear reaction heat source called the radioisotope
thermoelectric generator (RTG). The RTG materials first used lead
telluride (PbTe) and later switched to silicon germanium (SiGe).
On the other side of the extreme temperature, the success of
multistage thermoelectric coolers in refrigeration (��140 �C in
vacuum) [2] has been well known. These historical facts show that
thermoelectric power generators are scalable in a wide range of
temperatures.

In industrial power generation, coal fired midscale power plants
have provided 50.4% of the electricity supply in the U.S. [3]. Natural
gas is typically used for micro-grids or on-site power generation,
while the penetration of renewable energy sources remains a much
lower fraction. Renewable resources are hindered by capital cost,
intermittency, and seasonal swings [4,5]. The energy conversion
efficiency of Rankine cycle technology alone is around 40%, which
has a reasonable economic return on investment. However, higher
efficiency is also critical for conserving natural resources [6] as
well as for the reduction of CO2 equivalent gas emissions in pre-
venting global warming. The physics behind the proposed
approach is based on maximizing exergy (useful energy) in a large
temperature gap between the fuel burning temperature and the
gas temperature coming into the turbine. A state-of-the-art com-
bined Brayton–Rankine cycle uses a wider temperature span and
generates power with more than 55% efficiency. However, the
gas turbine system is significantly complex and impacted by sur-
face to volume ratio; hence, the system will not be scalable to
smaller than 100s MW power plants.

Thermoelectric generation is highly scalable by arraying
solid-state modules to cover any size heat source and generate
power from 1 W to more than 100s MW. These are very favorable
features mitigating the higher side of the unused temperature in
fuel burning power generation systems. In a previous work, we
investigated the TE topping cycle with the Rankine cycle [7].
Fig. 1 demonstrates the system performance with the topping TE
and indicates an optimum steam temperature for maximizing total
output power. Another team investigated the TE topping Brayton
cycle [8], but here we focus more on the smaller scale power plants
that are desirable for distributed and smart grid application.

One can increase the total efficiency even further by utilizing TE
for waste heat recovery [9,10] from exhaust gas that comes from
internal combustion engines, etc. The waste heat recovery can
coexist with the topping cycle without interference. We will com-
pare these in performance and cost effectiveness.

Fig. 2 illustrates the system schematic of a current
state-of-the-art 520 MW class power plant unit [11]. To enable a
realistic and practical evaluation, Silaen et al. [12] analyzed the
fluid-dynamic behavior of the gas in the furnace and solved the
conjugate heat transport using computational thermo-fluid
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Fig. 1. (a) Power output of the combined system as a function of the interface temperature with broken curve shows the turbine only power output with is limited by the
steam temperature below �800 K for cost effective applications, (b) TE and steam turbine contributions for the system power output. TE module assumes a constant figure-
of-merit Z = 6.67e�4 for the entire temperature range of investigation, and the TE modules are designed to be optimized for maximum power output. The interface
temperature assumes the steam temperature at boiler for a steam turbine (Rankine cycle).
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Fig. 2. System diagram of TE topping cycle WTE1 and flue gas WTE2 power generators
with a Rankine cycle coal-fired power plant WST with air cooled condenser. Overall
power output is Wsys depending on whether the topping cycle or flue gas TE power
generator is integrated, or both.
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dynamic analysis. With surface area enhancement, the TE modules
are designed between the wall of the boiler and the steam tubes.
The TE elements are optimized locally for the simulated gas tem-
perature profile, which is graded along the wall height of over
20 m. These basic designs and analyses enable the prediction of a
realistic overall efficiency in accordance with temperature–
entropy (T–s) diagram analysis for a complete superheated
Rankine cycle.

Considering the scalability of TE in design for temperature and
power range, we investigate and optimize the TE generator design
for the system efficiency and cost performance in the above speci-
fic case of a power plant while considering a constant ZT value as a
universal number. Then, we discuss the impact of the real material,
which has temperature dependency for three thermoelectric
properties.
2. Materials for high temperatures

RTGs typically use silicon germanium (SiGe) alloys. The
system-level conversion efficiency for state-of-the-art RTGs is
about 6%, with lifetimes in excess of 30 years [1]. We base our anal-
ysis on well characterized SiGe material [13,14]. The SiGe used for
spacecraft applications can be improved, and its figure-of-merit
(ZT) has been increased to ZT = 1 via nanostructuring, which
decreases thermal conductivity without substantially changing
the electrical properties [15]. Germanium, however, is a less abun-
dant material and is unfortunately not practical for large-scale
deployment in power plant applications. The use of SiGe will also
Please cite this article in press as: K. Yazawa, A. Shakouri, Scripta Mater. (2015
slightly limit the highest operating temperature at the hot side of
the TE leg. State-of-the-art p-type Yb14MnSb11 and n-type
La3�xTe4 have demonstrated maximum ZTs in the range of 1.2–
1.5 at 1300 K and are being actively pursued by NASA JPL for space
applications, but these are not abundant either. If we traded off the
performance, nanostructured silicon materials could be considered
as they have reasonable ZTs (0.3–0.4) at high temperatures. Given
the variability in ZT values as well as the practical material consid-
erations, we use ZT as an adjustable parameter within the practical
range described above.

We subsequently investigate the design of the thermoelectric
module and the potential parasitic losses. Based on preliminary
calculations presented in Ref. [16], the optimum TE leg thickness
for the particular boiler described in Section 2 should be approxi-
mately 1.3 mm considering the currently available SiGe with 10%
fractional area coverage of TE legs inside the module. This will
require a metal/semiconductor contact resistivity in the range of
10�5 X-cm2, which has been achieved [17]. Also, thermal parasitic
losses need to be considered through the non thermoelement areas
via radiation heat transfer and gap material (usually air) heat con-
duction. Based on Ref. [17], these parasitic losses are less than 10%
of the heat conduction through the thermoelement with 10% frac-
tional area coverage. If needed, a partial vacuum ranging 500 Pa or
a coating with reduced emissivity by 0.3 may cut down on the loss
contribution by less than 2% for each.

3. Optimization of TE design

A typical TE generator consists of n-type and p-type semicon-
ducting materials connected together in series and placed in paral-
lel along the heat flow direction. At the junctions of n- and p-type
materials, electronic potential is created in proportion to the tem-
perature difference; hence, an electric current is generated as the
circuit closes and eventually generates power at the external load.
The power generation is measured by three key properties:
Seebeck coefficient (S) [V/K], thermal conductivity (b) [W/mK],
and electrical conductivity (r) [1/Xm]. The well-known dimen-
sionless figure-of-merit of TE material ZT is defined by

ZT ¼ rS2

b

 !
T ð1Þ

where, T is the absolute mean temperature of the TE element.
A TE power generation system can be modeled based on a gen-

eric thermal equivalent circuit taking into account external finite
thermal resistances with the hot and cold reservoirs, as shown in
Fig. 3. We introduce a fill factor F, which is the fractional area cov-
erage of a thermoelement per unit substrate area. Due to the
abrupt cross sectional area change in heat current flow, it intro-
duces three-dimensional spreading or constriction thermal
), http://dx.doi.org/10.1016/j.scriptamat.2015.05.037
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Fig. 3. Thermal network model. The left hand side flow shows the TE topping cycle,
while the right hand side shows the bottoming Rankine cycle. Ts is the coal burning
gas temperature and Ta is the ambient air temperature for air cooling condenser
system.
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resistances. Under temperature gradients, electric potential gener-
ated in the thermoelement induces electric current flow when an
external electrical load is connected to the electrodes. This load
should be optimized in order to extract the maximum power out-
put or the highest energy conversion efficiency. In this study, the
power output is considered per unit area of heat flow.

Solving the set of energy balance equations at each temperature
node, the power output per unit area w [W/m2] is given by Eq. (2)

w ¼ I2mR
� �.

A ¼ mZ

ð1þmÞ2
bF
d

Th � Tcð Þ2 ð2Þ

where I is the induced current, A is the substrate area, R is the inter-
nal resistance, m is the load resistance ratio (Rload = mR), Th is the
hot side leg temperature, and Tc is the cold side leg temperature.
To consider the influence of external thermal resistances, the equa-
tion for power output is transformed as in Eq. (3).

w ¼ mZ

ð1þmÞ2
dbF

dþ bFA
P

Wjð Þ2
Ts � Tg
� �2 ð3Þ

where RW is the sum of the external thermal resistances, including
heat sinks and spreading thermal resistances in thermoelectric
module plates, Ts is the heat source temperature, Ta is the ambient
temperature, and j is a dimensionless factor as found in Eq. (4).

j ¼ 1þ Z

2ð1þmÞ2
ð2mþ 1ÞTh þ Tcð Þ

 !
WhP

W

þ 1þ Z

2ð1þmÞ2
Th þ ð2mþ 1ÞTcð Þ

 !
WcP

W
ð4Þ

To obtain the maximum w, co-optimizing the factors m and d by
taking the derivative of w to be zero, the optimum leg length dopt is
found as

dopt ¼ jbFA
X

W ð5Þ

j is found here as the ratio of the internal leg thermal resistance to
the sum of the external thermal resistances, only at the optimum w.
However, j must include the electrical resistance ratio m, due to the
characteristics of thermoelectric. Also, Eq. (4) shows that this ratio
depends on the ratio of asymmetric external thermal resistances
(Wc/Wh).

By electro-thermal optimization, the maximum output power is
found at a single point with electrical impedance match m exactly
the same as in the conventional expression
Please cite this article in press as: K. Yazawa, A. Shakouri, Scripta Mater. (2015
m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ZT

p
ð6Þ

while, j maintains a similar value to m and only in the special case
Wc = Wh, j equals m. In this symmetric thermal resistance system,
the maximum power output becomes simpler as

wmax ¼
Z

4ð1þmÞ2
1

A
P

W
Ts � Tg
� �2 ð7Þ

The important fact here is that the fill factor proportionally
changes the optimum leg length, but does not obviously impact
the power output. In some case studies [18,19], a fill factor of more
than 10% affects the power output much less than 1%, while a fill
factor of 10% reduces the optimum thickness by 10% and the cross
section area by 10%. Therefore, the volume reduction by a smaller
fill factor has a significant impact on cost per performance. In a fur-
ther analysis, we showed that thermal conductivity is the only
material property that impacts the cost performance linearly in
the maximum power output design [20]. This is substantiated by
Eq. (5). While power output is the same as long as Z value is fixed,
reducing thermal conductivity will reduce the amount of required
TE material for a given external reservoir thermal resistances.
4. Cost-performance analysis

Fig. 4 shows the net TE power output (payback power) per unit
area considering the pump power consumption for the refrigerant,
i.e. air or water, at the maximum power output design. The left side
plot shows the air cooling range up to a heat flux of 10+5 W/m2 and
the right side shows the range of water cooling up to a heat flux of
10+6 W/m2. The power required for pumping is also plotted, which
increases more rapidly as a function of heat flux compared to the
TE power output. Although the thermoelectric power generation
efficiency is in the 5–11% range, the power output per unit area
is much larger than that of photovoltaic solar cells in the 10–20%
range because of the high heat flux densities available.

Fig. 5 shows a more specific and comprehensive analysis of the
topping TE generator and waste heat recovery (WHR) TE generator
for the 520 MW class coal fired power plant described earlier. A
thermoelectric module with a smaller fill factor requires a signifi-
cantly lower initial cost to build. The material cost is proportional
to F2 and will be negligible even considering the use of a relatively
expensive thermoelectric material. The cost of the thermoelectric
material, SiGe, for the topping cycle is controlled by the market
price of germanium �$2000/kg. For the WHR, the cost of the
PbTe material is $500/kg and is assumed based on industrial input.

For example, to replace the current cooling tower condensers
with air cooled condenser (ACC) units to save fresh water, the ini-
tial cost increases by $79.5 M for a 500 MW class power plant.
Based on $0.05/kWh for the baseline electricity price and 30 years
of operation, this initial cost is only �1% of the overall system
investment.

In the power plant, the thermoelectric is placed in the boiler in
between the furnace gas and the steam tubes, with the interim
wall plate facing the furnace. The effective heat transfer coefficient
for the hot side wall is 246 [W/m2K] and the cold side is
722 [W/m2K]. Due to the increased thermal resistance, by inserting
thermoelectric, the hot side heat transfer needs to be enhanced by
surface area extension through fin surface or by increasing the hot
gas flow speed through changing the burner design. By optimiza-
tion of the thermoelectric element design, the temperature at the
hot side Th = 1170 �C and the cold side Tc = 742 �C at the maximum
design point are found, respectively, while the gas temperature Ts

is 1407 �C and the steam temperature Tg is 374 �C, see Ref. [12].
The cost details of the TE generators are shown in Table 1 fol-

lowed by an overall performance and cost comparison shown in
), http://dx.doi.org/10.1016/j.scriptamat.2015.05.037
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Table 1
Details of TE topping generator with 31.0 MWe output.

Elements Material Material
price

Dimensions Mass

Thermoelectric (TE) SiGe US$2000/
kg

F = 10%,
t = 1.3 mm

4.3 ton

High temperature heat
fins, substrate for TE
elements

Mo US$20/kg Area 8541 m2,
t = 0.2 mm &
fins

35.1 ton

Surface coating Al2O3/
TiO2

US$2/kg t = 20 lm 675 kg

Table 2
Details of the TE waste heat recovery with 22.4 MWe output.

Elements Material Material
price

Dimensions Mass
(ton)

Thermoelectric (TE) PbTe US$500/
kg

F = 10%,
t = 2.9 mm

197

High temperature heat fins,
substrate for TE elements

Al2O3 US$2/kg Area
82,745 m2,
t = 0.2 mm

131

Note: F stands for fractional area ratio and t stands for thickness.

Fig. 6. Diagram of the TE module structure for stress analysis. The thin and small
center legs (pink) are the thermoelectric materials and the green contacts are the
solder joints, which are connected by a metal layer (yellow) layout on the outside
insulator substrates (blue). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Table 2. If the TE generator for waste heat recovery uses 100% of
the available heat in the flue gas discharged, it occupies almost
10 times the area compared to the topping TE in the boiler section.
The additional investment for waste heat recovery shows an order
of magnitude larger than that of the topping cycle. This is due to
the lower heat fluxes available at the bottoming cycle. Fig. 5 shows
Please cite this article in press as: K. Yazawa, A. Shakouri, Scripta Mater. (2015
the power output and the incremental investment cost as the func-
tion of the average ZT of the material. The graph shows the future
potential of the TE generators when the thermoelectric material
properties are improved. The ZT has a significant role in the invest-
ment cost. However, the waste heat recovery still costs much more
than the topping cycle (see Fig. 5).
5. Thermo-mechanical concern

A large temperature difference between the hot and the cold
substrates in the TE modules could result in large local
thermo-mechanical stresses and possible mechanical failure. The
thermo-mechanical expansion concern also contradicts the ther-
modynamic benefit. Analytic modeling has been conducted [21]
in previous work, and we showed that the small fill factor does
not necessarily push the local mechanical stress at the contacts
more (see Fig. 6). Rather, the corner legs of the large number of
arrays may pose a much harder challenge and risk for reliability
[22].

The above analysis and the numerical modeling [23] show that
the maximum share stress at solder joint is smax(F = 10%) <
smax(F = 50%). In analytic modeling, decreasing the fill factor from
25% to 3% reduces the maximum shear stress by less than half.
This is in agreement with the results obtained by the 3D finite ele-
ment analysis of a 2-leg TEM structure assuming homogenous CTE
in all of the layers. Imposing structural boundary conditions on
either the hot or the cold side of the structure does not change
the predicted trend. However, this constraint leads to generation
of a stronger shear stress in the contact near the constrained side
compared to in the free-standing case. Modules with multiple legs
produce different results compared to the above simple two leg
design. A CTE mismatch between the layers could produce signifi-
cant local shear stress at a high temperature. This local stress
should be proportional to DaDT. This effect could be mitigated
by changing the geometry or choosing material properties that
are closely matched.
), http://dx.doi.org/10.1016/j.scriptamat.2015.05.037
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6. Environmental impacts

In 2013, 16.5 QUADS of coal was used for power generation. If
the present TE topping technology is applied to 5% of the currently
working power plants with increasing 6% efficiency, the overall pri-
mary energy saving will be 1.45 � 107 MWh (522 � 108 MJ) per
year, which is equivalent to reducing CO2 emissions by 4.7 million
ton-CO2 per year just in the U.S. The above implementation is
equivalent to 1660 MW power generation from the thermoelectric
topping cycle, and it will require approximately 230 tons of SiGe
material [24]. If the material is realized by a ratio Si/Ge to be
80/20 through utilizing nanostructure for appropriate ZT, 46 tons
of purified germanium will be required. On the other hand, the
domestic reserve of germanium in the U.S. is estimated to be only
400 tons, according to a government report [25]. Although this
reserve amount will cover the required germanium amount, 12%
of the reserve is a significant volume to consume and so the devel-
opment of an alternative high temperature material must be seri-
ously considered.

According to the phase diagram of Ge1�xSix system [26], the
phase transition temperature is greater for higher silicon content
materials. Even though it is a big advantage to contain a certain
ratio of germanium for performance, a material nearly silicon
(x � 1) is desired because of the temperature tolerance, cost, and
conservation of natural resources. The n-type [27] and n-type
[28] bulk alloys of approximately 80/20 blend of Si/Ge thermoelec-
tric materials with nanostructures have been developed and the
performance has been found to be near ZT � 1 at near 1000 K con-
dition. Si nanowires have been studied quite a lot due to the signif-
icant thermal conductivity reduction from their confined geometry
with a large power factor. Although most of the experimental
research has been carried out at near room temperature, e.g.
[29–31], a potential of high performance at an elevated tempera-
ture is expected. A bulk-like nanostructured silicon at elevated
temperature 1275 K was investigated and it was reported that
ZT � 0.7 [32]. This team also reported the performance of a very
low germanium content 2.5% Ge nanostructured bulk SixGe1�x that
shows approximately ZT � 0.7 for n-type and ZT � 0.2–0.4 for
p-type at 1275 K as well.

For another potential candidate for an alternate material, the Jet
Propulsion Laboratory (JPL) has been pursuing the development of
high-efficiency TE materials and segmented unicouples for integra-
tion into an advanced radio isotope generator (RTG). The
high-temperature segments of these unicouples are composed of
p-type Yb14MnSb11 and n-type La3�xTe4. The lower segments are
made of skutterudite materials for this study. These materials are
capable of sustained operation at temperatures up to 1273 K and
have been extensively developed at JPL. Aging studies have been
conducted for Yb14MnSb11 and n-type La3�xTe4 materials and the
materials and their TE properties have been demonstrated to be
stable at temperatures up to 1323 K for up to 24 months. These
materials have at least a ten times larger reserve compared to ger-
manium but still contain the rare metals, so the cost issue may
remain.

7. Temperature dependent ZT properties

The temperature dependency of TE material properties is a
well-known characteristic and it has become a significant concern
as the temperature range of the power generator gets larger. The
three component properties for the figure-of-merit ZT value have
individual temperature dependencies and are linked to each other.
The general trend of the properties, thermal conductivity, electrical
conductivity, and Seebeck coefficient as a function of carrier con-
centration is explained in [33]. Temperature dependency occurs
Please cite this article in press as: K. Yazawa, A. Shakouri, Scripta Mater. (2015
for all three parameters. The thermal conductivity of the semicon-
ductors is generally reduced as the temperature increases.
However, major carrier contribution in heat transport increases
with the increasing temperature. Eventually, the effective thermal
conductivity increases at a high temperature due to bipolar ther-
mal conduction. The electrical conductivity first decreases due to
increased scattering but eventually increases due to the generation
of free electrons/holes at very high temperatures. In contrast, the
absolute value of the Seebeck coefficient increases as the temper-
ature increases and then reduces sharply at high temperatures
due to the bipolar conduction. Hence, most of the thermoelectric
materials have a strong temperature dependent ZT and an opti-
mum temperature for the maximum ZT value.

The following figure (Fig. 7) shows an example of Si0.8Ge0.2 nano
inclusion material. Depending on the temperature range, the mean
ZT value changes significantly. To find a more accurate prediction
of the performance, we have to discretize the temperature band
and optimize the local performance across the whole temperature
range.

Taking advantage of the topping cycle, one can optimize the
peak ZT of the material in a narrow temperature range without
the need to cascading.
8. Conclusions

We investigated the high temperature topping cycle to harvest
unused exergy in a coal fired power plant. We analyzed the perfor-
mance of TE generators designed with an existing 520 MW class
Rankine cycle power plant. The TE topping cycle increases the sys-
tem efficiency by 6% of the overall system with a ZT value 0.7 of
SiGe based nanomaterial. The additional implementation cost of
0.3 $/W could be possible even using an expensive raw material
SiGe �2000 $/kg since a smaller fill factor �10% requires a signifi-
cantly small volume of such exotic materials. The topping cycle
provides nearly an order of magnitude cost effective power gener-
ation compared to the waste heat recovery from flue gas dis-
charged in the same power plant. Even if 5% of the current coal
fired power plants implement this technology, the positive poten-
tial environmental impact is estimated to save 4.7 million ton-CO2

per year. On the other hand, however, consumption of germanium
will be a significant challenge in saving rare material natural
resources. Development of alternative thermoelectric materials
for high temperature application needs to be explored.
), http://dx.doi.org/10.1016/j.scriptamat.2015.05.037
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The key findings for the thermoelectric material properties in
cost effective power generations are that (1) reduction of thermal
conductivity is the most desired approach for cost effective power
generation. As far as the ZT value remains, the power generation
performance remains the same while the lower thermal conductiv-
ity reduces the material volume, and that (2) due to the tempera-
ture dependence of the thermoelectric material properties, the
peak ZT is not the most important parameter. Instead, the mean
ZT across the temperature range will be a reasonable index of per-
formance. Engineering materials with temperature dependent ZT
with a wide plateau is another direction for materials R&D.
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