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Abstract: We analyzed the potential of thermoelectrics for electricity generation in a combined heat
and power (CHP) waste heat recovery system. The state-of-the-art organic Rankine cycle CHP system
provides hot water and space heating while electricity is also generated with an efficiency of up
to 12% at the MW scale. Thermoelectrics, in contrast, will serve smaller and distributed systems.
Considering the limited heat flux from the waste heat source, we investigated a counterflow heat
exchanger with an integrated thermoelectric module for maximum power, high efficiency, or low cost.
Irreversible thermal resistances connected to the thermoelectric legs determine the energy conversion
performance. The exit temperatures of fluids through the heat exchanger are important for the system
efficiency to match the applications. Based on the analytic model for the thermoelectric integrated
subsystem, the design for maximum power output with a given heat flux requires thermoelectric
legs 40-70% longer than the case of fixed temperature reservoir boundary conditions. With existing
thermoelectric materials, 300-400 W/m? electrical energy can be generated at a material cost of

$3—4 per watt. The prospects of improvements in thermoelectric materials were also studied. While
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hdates the combined system efficiency is nearly 100%, the balance between the hot and cold flow rates needs

to be adjusted for the heat recovery applications.
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1. Introduction

Up to two thirds of primary energy is unused or rejected in the U.S. [1] and world-
wide [2]. Most of the energy loss is in the form of heat, which is the lowest quality of
energy [3]. Minimizing this loss will save energy and help reduce the impact of global
warming. A significant amount of heat energy is required for industry. For example, mate-

rial processing involves large heat generation through furnaces, e.g., for melting glass [4]
and steel [5], or electromagnetic heating for aluminum [6]. Most of the heat is rejected in
the gas phase, e.g., with air, which minimizes the complexity of controlling the temperature
of the process. The waste heat recovery system should extract useful energy from this
hot gas. In the industrial sector, which consumes nearly a quarter of the total energy
resources, the waste heat temperature distribution was reported in 2008 [7]; more than
54% of waste heat is in the temperature range of 100-200 °C, followed by more than 21%
in the 200-300 °C temperature range (see Figure 1; a more detailed distribution is also
shown in the reference pie chart [7]). Similar data are reported for European industries [8].
Large amounts of heat energy are rejected from automotive internal combustion engines as
well as from furnaces in residential and commercial sectors. Most likely, the waste heat
temperatures are in a similar range. This is because the combustion for chemical energy
conversion has flame temperatures of over 1000 °C, up to about 2000 °C [9] under adiabatic
combustion conditions, with an air mixing volumetric ratio of more than 1:10. Hence, we
set the temperature of waste heat to 100-300 °C in this investigation [10].
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Figure 1. Waste heat temperature distribution from industrial processes in the U.S. in 2008, adopted
from Table 20 in the Ref. [7].

Thermodynamically, low temperatures are not very desirable for full conversion into
electricity, as exergy loss is relatively large compared to high temperature applications [11].
The combined heat and power (CHP) system represents a highly efficient pathway for
waste heat energy recovery by providing heat with useful temperatures simultaneously.
There are numerous heating needs in residential and commercial buildings. Especially in
cold climate zones, such as northern Europe, some cities and towns are already built with
hot air/water supply networks from large industrial factories. In this paper, we analyze a
smaller-scale CHP system from a heat input of up to 1000 kW. Mechanical thermodynamic
power generators have a limitation with respect to scaling down due to the increased heat
loss as the surface-to-volume ratio increases. Among the variety of thermodynamic energy
conversion technologies [12], especially for CHP systems with a relatively low temperature
heat source, organic Rankine cycles (ORCs) have been intensively studied. For example,
dynamic modeling of ORC [13] and experimental investigation for ceramic processes [14]
have been performed. The efficiency of an ORC with a variety of working fluids was
reported as 12% from a heat source of 1.3 MW ermar at 145 °C [15]. However, the smaller
the scale, the lower the efficiency. Uusitalo et al. [16] summarized the systematic test results
of smaller-scale ORCs with a recuperation system rated at 67 kWyerma input at 250 °C,
which generated 3.2-5.9 kW (net efficiency of 4.2-7.7%). Therefore, we have investigated a
novel CHP integrated thermoelectric system, which is scalable under 100 kW ermar- One
such example is residential heating applications.

The efficiency at the maximum power output of typical commercial thermoelectric
generators is slightly over 5% with today’s non-dimensional material figure of merit (ZT),
which is unity. The value is determined by Z = 0S?/k, where ¢ is electrical conductivity,
S is the Seebeck coefficient, and k is thermal conductivity. T is the absolute temperature.
The overall system efficiencies can be comparable with ORCs at this scale or smaller, accord-
ing to our model [17]. In addition, thermoelectric modules have a flexible design and are
distributed in nature. They allow integration inside heat exchangers and local optimization
in a way that is not possible with ORCs or other thermodynamic engines. Considering
the above, we explore the potential of thermoelectric energy conversion to generate power,
along with heat for hot water supply and space heating. Optimizing the system for low
temperature heat is important. We optimize the thermoelectric integrated heat exchanger
subsystem and then discuss the applicability of the temperature range, which is a result
of the design, but could be expanded in the future. The thermoelectric materials are
simply considered as commercially available bismuth telluride (BiyTe3) with ZT = 1. We
use the logarithmic mean temperature difference (LMTD) between the two fluids, which
is very commonly implemented during the design of heat exchangers and is useful for
determining the “mean” performance of the heat exchanged between the fluids.
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2. Materials and Methods
2.1. CHP System

The CHP system in this study is relatively small scale, with a heat source of a few
100 kW. In realistic systems, the feeding temperature of waste heat is a variable and not
strictly given. The origin of the waste heat is a constant temperature combustion process,
which means virtually infinite heat capacity. However, this is not the case for practical
waste heat recovery systems. Instead, we must consider a given heat flux condition, hence
the changes in the temperature of feeding hot gas depending on the thermal resistance
of the downstream (drain) to the thermal ground. The heat flux can change depending
on the upstream process, but we consider a quasi-steady state and we do not consider
the dynamic response in this work. In order to analyze the performance with such boundary
conditions, we investigated a heat flux-based model for thermoelectric (TE) integrated heat
exchanger where the output hot gas and liquid is another source of heat energy. The ideal
overall CHP system is shown in Figure 2.

Hot water supply Space heating
~50°C Water ~35°C Outdoor air
Hot gas/air .- TEHEX -~ 1 ;-----:l T or---
100-200°C — ! I OP#3 | | OP#4 1 fan
| > ! [E— !
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heating | . ower Tank ! B
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7

Figure 2. Conceptual CHP system with a thermoelectric integrated heat exchanger (TEHEX) where
the thermoelectric legs generate electrical power. There is a set of options (#1 and #2 heat exchangers)
for heat energy harvesting for the cooling water loop. Also, there is another set of options (#3 and #4
heat exchangers) for the exiting gas that remains low-grade heat but at a sufficient temperature for
generating hot water, preheating tap water for a boiler, or space heating. Note that pump and fan are
the components that require some electrical power input; thus, there is a tradeoff in obtaining net
power output from the TE system.

In a distributed CHP system, the output power may likely be consumed locally. Hot
water or gas pipelines are important for systems in buildings or at the community scale [18].
The cost and optimization of the heat energy distribution will be discussed in future work.
We expect utilization of the CHP system for smaller-scale industrial processes in addition
to residential and commercial buildings. There are many smaller-scale manufacturing
facilities around the world, including in many developing countries. We expect this
technology to be adaptable as a bottoming cycle to the exhaust heat harvesting from
fuel-burning mechanical thermodynamic systems.

2.2. Thermoelectric Integrated Subsystems

The thermoelectric integrated heat exchanger subsystem (see Figure 3) is a key part of
the above CHP system. Unlike commercial off-the-shelf thermoelectric modules, the sub-
system does not have ceramic plates that hold the thermoelectric legs. Instead, channeled
heat conduction plates hold the legs, with electrical insulator layers and printed /laminated
interconnects. There are studies [19] on the direct mount of TE legs on the microchan-
nel cold plate to minimize the interface thermal resistances to improve the heat transfer.
The fundamental idea is the same, but this integrated subsystem is designed to co-optimize
the total heat and power energy harvesting performance. This requires the design and local
optimization of thermoelectric legs that varies with the hot-side gas flow and the cold-side
water flow as the core of the CHP system.
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Figure 3. Concept sketch of thermoelectric integrated heat exchanger. The TE legs are n- and p-type
semiconductors, located next to each other. They are electrically connected in series and placed
thermally in parallel.

In the following investigation, the electrical load connected to the TE system is always
optimized. Electrical load must be adjusted to the input conditions, similarly to the max-
imum power point tracker [20] circuitry for photovoltaics. The matched load for finite
thermal resistance with constant temperature heat source and heat sink is Rrg x v/1+ ZT,
where Rt is the intrinsic electrical resistance of the TE subsystem [21]. The internal
resistance includes a total series resistance of legs, contacts, and electrical interconnects.

Temperatures across the subsystems are determined based upon the heat energy flow
balance, as shown in the following. Note that all the energy and power terms are per unit
area. In the hot-side gas flow, noted by subscript g, we have

Qg,in = mgcpg(Tg,in - Tg,out) (1)

Qg,out = mgcpg(Tg,out - Ta) (2)

In the cold-side water flow, noted by subscript w, we have
Qw,in = mwcpw(Tw,in - Ta) (3)

Qw,out = mwcpw(Tw,out - Tw,in) (4)

where T, is the ambient air temperature, which is the ultimate heat sink. It is also the tem-
perature of tap water flowing into the system, considering that it is equal to the ambient
temperature. The temperatures Ty and Ty, are not equal to the hot- and cold-side temper-
atures of the thermoelectric legs, respectively. At each leg, a difference in temperature
occurs due to the convective heat transfer from the fluid to the solid or vice versa. It is
common to expect a logarithmic temperature gradient along the channels on both sides.
An approximation can be found in heat transfer textbooks [22]. The power generated
from thermoelectric conversion is a function of T;, and T, which are the temperatures at
the terminal nodes of a thermoelectric leg.

moS2FA

Prg :Nm(

Ty —To) ®)
where N is the number of legs per unit area, F is the fill factor, A is the footprint area
of the thermoelectric module, d is the leg length, ¢ is electrical conductivity, and S is
the Seeback coefficient. Here, m is the ratio of external load over the internal resistance of
the subsystem, and the optimum ratio for the maximum power output is determined as
m = /14 ZT for the thermoelectric factor, the same as for the electrical load matching
factor [17]. This equation simply follows Ohm’s law with internal potential generation due
to V = S(Tj, — T;) for the thermoelectric leg.

We need to determine a set of fluid intermediate temperatures, which are the basis for
heat transfer via convection or radiation with the channel wall. These are directly connected
to the terminal temperatures. In order to investigate the simplest one-dimensional (1D)
heat transfer, Tj, and T, are considered to be the representative temperatures of the hot- and
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cold-sides of the numerous legs, respectively (N per unit area). An immediate challenge
that can be noticed is that the fluid intermediate temperature must be quantified first
to find Tj, and T.. However, these are changed by the active thermal resistance through
the thermoelectric leg when power is generated. Therefore, the temperature network must
be solved iteratively until the energy balance is found. The temperature profile along
the distance across the channel follows a natural logarithmic function. The log mean
temperature difference (LMTD) is determined as

(Tg,in - Tw,out) - (Tg,out - Tw,in)

LMTD =
li’l(Tg/in — Tw,out) — ln(Tg,out - Tw,in)

(6)

The modeled thermal profile in the thermoelectric integrated heat exchanger is shown
in Figure 4. The total waste heat energy is determined by the temperature difference

(Tg,in - Tw,in) .

£ Hot gas
g OTg,in
e Tym-Twm = LMTD
@
Tym
Q d
T recovere
Yn 9.0 » partial
Th
Qrecovered » P
« Tw,out TE
. T,
partial ¢
Twm
Cooling water
Location

Figure 4. Temperature profile in the flow direction across the working fluid passage channels in
the thermoelectric integrated heat exchanger. The LMTD helps to quantify the reference temperature
of hot gas and water flows. There are ways to harvest heat energy either from exit gas, warmed up
water, or both.

Then, the convective heat transfer between the fluid and the wall is given as
QrEin = Miefs(Tom — Th) 8

QTE,out = hc,eff(Tc - Tw,m) 9)

where F is effective heat transfer coefficient between the intermediate fluid temperature
and the solid wall of channel. This coefficient is mainly a convective term but can include a
non-liner radiation term if the absolute temperature is very large.

hefr = heono + USRVf‘ (Tfluz'dz - Twullz> ‘ (Tfluid + Twall) (10)

k
heono = D—thu (11)

where ¢ is the Stefan-Boltzmann constant, er is emissivity of radiation heat transfer, Vi
is the view factor, kf is thermal conductivity of the fluid, Dy, is the hydraulic diameter,
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and Nu is the Nusselt number. In this work, we used the Sieder-Tate correlation [23] for
the volumetric mean of fluid flow.

k
heony = FZNM (12)

where Pr is the Prandtl number of the fluid, %w is the ratio of viscosities of the bulk fluid to
that of the section near the wall (for considering the temperature dependency), and Re is
the Reynolds number. This correlation is valid for both gas and water for sufficiently long
channels and Re > 10, 000.
D, m
Re = p—
P I3 Ach

where p is the density of fluid, A, is the cross-sectional area of the channel, and m is
the mass flow rate of the fluid. Due to the smaller cross section of the channels relative to
the channel length on both sides, the flow regime and heat transfer characteristics follow the
microchannel or minichannel heat transfer, which is considered to be fully developed flow.

From a system perspective, the energy recovered by heat convection in the subsystem
from the hot gas is

(13)

E= 8Qw,out + PTEG (14)

where Qy,out is the drainage heat at a lower temperature that still remains a usable tempera-
ture for something else, ¢ is the effectiveness of the thermoelectric integrated heat exchanger,
and Prgg is electrical power as the output of the thermoelectric generator. The energy
supplied to the subsystem is Q, ;. Therefore, the energy harvesting efficiency is given by

_E
T Qg,in

(15)

The total energy that comes out from the subsystem must conserve the energy in-
put. Therefore,

Qg,in = gQw,out + Qg,out + PTEG (16)

The exhaust gas from heat exchange Qg out can be considered as being one of the heat
energy outputs and a potential source of useful thermal energy. This gas exit temperature
must satisfy the usable threshold Tg 51

Tg,out > Tg,usable (17)
In this special case, the efficiency becomes

77 B E, - egwlout + Qg,out + PTEG
Qg,in Qg,in

(18)

As long as Tgoyt satisfies the threshold, the effectiveness of the heat exchanger can be
smaller while maximizing Prgg. If not, it is quite important to balance the effectiveness
between the heat and electrical energy harvesting mix, depending on the electricity demand
for the application.

The Prgg described here is equal to the intrinsic power out from the thermoelectric
legs in the subsystem. However, for the whole CHP system, a tradeoff due to the power
consumption of the fan (Pr4n) and the pump (Ppypp) must be taken into account. Such
power is necessary to obtain a certain level of energy harvesting performance.

Puet = Preg — Pran — Prump (19)

This net power output (P,) replaces (Prgg) in the above equation when the whole
CHP is considered.
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2.3. Working Fluids

Water is desirable as a working fluid in general since it has a large heat capacity to
transfer the heat by mass transport. Conveniently, we can use tap water for the cold side to
warm up the working fluid for use in space heating with or without a combined thermal
storage tank. Furthermore, its higher thermal conductivity relative to the gases helps to
make the heat exchanger compact. Regarding the energy payback by introducing fluid
movers (fan and pump), the pump power is nearly proportional to the cube of flow rate,
which is also proportional to the density and the kinematic viscosity. The fluid dynamic
power is a product of pressure loss and volumetric flow rate, where pressure loss is mostly
caused by wall friction with velocity square. Considering a circular pipe and pure laminar
flow, the performance of heat transfer Q against the input fluid dynamic work W can be
determined as Equation (20) below. The larger the value, the better the waste heat recovery
applications. The last term in the equation only consists of fluid properties (k—thermal
conductivity, C,—specific heat, p—density, and v—viscosity), which we took as an index
to compare various fluids. Clearly, water is a preferable fluid for a good payback time
with high heat energy transfer. In comparison, Fluorinert FC72 (a fluorocarbon which is a
popular working fluid for cooling electronics) has an index of 28.5 at 25 °C, as calculated
from the specification data [24]. It is beneficial that the index for water increases at higher
temperatures, but its use is limited at the cold side before boiling. Therefore, water is not
suitable for the hot side. Air is abundantly available and requires no special high-cost
hermetic seal, no concern for toxicity for safety, nor requires large pressures to maintain
the properties. Therefore, we investigated the performance of the system with air for
the hot-side fluid as the reference.

0.4 1.333
Q_¢ Dihz kCPZ (20)
w2\ u pvt4

In Table 1, these related typical material properties are summarized.

Table 1. Fluid properties and heat transfer performance indexes.

Temperature Density Specific Heat Thermal Conductivity Viscosity Performance Index Relative Index

°C kg/m3 J/(kgK) W/(m-K) %106 m?/s
A 20 1.166 1005 0.0257 15.6 3.16 x 108 1.00
1 160 0.789 1017 0.0359 30.8 1.49 x 108 0.47
Steam 160 0.494 1984 0.0286 29.7 2.67 x 108 0.84
20 998.2 4181 0.594 1.01 1.36 x 1010 43.0
Water 40 992.3 4177 0.628 0.667 2.54 x 1010 80.6
60 983.2 4186 0.653 0.481 418 x 1010 132.5
80 971.8 4198 0.672 0.367 6.32 x 1010 200.1

A moderate temperature is considered for the hot gas, in a range of 100-300 °C.
The analytic model is applicable regardless of temperature regime, while properties of
the fluid should be carefully chosen. For the hot-side heat transport, a working fluid at
such a temperature is really challenging and cost ineffective; hence, gas is the natural
selection. Convection heat transfer between the gas to the solid wall is much weaker
than that of the cold-side water, as the thermal conductivity is much smaller. Hence, the
hot-side heat transfer is most likely the limiting component of the heat energy flow through
the subsystem, hence limiting the generation of thermoelectric power.

2.4. Thermoelectric Materials

The above imbalance between the hot- and cold-side thermal contacts will push
the temperature profile across the thermoelectric leg to the lower side for maximum power
output. In general, the temperature difference between the two nodes does not change as
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much as changing the asymmetric ratio, while the conversion efficiency changes due to
the thermodynamic nature. The intrinsic energy conversion efficiency is given by

B <1_TC> VIFZT -1
7 T, \/1+ZT+%

If the same temperature difference across the leg remains, the efficiency increases
slightly as the temperatures decrease. Hendricks et al. made the argument [25] that
the ideal ratio of asymmetricity is around 10-20 times for conductance of the cold side
against the hot side. Therefore, the hot-side fluid can conveniently be air or a mixed
flue gas.

Considering that the mean temperature across the leg is the reference temperature
of the material performance, the best thermoelectric material for this condition should
have a ZT peak near the quarter of temperature difference, T,r ~ Tg + (Ty — Tw) /4, or
slightly lower than that. For example, if the heat source is 200 °C, the temperature of
the ZT peak will be around 65 °C when the thermal heat sink is 20 °C. Therefore, among
the available thermoelectric materials, Bi,Tes reasonably fits this requirement, with a ZT
of more than 1.0 (both for p-type and n-type), and is widely available in the market. In
the following analyses, we used the temperature-independent material properties (absolute
value) for the thermoelectric legs of both n-type and p-type. The values are as follows:
Seebeck coefficient, 2.4 x 10~* V/K; electrical conductivity, 1.5 x 10° 1/(Q-m); and thermal
conductivity, 3.0 W/(m-K). With a temperature of 74 °C, the ZT value is 1.0. Note that due
to the fixed Z value, the ZT value is slightly larger at a higher temperature. In the cost and
power analysis, potential material properties (ZT = 1, 2, 3 by changing the power factor
or thermal conductivity) are considered for potential performance with future enhanced
materials. However, the material prices are assumed to be the same as current ones. Bi,Tes
is inherently an expensive raw material, costing as much as $500/kg.

(21)

2.5. Effectiveness of Heat Exchanger

The heat transfer effectiveness of the thermoelectric integrated heat exchanger is
an important measurement, as the outlet heat contained in the working fluids will be
used in the downstream. This is particularly important, as the CHP system has a focus
on the water temperature. A big assumption for the calculations is that heat energy
removal through the thermoelectric conversion process is a fraction of the heat flow and
could be negligible. This helps to eliminate the complexity. The conversion efficiency at
the maximum power output (for the cost effectiveness) is 7.5% or less, so the assumption
should be reasonable. The effectiveness (¢) is defined as the ratio between the heat capacities
of hot- and cold-fluid flow.

. (Tw,out - Tw,in) Cw

& = -

(Tg,in - Tw,in) Cg

where Cy and C;, are heat capacity of the gas and water flow, respectively, determined by

Cy = mgCpg and Cyy = 114Cpy. Because of the significantly different properties, the chan-

nel diameter is designed differently. Including some reasonable design for manufacturing,

we used channel dimensions of 2 mm diameter for the water passage and 10 mm diameter
for the gas passage.

(22)

2.6. Thermoelectric Optimum Design

The length of the thermoelectric elements (legs) has been optimized with respect to a
fixed cross-section area of 0.1 mm?, with a fill factor of 10% and 1 x 10° elements per 1 m.
Relatively, this fill factor number is aggressively small, but it is helpful for a cost effective
solution in addition to lowering the profile of the thermoelectric integrated heat exchanger.
The optimum leg length for the maximum power output [26] can be determined as
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4
dopt = EmkFA Yoy (23)

where k is the thermal conductivity, F is the fill factor, A is the cross-sectional area of
the thermoelectric leg, and the thermal resistance ¥ at both the hot and cold terminals is
calculated from the heat transfer coefficients. The variable « is the asymmetric factor of
the thermal system; & = 2 when the system is perfectly symmetric. In the studied case,
the system was highly asymmetric, as the ratio of the hot-side thermal resistance to that of
the cold side ranged from 10 to several 100, depending on the flow rate. The « value varies
between 1.95 and 1.99, according to the ratio. This factor is considered to be an insignificant
factor and has thus been excluded from the results. The key investigation in this work is
that the temperature at the node is not fixed, but a function of fluid flow.

2.7. Uncertainty

The sources of uncertainty for performance prediction lie in the material properties,
especially their temperature-dependent characteristics, heat transfer coefficients, and some
geometry-dependent properties such as contact interface resistance inside the thermoelec-
tric module. In addition, the factors not taken into account in the presented analysis are
the tolerance and allowance of manufacturing. As the physical device and the system have
been designed with respect to a specific manufacturing process, the potential uncertainty
can be determined.

3. Results and Discussion
3.1. Performance Analysis

An analytic thermoelectric performance model following Ref. [17] was used to evaluate
the performance of the thermoelectric integrated heat exchanger subsystem. The calculation
was conducted for a 200 °C heat source supplied by the mass flow of gas, as this is typical.
As aforementioned, however, the temperature gradient across the thermoelectric legs is
not given because the accessible fluid temperature changes according to flow rate and is
partially converted to electricity. The heat input and output are constrained by the source
and the sink heat capacities, which are the product of mass flow rate and specific heat.
In order to identify an economically meaningful solution, we pursued the design for
maximum power output. Figure 5 shows the ratio of the leg length relative to the one
at maximum power output with fixed node temperatures. It can be seen that in the case
of heat flux boundary conditions, the legs are longer than those for fixed-temperature
reservoirs. The ratio changes depending on the hot-side heat input as the cold-side flow
rate is kept constant. Figure 6 shows a detailed analysis of the impact of design (leg length)
at the matched heat capacity between the hot gas and cold water (C; = Cy). A value of
d/d0 = 0 virtually corresponds to a case of a heat exchanger without thermoelectric legs
in place.

180%

170% | ‘o
L)
160% | g
L2
150% 0o
=
140% ol

130%
120%
110%

d/d0 at maximu net power output

100%
0 100 200 300 400
Hot gas heat input [kW/m?]
Figure 5. Optimum thermoelectric leg length d relative to the optimum 40 for the constant tempera-
ture case. All data points are the results for the matched heat capacity between the hot gas and cold
water (Cg = Cyw). Cold-side temperature T; is nearly the same as T, due to the very high heat transfer
coefficient at the cold side (water cooling) compared to the hot gas.
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Figure 6. Energy harvesting efficiency from the thermoelectric integrated heat exchanger. The opti-
mum design for the thermoelectric leg length d is 1.6 times longer than the optimum 40 for constant
temperature boundary conditions. All data points are the results for the matched heat capacity
condition between the hot gas and cold water (Cg = Cy), where g = 0.21 kg/s and 71, = 0.05 kg/s;
both are for per unit area (1 m?) of the footprint of the thermoelectric integrated heat exchanger.
A longer leg design provides a large temperature gradient across the thermoelectric legs, which
increases the electrical power output and drastically decreases the heat harvesting due to the low

thermoelectric conversion efficiency.

Figure 7 shows the potential energy harvesting from the two heat outputs (water and
gas) as well as the thermoelectric power. In practice, different energy harvesting options
need to be optimized. The thermoelectric module enables electrical power when it is
needed, and the heat output must match the temperature of the application, such as water
boiler or space heating, etc.

100.0% = Qg harvesting
L>). =T S~
£ 100% |+ —
S Q,, harvesting
&
> T1E output
20
o 1.0%
o
w

0.1%
0.1 1 10

Heat capacity ratio C,/C,,

Figure 7. Energy harvesting efficiency as a function of heat capacity ratio, with a constant flow rate
for water of Cy, = 0.05 kg/s per unit footprint (1 m?). This figure shows the maximum harvesting
potential through the CHP system. TE output represents the electrical power output and Q represents
the maximum potential of heat harvesting, where subscript g is hot gas and w is cold water. The actual
heat harvesting depends on heat exchangers and the required temperature for each application.

As we change the heat capacity ratio between the water and gas channels by changing
the water flow rate alone, the power output and efficiency change (Figure 8).
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Figure 8. Power output and TE conversion efficiency as a function of the heat capacity ratio between
the water and gas, with the water flow rate fixed at C, = 0.05 kg/s.

With this behavior, there are two definitions of efficiency (Figure 9). The smaller
efficiency is the one we already defined with Equation (15), which determines the power
generation performance of the thermoelectric integrated heat exchanger. The other is an in-
trinsic conversion efficiency which only considers the heat flow through the thermoelectric
legs. This is most often used as the thermoelectric subsystem conversion efficiency.

0.56% 1.96%
-

= 250

Power output
=
ul
o

0% 1% 2% 3%
Efficiency

Figure 9. Power output vs efficiency. The dashed curve shows the efficiency with respect to the
net heat input to the thermoelectric legs and the solid curve shows the efficiency with respect to
the overall heat input to the CHP system. In this particular case, the maximum power output was
355 W/m?, with a hot gas flow rate of 0.36 kg/s and water flow rate of 0.05 kg/s.

In this configuration, the peak power is observed at Qg,out equal to 71% of Qg,in. Asa
heat exchanger, the performance of heat transfer by contacting two fluids is measured by
effectiveness [27], which can be found in the heat exchanger books as

_ Tw,out - Tw,in & (24)

Tg,in - Tw,in Cg

This is an index of what ratio of heat is extracted through contact via a thermally

conductive separator. Figure 10 shows the effectiveness as a function of the ratio of the heat

capacities in the hot gas and cold water channels. From an experimental perspective,
the effectiveness is also given by

T —T,in C Tyin— T
e — gout gin =g __ gin gout (25)
Tg,in - Tw,in Cg Tg,in - Tw,in
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Figure 10. Effectiveness of the thermoelectric integrated heat exchanger. This number suggests
that the hot-side gas exhaust will be valuable for heat energy harvesting. However, a smaller value
suggests that electrical power and cold-side heat harvesting can become more fruitful.

This number is used to determine whether the exhaust gas is valuable for harvesting
the contained heat. Based on the second law of thermodynamics, low temperatures do not
have much potential to generate work.

In the calculation, it is important to find the temperature at the nodes of the ther-
moelectric leg and the temperatures of exiting fluids. Figure 11 shows the temperature
distribution depending on the flow rate. Figure 12 shows the temperature profiles along
with the working fluid flow for three different heat capacity ratios.

490

Tw,in

10

Heat Capacity ratio C,/C,,

Figure 11. Temperature distribution vs heat capacity ratio. The temperatures of water inlet and
hot-gas inlet are constant. As hot-gas heat capacity increases, the entire temperature decreases on
the hot-gas side and increases on the water side. At some point, the outlet temperature of gas and
water switched over. Therefore, around that point, the heat harvesting strategy may change, and
most of the hot-gas heat is transferred to the water.

510 510
7;g_,in C/Cw=0.1 480 TgLin Cg/Cu=10 480 Tg,in, Cg/Cy = 10.0
—————————— PO ,out TSl .
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Figure 12. Temperature profile across the heat exchanger channels for the cases of Co/C;y = 0.1, 1, and 10.
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According to the power vs efficiency analysis, it was found that the maximum power
output was found at a heat capacity ratio of 7.2. In this case, the water outlet temperature
likely exceeds the boiling point temperature under atmospheric pressure, which brings in
another modeling concern, namely “phase-change”, causing this analysis to become no
longer valid. However, this result suggests a potential application of useful boiling heat.

3.2. Cost Analysis

In practical applications, the cost for power or the cost for heat harvesting are impor-
tant metrics to determine economic viability. In this cost analysis, only the material cost
(e.g., mass (kg)) was included, based on the dimensions and density and using the market
price ($/kg). Power output for a given material mass was calculated, adding the thermo-
electric material, the cold plate with water passage, and another plate with gas passage.
The cost for the heat transfer section draws upon data for the mass per thermal resistance
for both the hot- and cold-side plates [28]. Figure 13 shows the cost as a function of the flow
rate of the working fluid. Figure 14 shows similar but as a function of heat capacity ratio.

100

Subsystem cost [$/W]

Mg var.

0 0.5 1 1.5 2
Flow rate [kg/s] per unit area

Figure 13. Subsystem material cost ($/W) vs flow rate. The flow rate of either the hot gas (i) or
the cold water (71y,) is variable. The cost contains the materials needed to make the substructure
system. In particular, the thermoelectric material cost ($500/kg) is a major factor. This calculation
assumes an aggressively small fill factor of 10%.

100
-
_ my,var. -~
E _./'/
w, ,/'/
4= T
2 -~
S 10 -
£ 7
(O]
4 Xl ="Cw
3
=
n .
\ Thg var.
— Mg\
1
0 2 4 6 8 10
Cg/CW

Figure 14. Subsystem material cost ($/W) vs heat capacity ratio Cg/Cy.

Based on the US national average end-user electricity cost of $0.1165 per watt for all
sectors in August 2021 [29], the return-on-investment (ROI) time of 3.97 years is calculated
at the design point of C; = Cy. The minimum ROI time was found to be 1.24 years at
g = 2.0 kg/s and my, = 0.05 kg/s, where both are per unit energy harvesting area.
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The impact of the material’s figure of merit (ZT value) on the cost and power is an
important factor. Figure 15 shows the performance with respect to design (leg length
d/d0) for the cases with potentially improved properties (increasing the power factor or
decreasing the thermal conductivity by factors of 2 and 3). As expected, the enhancement
of material properties has a non-linear and substantial impact on both power and cost.
Figure 15a shows the case of increasing the power factor alone, while Figure 15b shows
the case of decreasing the thermal conductivity alone.

b)
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Figure 15. Subsystem cost ($/W) and power output vs leg design (d/d0) with varying ZT value. This result shows the
case of matching heat capacities (Cg = Cy). Power output hits its peak at around 1.6 x d0, as previously mentioned, while

system cost ($/W) hits its minimum at around 0.25 x d0. The cost per power improves significantly by reducing thermal

conductivity alone compared to changing the power factor by benefitting from reducing the mass of thermoelectric material

at the maximum power output design.

4. Conclusions

Waste heat recovery from heat sources at low temperatures (from 100 °C to 300 °C)
is crucial since such low-grade heat contains more than half of the unused energy from
primary resources, e.g., fossil fuels. We investigated a thermoelectric integrated heat
exchanger subsystem for CHP waste heat recovery. Optimization of the subsystem allows
a low cost per power value of 3-4 $/W and a fast return of initial investment, as low
as 1.24 years for electricity alone, even with using off-the-shelf thermoelectric materials
(ZT =1). The above calculations consider only the material cost, which is the limiting
factor for high volume production. At moderate volumes, system cost may be about triple
the material cost (e.g., an ROI of about 4 years is estimated). Future improvements can be
more than doubled with advances in TE materials (ZT =1, 2, 3). As part of a CHP waste
heat recovery in distributed and small-scale systems, the thermoelectric integrated heat
exchanger provides a heat source at appropriate temperatures for various applications.
The downstream of both the gas and water flow can be a source of warm water, boiler input,
or space heating. The flow rate of the hot-side gas affects the system performance and
cost more than the flow of cold water. Therefore, the moderate electro-thermal conversion
efficiency is not a stand-alone factor, but must be considered as a design factor depending
on the demand for electrical energy harvesting in the CHP system. The exhaust temperature
is a key metric for such heat usage.

In our method, the previously developed analytic model and the classical heat ex-
changer model are combined to calculate the temperature difference across the thermoelec-
tric legs along a counterflow heat exchanger. Our analysis shows that the optimum design
of the thermoelectric leg must be longer than those required for fixed temperature heat
reservoirs. The optimum design is different since the practical heat sources at both the hot
and cold outlets are finite heat energy reservoirs. We found that the optimum leg length for
the maximum power output is 1.4-1.7 times longer than the leg design for the fixed temper-
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ature case. This is due to the additional thermal resistances involved due to the convective
heat transfer and mass energy transport across the heat exchanger channels. The maximum
power output does not match the cost minimum ($/W) due to the requirement of longer
legs, which corresponds to a greater mass of expensive thermoelectric material.
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Abbreviations

CHP combined heat and power

Cg heat capacity of hot gas flow

Cw heat capacity of cold water flow

LMTD  logarithmic mean temperature difference
ORC organic Rankine cycle

TE thermoelectric
TEHEX thermoelectric integrated heat exchanger
ZT thermoelectric figure of merit
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