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Small-scale power sources should be developed with the rapid development of portable electronic
equipments. This study presents a mesoscale combustor-powered thermoelectric generator (MCP-TEG).
The MCP-TEG generates an electric power of 1.88 W with an overall efficiency of 1.74% at a substantial
low hot-end temperature of 95 °C. The relationship among overall, combustion, heat collection and
thermoelectric (TE) efficiencies was firstly established in this work. Detailed analysis reveals that the
gap between the overall and TE efficiencies is mainly determined by combustion and heat collection
efficiencies, and heat collection efficiency is closely related to the residence time of flue gases and
preheating design of reactants. The obtained heat collection efficiency is larger than 77.4%, which
augments the ratio of overall efficiency to TE efficiency reaching 75.3%, indicating that the present
MCP-TEG is well designed. The state of the art of MCP-TEGs is partially revealed, indicating that the
ratio of overall efficiency to TE efficiency is an effective metrics to evaluate the performance of various

MCP-TEGs.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Rapid development of portable electronic equipment such as
mobile phones, laptops, and wearable medical devices, has stim-
ulated the R&D of small-scale power sources. The essential stim-
ulus is the higher energy density of hydrocarbons compared
with rechargeable batteries. For example, the energy density of
methane is 15,416 Wh/kg, which is much higher than the en-
ergy density of lithium battery (200-300 Wh/kg). This condition
implies that methane provides 5 times higher energy density
than lithium battery at 10% energy conversion efficiency. In addi-
tion, batteries have inherent disadvantages, such as long recharg-
ing time, limited life, and adverse environmental impacts. Less
than 3% of lithium batteries were recycled, and the rest were
landfilled (Sonoc et al., 2015). Thus, hydrocarbon-powered mi-
cro/mesoscale power systems have attracted substantial interest,
which are addressed in existing studies.

Micro gas turbines (Xiao et al.,, 2017), fuel cells (Zhang et al.,
2018), thermophotovoltaic (TPV) generators (Mustafa et al., 2017),
and thermoelectric generators (TEGs) (Mustafa et al., 2017) have
been used as micro/mesoscale power systems. Although micro
gas turbines and fuel cells perform efficiently, their maintenance
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hinders their application. These problems include high-speed
rotating parts, high-temperature bearing, and noises for micro
gas turbines, and humidification, hydrogen storage, and safety for
fuel cells. TPV generators and TEGs are straightforward systems
and subjected to low maintenance because of their small moving
parts. However, TPV generators and TEGs have limited conversion
efficiency. Material revolution has accelerated in the past few
years, creating excellent TE (Zhao et al., 2014c) and PV materi-
als (Essig et al., 2016). Thus, existing studies on TPV generator
and TEGs are indispensable.

A micro/mesoscale combustor-powered TEG (MCP-TEG) was
investigated in the present work. An MCP-TEG utilizes the See-
beck effect, which converts temperature difference into electrical
energy. Thus, the MCP-TEG is a promising solution for portable
power sources. A brief literature review on MCP-TEGs is provided
in the following section. Detail performance of these reported
studies (Vican et al.,, 2002; Norton et al., 2005; Federici et al.,
2006; Yoshida et al., 2006; Karim et al., 2008; Jiang et al., 2011;
Marton et al.,, 2011; Shimokuri et al., 2015; Yadav et al., 2015;
Singh et al., 2016; Merotto et al., 2016; Shimokuri et al., 2017;
Abedi et al., 2017; Aravind et al., 2018b,a; Fanciulli et al., 2018;
Aravind et al., 2019; Guggilla et al., 2019) are shown in Table 1,
where 7guel, Mhear and 75y are combustion, heat collection and
overall efficiencies, respectively.

Researchers made great efforts to generate a watt of elec-
tric power with their MCP-TEGs before the year of 2010. Vican
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Nomenclature

Aflue Cross sectional area of flue gas channel
(m?)

Asurf Outside surface area of insulation (m?)

Cp Heat capacity (kJ/kg K)

Rair Convective heat transfer coefficient
(W/m? K)

k Thermal conductivity (W/m K)

L Length of thermoelectric leg (m)

Liue Length of flue gas channel (m)

Mflye Mass flow rate of flue gases (kg/s)

Miyel Fuel mass flow rate (kg/s)

Mpurnt Combusted fuel mass flow rate (kg/s)

n Electrical resistivity ratio (m)

P Electric power (W)

Peonv Heat loss rate through convections (W)

Priye Heat flow rate of flue gases (W)

Pin Input power (W)

P Load power (W)

Prax Maximum electricity power (W)

Prad Heat loss rate through thermal radia-
tions (W)

Prg Heat power through TE modules (W)

Qfiue Volume flow rate (m?3/s)

r Thermal contact ratio (dimensionless)

Rid Load resistance (£2)

T Temperature (°C)

Tave Average temperature, (T, + T¢)/2 (°C)

T. Cold-end temperature (°C)

T¢ Combustion temperature (°C)

Th Hot-end temperature (°C)

Tin Inlet air temperature (°C)

Tout Flue gas temperature (°C)

Tsurf Outside surface temperature of insula-
tion (°C)

AT Temperature difference (°C), AT =
Th_Tc

U Voltage (V)

w Ratio of ceramic thickness to thermo-
electric leg (dimensionless)

V4 Thermoelectric figure-of-merit (1/K)

o Seebeck coefficient (V/K)

P Electrical resistivity (£ m)

1) Equivalent ratio (dimensionless)

g Emissivity (dimensionless)

T Residence time (ms)

o Stefan-Boltzmann constant (W/m? K#)

Nuel Combustion efficiency (%)

Theat Heat collection efficiency (%)

et al. (2002) from Princeton University presented an MCP-TEG. An
electric power of 0.052 W was obtained, and the corresponding
overall efficiency was 0.57%. Several researchers (Norton et al.,
2005; Federici et al., 2006; Karim et al., 2008) from University of
Delaware designed several MCP-TEGs. The catalytic fuel combus-
tions in these studies (Norton et al., 2005; Federici et al., 2006;
Karim et al., 2008) were approximately complete. The maximum
electric power was 1 W (Norton et al., 2005), and the overall
efficiency was 1.1% (Karim et al, 2008). A similar work was

Nsys Overall efficiency (%)

NTE TE efficiency (%)

& heat Heat loss ratio (%)

Abbreviations

CTC Catalytic combustion

DAQ Data acquisition

DTC Direct combustion

IR Infrared

MEFC Mass flow rate controller

SLPM Standard liter per minute

TE Thermoelectric

TEG TE generator

TPV Thermophotovoltaic

MCP-TEG Micro/mesoscale  combustor-powered
TEG

conducted by Yoshida et al. (2006). The electric power was 0.185
W due to the limited input power, and the overall efficiency
was increased to 2.8%. Jiang et al. (2011) from Guangzhou In-
stitute of Energy Conversion of China proposed another type of
MCP-TEG in 2011, and successfully generated an electric power
of 2 W with an overall efficiency of 1.25%. Their combustor
worked without catalytic material, and directly ignited the fuel to
maintain continuous combustion. Catalytic combustion has been
applied in other studies. Marton et al. (2011) from Massachusetts
Institute of Technology obtained an electric power of 5.82 at an
overall efficiency of 2.53%. A new record of electric power (18.1
W) was reported in Shimokuri’s studies from Hiroshima Univer-
sity (Shimokuri et al., 2015, 2017) in 2017. Their vortex burner
augmented the overall efficiency to 3.01%. Researchers (Yadav
et al, 2015; Aravind et al, 2018b,a, 2019) from Indian Insti-
tute of Technology Bombay conducted subsequent studies. They
obtained higher overall efficiencies (>4.0%) in water-cooled MCP-
TEGs (Yadav et al,, 2015; Aravind et al., 2018b,a) compared with
previous studies and high overall efficiency (2.5%) in their air-
cooled MCP-TEGs (Aravind et al.,, 2019). Singh et al. (2016) from
Cardiff University reported an overall efficiency of 1.42% and
approximately complete fuel combustion. Catalytic combustion
was optimized by several researchers (Merotto et al., 2016; Abedi
et al,, 2017, and Fanciulli et al., 2018) from National Research
Council of Italy. Maximum electric power of 9.86 W was ob-
tained (Merotto et al., 2016), and the overall efficiency varied
between 1.1% (Fanciulli et al., 2018) and 2.85% (Merotto et al.,
2016). Guggilla et al. (2019) from Rowan University proposed an
MCP-TEG. They obtained good results but the overall efficiency
was limited.

As previously discussed, MCP-TEGs burn gas/liquid fuels, and
directly convert heat into electricity. Stove-powered TEGs by
burning solid fuels have been extensively investigated by Nuway-
hid et al. (2005), Najjar and Kseibi (2017), O’Shaughnessy et al.
(2015), Champier et al. (2011), Montecucco et al. (2017), and
Sornek et al. (2019). They presented different prototypes of stove-
powered TEGs, which obtained electric power of 75.2 W (Sornek
et al,, 2019) and TE efficiency of 5% (Montecucco et al.,, 2017). A
brief review on stove-powered TEGs can be found in our previous
work (Li et al., 2018). Other energy harvesting systems includ-
ing combustion powered piezoelectric generators (Zhao et al.,
2014a; Zhao and Ega, 2014) and bladeless electromagnetic gen-
erators (Zhao et al, 2014b) are under development in recent
years.

In the present work, an MCP-TEG was presented and evalu-
ated in terms of heat collection efficiency to increase the overall
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Table 1

Performance comparisons of various MCP-TEGs.
Authors Year Th AT Efficiency (%) Prax (W) Reaction type” Notes

Nheat Nsys Nfuel

Vican et al. (2002) 2002 115.5 92.5 - 0.57 100 0.052 CTC
Norton et al. (2005) 2004 - 253 - ~0.85 100 ~1 CTC Case: Hj/air mixture at ¢ = 1.0
Federici et al. (2006) 2006 170 85 19.3 0.51 100 0.45 CTC Case: 1.4 SLPM
Yoshida et al. (2006) 2006 125 70 30-44 2.8 99.5 0.185 CTC “Data from different cases
Karim et al. (2008) 2008 - 160 - 1.1 100 0.65 CTC
Jiang et al. (2011) 2011 200 130 - 1.25 100 2 DTC
Marton et al. (2011) 2011 312 266 - 2.53 100 5.82 CTC
Shimokuri et al. (2015) 2015 156 126 - 223 100 4.76 DTC Nsys = 2.36% at Ppgx = 8.1 W
Yadav et al. (2015) 2015 250 - - 4.6 - 2.35 DTC
Singh et al. (2016) 2016 197 88 - 1.42 100 3.54 DTC Case: 250 W input power
Merotto et al. (2016) 2016 258 200 - 2.36 96 9.86 CTC Nsys = 2.85% at Ppgx = 6.78 W
Shimokuri et al. (2017) 2017 200 165 75.3 3.01 86.9 18.1 DTC
Abedi et al. (2017) 2017 168 150 - 227 96.4 5.92 CTC
Aravind et al. (2018b) 2018 130 929 34.4 4.03 - 3.89 DTC “Data from different cases
Aravind et al. (2018a) 2018 150 115 335 4.66 - 4.52 DTC “Data from different cases
Fanciulli et al. (2018) 2018 160 128 94 1.1 56 0.84 CTC Nsys = 1.4% at Ppox = 0.6 W
Aravind et al. (2019) 2019 221 124 25.7 25 - 24 DTC Case: 10 m/s, Fin+Fan at 3000 rpm
Guggilla et al. (2019) 2019 140 62 - 0.1 70 0.49 CTC
Present 2019 95 74 77.4 1.74 97.4 1.88 DTC

- denotes not-found or not-studied.

?Denotes that a complete set of data cannot be found. Data from close cases were listed for comparison and discussion purpose. Certain uncertainties should be

aware.
PCTC and DTC denote catalytic-combustion and direct-combustion, respectively.

efficiency while keeping the hot-end temperature lower than 100
°C. The MCP-TEG burned methane with designed input power
between 72 W and 108 W, and produced a maximum electric
power of 1.88 W. The corresponding overall efficiency was 1.74%
at the hot-end temperature of 95 °C. The ratio of overall efficiency
to TE efficiency reached 75.4%, which was higher than those in
previous studies. Detailed comparisons and discussions on the
experimental results with previous studies were presented.

2. Methodology
2.1. MCP-TEG configuration

The configuration of the proposed MCP-TEG is shown in Fig. 1.
It was composed of a mesoscale combustor, two TE modules,
and two water-cooled heat sinks. The mesoscale combustor was
assembled with two copper plates featured by multiple notch
grooves, and its overall dimensions were 40 mm x 40 mm X
16 mm. The combustion zone was located in the center of the
copper plate. Fuel was injected through two 1 mm x 2 mm
nozzles, and air was supplied through four 1 mm x 5 mm spouts.
The channel hydraulic diameters of fuel, air, and flue gas were
2, 5.7 and 7.5 mm, respectively. The ratios of channel length to
channel hydraulic diameter for fuel, air, and flue gas were 22,
10.9, and 14.9, respectively. This design increased the residence
times of reactants and flue gases. The residence times of fuel, air,
and flue gas were approximately 59, 78 and 60 ms respectively
at the largest input power (108 W). The residence times for fuel
and air were estimated based on inlet temperature (Ti,), and the
residence time for flue gas was calculated based on the average
temperature between flue gas temperature (T,,;) and combustion
temperature (T;). One TE module was sandwiched between the
combustor and water-cooled heat sink. Thus, two TE modules
and two water-cooled heat sinks were used in the MCP-TEG.
Commercially available Bi,Tes-based TE modules, type “TEG1-
12708 (SAGREON Co. Ltd., China) with dimensions of 40 mm
x 40 mm x 3.3 mm, were utilized in the proposed MCP-TEG.
Its performance from datasheets provided by the manufacturer
indicated that it performs well compared with similar TE mod-
ules from different manufacturers. The TE module generates an
electric power of 8.2 W at a temperature difference of 200 °C.

Temperature-dependent properties of the TE material were used
to theoretically calculate the TE efficiency. The water-cooled heat
sink has M-shaped channels inside, and its dimensions are 40 mm
x 40 mm x 12 mm. According to Chou's review (Chou et al,,
2011) and Singh’s work (Singh et al., 2016), the combustor was
categorized as a microscale one when the burner dimension is in
the magnitude of millimeter (less than 4 mm); while the com-
bustor with a burner dimension in the magnitude of centimeter
(~2 cm) was classified as mesoscale. For a mesoscale combustor,
the input power could be as high as a thousand watts, such as 600
W in Shimokuri’s work (Shimokuri et al., 2017). Concerning that
the burner dimensions in the present work are 13 mm x 6 mm
x 5 mm, the combustor could be categorized as a mesoscale one.

2.2. Experimental setup

The experimental setup is shown in Fig. 2. Two Alicat mass
flow controllers (MFCs) were used to supply methane and air.
The accuracy of MFC is £0.8% plus 0.1% of full scale (MFC for
methane: 33.3 ml/s, MFC for air: 333.3 ml/s). Flue gas emissions
(CO,, CO, and NO) were measured with a Testo 340 gas analyzer.
The accuracies of CO,, CO and NO measurements are 0.2%vol.,
10%vol.,, and 5 ppm, respectively. A thermocouple measuring
combustion temperature is located in the combustion chamber,
and two other thermocouples were located near the hot-end
and cold-end sides of the TE module. Inlet air temperature and
outlet flue gas temperature were also measured. The accuracy
of thermocouples is 0.5%. The temperature signals were recorded
with an Agilent-34970A data-acquisition (DAQ) instrument com-
bined with a Benchlink Data Logger program. A Dali T8 infrared
(IR) imager with 25 pwm resolution was used to observe the
temperature distribution of MCP-TEG and to estimate heat losses
through convections and thermal radiations. Power load feature
was measured with a Prodigit 3311F electronic load, and its
measuring accuracy is £0.5%. To keep the cold-end temperature
low, a water pump, a radiator, and three blowers were used to
dissipate heat from the cold-end of TE modules.

The input power in the present work were set to 72, 84, 96,
and 108 W. These input powers were calculated by multiplying
the mass flow rate of methane and the corresponding low heat
value. The equivalent ratios were set to 0.9 and 1.0, and the fuel
mass flow rate was kept constant when modifying the equivalent
ratio. Errors of the measured parameters are listed in Table 2.
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Fig. 1. Configuration of MCP-TEG.
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Fig. 2. Schematic of experimental setup.

2.3. Parameter definitions

Table 2 .

Errors of the measured parameters. Fuel and alrientered .the combu;tor, and bgcame ﬂue gases
Parameter Error Parameter Error throggh a chemlcall react}o.n (catglytlc combustion or direct com-
U (voltage) 1005% P (electric power) T05% bustion). Combustion efficiency is defined as follows,

T (temperature) +0.5% m (mass flow rate) +0.9% Mpurnt

o, +0.2% co +10 ppm Nfvel = , (1)
NO +5 ppm Tfuel +1.1% Mfuel

Nheat +5.6% Nsys +1.4%

where myye and mpye are the fuel (CHy) mass flow rate and

combusted fuel flow rate, respectively. mpym: can be obtained
by measuring the CO, concentration in the flue gas without
considering the CO concentration. This assumption was justified
because CO concentration was low, which will be discussed in
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Section 3.4. Thus, CH,4 oxidation can be expressed as,
CH4 4+ 20, — CO, + 2H,0(g). (2)

This condition implies that CO, concentration is directly pro-
portional to that of combusted CH, mass flow rate because no
volume is created or vanished before and after the reaction.
Meanwhile, heat is released through combustion, but only part of
the heat can be collected and passed through TE modules. Thus,
the heat collection efficiency is defined as follows,

Pre
NfuetPin
where Pj, is the input power. Prg is the heat flow rate passing

through the TE modules, which is difficult to be measured. Prg is
obtained by using the following equation.

(3)

Nheat =

Prg = nyetPin — Pﬂue — Peony — Prag, (4)

where Pgye, Peonv, and Praq are heat flow rate of flue gas, heat loss
rate through natural convections, and heat loss rate through ther-
mal radiations, respectively. The calculations of Pgye, Peony, and
Praq Will be discussed in Section 3.1. TE modules directly convert
part of Prg to electricity. Thus, TE efficiency, overall efficiency, and
heat loss ratio can be defined as,

PmaX
nTE = , (5)
Prg
Pmax
= 7’ 6
Nsys P, (6)
Peony + P
Epoye = o T Trod 7)

Pin
where P,y represents the maximum electric power generated by

TE modules. Thus, the overall efficiency should be less than the
TE efficiency, and their relationship can be expressed as follows:

Nsys = MNfuelTheat T TE- (8)

TE efficiency can be theoretically predicted as follows (Rowe,
1995; Rowe and Gao, 1998).

Th— T, T —T,
) {(1 +2rw) [2 - 05 ("C)
Th Ty

4 14+n/L\7) "
+\ == il , 9
ZTy 1+ 2rw
where T, and T. are the hot-end and cold-end temperatures,

respectively. The figure-of-merit (Z) is defined as follows:

(XZ

=, (10)
kop

where « is the Seebeck coefficient, p is the electrical resistivity,
and k is the thermal conductivity. r is the thermal contact ratio,
w is the ratio of ceramic thickness to the length of TE leg, and n
is the electrical resistivity ratio. For the TE module adopted in the
present work, w = 0.516. r and n are 0.2 and 0.1, respectively,
which are widely used for TE modules with ceramic substrates
and type-A configuration (Rowe and Gao, 1998). L is the length
of TE leg. Temperature dependent properties (&, p, k, shown in
Appendix A) were used to calculate Z. The ZT,,. value varies
between 0.86 and 0.88, where Ty, = 0.5(Ty, + T¢). The residence
time (7) of flue gases is estimated as follows:

1000A e Litue
T=—""-+",
Qﬂue

where Qfye, Afiue, and Lgye are the volume flow rate of flue gases,
cross sectional area of flue gas channel, and flue gas channel
length, respectively.

(11)

3. Results and discussions
3.1. Temperature profiles

Combustion temperatures under various input powers and
equivalent ratios are shown in Fig. 3. A thermal image at ¢ = 0.9
with input power of 108 W is shown in Fig. 3(b). The combustion
temperature was considerably high. For example, the combustion
temperature was 1239 °C when the input power was 108 W
at ¢ = 0.9. Thus, sustained combustion and high combustion
efficiency can be ensured. The hot-end temperature was lower
than 100 °C because of the heat adsorption of TE modules through
copper-based combustion walls. The combustion temperature at
¢ = 1.0 was lower than those at ¢ = 0.9, indicating that the com-
bustion efficiency at ¢ = 0.9 was higher than those at ¢ = 1.0. The
thermal image showed that the entire MCP-TEG remained at low
temperature level except the area near the flue gas spout because
this area was difficult to wrap insulation materials. The thermal
image was used to estimate the heat losses through convections
and thermal radiations.

The hot-end temperatures and temperature differences under
various load resistances at different input powers and equivalent
ratios are shown in Fig. 4. Although the hot-end temperature was
lower than 100 °C, temperature differences were large, and com-
parable to several previous studies (Vican et al., 2002; Federici
et al,, 2006; Yoshida et al., 2006; Singh et al., 2016; Shimokuri
et al., 2015). For example, the highest hot-end temperature was
95 °C, and the corresponding temperature difference was 75 °C.
The hot-end temperatures and temperature differences at ¢ =
0.9 were higher than those at ¢ = 1.0 under the same input
power, which were caused by different combustion efficiencies.
For example, the averaged hot-end temperatures and tempera-
ture differences of P, = 108 W were 91.6 °C and 71.3 °Cat ¢ =
0.9, whereas the averaged values were 82.9 °C and 61.6 °C at ¢
= 1.0 under the same input power.

The heat flow rate of flue gases can be obtained as follows:

Prye = mﬂuecp(Tout —Ty) =184 W, (12)

where T, and T, are direct measurements with thermocouples.
For the experimental case at P, = 108 W and ¢ = 0.9, Toyt =
346.3 °C, T, = 19 °C. mgye is the mass flow rate (4.1107> kg/s)
of flue gases, which can be determined by the total mass flow rate
of methane and air. As a result, the heat flow rate of flue gases
was calculated to be 18.4 W, and it occupies 17.1% of the input
power.

The natural convective heat transfer coefficient, hy, is as-
sumed to be 10 W/m? K for the insulation layer of the mesoscale
combustor, and the corresponding emissivity was calibrated to be
0.6 with the IR camera and a type K thermocouple. Therefore, the
heat losses through natural convections and thermal radiations
are estimated as follows,

Peony + Prad = hairAsurt(Tsurt — Tin)

+e0 Aurt [ (Tours + 273)* — (Tin + 273)]
3.62W+1.63W

=525W,

where Ty,f and Asy,f are the outside surface temperature (77.5 °C)
and area (0.00608 m?) of the insulation layer. The convective heat
loss is subjected to certain errors because the natural convective
heat transfer coefficient lies between 5 and 15 W/m? K (Holman,
2008). Given the fact that the convective heat loss rate (3.62
W) occupies only 3.35% of the total input power (108 W), and
that only 0.05% difference was obtained for the TE efficiency, this
assumption is justified.

(13)
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3.2. Power load features

The load powers and corresponding voltages under various
load resistances, input powers, and equivalent ratios are shown
in Figs. 5 and 6. For the proposed MCP-TEG, lean combustion is
required to obtain a good combustion performance. As shown
in Fig. 5(a)-(b), the load powers at ¢ = 0.9 were higher than

those at ¢ = 1.0. For example, the maximum load power was
1.88 W at ¢ = 0.9 when the input power was 108 W, whereas
the maximum load power was 1.48 W at ¢ = 1.0 when the
input power remained unchanged. This condition was caused by
different combustion efficiencies at these equivalent ratios, which
were directly proportional to the actual heat release rates. The
load power decreased with the decrease of equivalent ratio to
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0.8, which was caused by introducing too much diluent airs. Fur-
thermore, the load resistance affects the load power significantly,
which is controlled by the impedance matching principle. As a
result, the increase of voltage shown in Fig. 6 is not necessary
to generate a larger electric power than those cases with low
voltages, and the increase of voltage with load resistance is due
to the fact that the load resistance is connected in series to the
internal resistance.

Voltage rapidly increased with the increase of load resistance.
The voltage at ¢ = 0.9 was significantly larger than those at ¢
= 1.0 under the same input power. For example, the voltage at
the maximum load power of 1.88 W was 4.33 V when ¢ = 0.9,
whereas the voltage at the maximum load power of 1.48 W was
3.65 V when ¢ = 1.0. This phenomenon could be easily under-
stood because voltage was directly proportional to temperature
difference. An optimized combustion status released considerable
heat to create a high temperature difference, which resulted in
a large voltage, and augmented the load power. Thus, Figs. 4-6
validate each other.

3.3. Efficiencies

Overall efficiencies under various input powers and load re-
sistances are shown in Fig. 7. Overall efficiencies at ¢ = 0.9 were
slightly larger than those at ¢ = 1.0 when the input powers
were low (72 W and 84 W). However, the difference of overall
efficiency increased when the input power increased to 96 W and
108 W. For example, the largest overall efficiency at ¢ = 0.9 was
1.74% when the input power was 108 W, whereas the largest
overall efficiency at ¢ = 1.0 was 1.37% when the input power
remained unchanged.

The abovementioned phenomenon was caused by different
combustion efficiencies, as shown in Fig. 8. Fig. 8(a) shows the
heat collection efficiency, combustion efficiency, and estimated
residence time (t). Heat collection efficiency was calculated by
estimating the heat flow rate of flue gases, and heat losses
through convections and thermal radiations, as shown in Fig. 8(b).
The combustion temperature increased with the increase of input
power, which was beneficial for complete combustion. Thus, the
combustion efficiency improved. For example, the combustion
efficiency was 83.7% when the input power was 74 W, whereas
it increased to 97.4% when the input power was 108 W. The
residence time reduced by increasing the input power, which
decreased from 134 ms to 60 ms when the input power was in-
creased from 74 W to 108 W, resulting in different heat collection
efficiencies. Heat collection efficiency decreased from 87.7% to
77.4% when the input power was increased from 74 W to 108
W. The increasing input power augmented the overall efficiency
with moderate amplitude, as shown in Fig. 7. Heat losses through
convections and thermal radiations cannot be ignored because
the estimated heat loss ratio occupied approximately 5% in the
present work. As shown in Fig. 8(b), the heat loss ratio slightly
increased with the increase of input power.

The overall efficiency (1.74%) in the present study was com-
parable to previous studies (~2%), as shown in Table 1. Detailed
discussions related to comparisons with previous studies and
possible insights were presented in the following section. The
essential issues behind the overall efficiency were the TE effi-
ciency and the gap between overall and TE efficiencies, which
was controlled by Eq. (8), as shown in Fig. 9. The limit of overall
efficiency was the TE efficiency. TE efficiency was controlled
by the parameter of ZT value, which was fixed when using a
particular TE material and working at a particular temperature.
TE efficiency could be theoretically predicted using Eqs. (9)-
(10). TE modules normally worked when the experimental TE
efficiency was close to the theoretical prediction. As shown in

Fig. 9(a), the experimental TE efficiency reached 91.4% on average
of the theoretical prediction. Thus, the TE modules used in the
present study normally worked. The ratio of overall efficiency to
TE efficiency measures the performance of the entire MCP-TEG. As
shown in Fig. 9(b), the ratio of overall efficiency to TE efficiency
reaches 75.3%, which is higher than those in previous studies.
Room for improvements remains, and a value of 90% should be
targeted in future studies.

3.4. Discussions

Performance comparisons of various MCP-TEGs were shown
in Fig. 10, which was based on the data in Table 1 and Eq. (8).
In case that heat collection and combustion efficiencies were
unreported, they were estimated to be 70% and 95% to deduce
corresponding TE efficiencies in Fig. 10(b), and these assump-
tions were considerably high. It seems that notable progress was
achieved in recent years because the overall efficiency of several
MCP-TEGs (Yadav et al., 2015; Aravind et al.,, 2018b) reached
4.6%, which is shown in Fig. 10(a). However, the limit of overall
efficiency was the TE efficiency according to Eq. (8), and this
limit could be only reached with complete combustion (7 =
100%) and heat collection (1he, = 100%). Unfortunately, complete
combustion and heat collection are unlikely to obtain.

The power of Eq. (8) can be revealed by deducing the TE
efficiency, as shown in Fig. 10(b). Several deduced TE efficiencies
were significantly larger than 10% for Bi,Te; based TE mod-
ules, which implies that these works need further confirmations
because the TE efficiency of Bi;Te; based TE module is only
several percentages (~5%) (Hu et al, 2016; Liu et al, 2018).
This analysis also revealed that combustion and heat collection
have to be simultaneously optimized to augment the overall ef-
ficiency, otherwise other TE materials with large ZT value should
be used (Zhao et al., 2014c).

An effective way to the ratio of overall efficiency to TE ef-
ficiency is revealed, that is, incorporating a proper mesoscale
combustor to improve the combustion process and designing
serpentine channels to enhance the heat recovery from flue gases.
As presented in the above experimental results, the maximum
overall efficiency is 1.74% and the corresponding TE efficiency
is 2.31%. This finding corresponds to 24.7% reduction of TE ef-
ficiency. This reduction is mainly caused by the heat collection
efficiency of 77.4% because the combustion efficiency is as high
as 97.4%. Nevertheless, the obtained heat collection efficiency is
substantial high compared to previous works, which is shown in
Table 1. Residence time is an essential parameter behind the heat
collection efficiency, and it was measured to be 60 ms when the
input power is 108 W at ¢ = 0.9. The residence time is compara-
ble to previous studies, such as 50-60 ms in Vican’s work (Vican
et al.,, 2002), 40-120 ms in Yoshida’s work (Yoshida et al., 2006),
and 10-50 ms in Shimokuri’s work (Shimokuri et al., 2015, 2017).
Thus, increasing the ratio of flue gas channel length to channel
hydraulic diameter is beneficial to increase the residence time
of flue gases so as to enhance the heat collection, and finally
improves the overall efficiency. The pressure drop, which was not
measured and discussed in the present work, should be consid-
ered to balance the air supply in field applications. Furthermore,
a substantial high overall efficiency (1.74%) was obtained in the
present MCP-TEG compared to previous reports at a low hot-end
temperature (95 °C), which is lower than those in previous works.
This ensures the long-running service of the present MCP-TEG
and the low thermal signature.

Only 1-2 ppm NO was detected in the flue gases. However,
this finding was small considering the accuracy of the NO sensor
of 5 ppm. CO emission was considerable, which decreased from
3811 ppm at 72 W to 749 ppm at 108 W when the equivalent
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ratio was 0.9. However, CO emission remained in the ppm range, efficiency was limited. The threat of CO to human health must

indicating that its influence on the calculation of combustion be considered in field applications. CO emission was consistent
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with previous studies (Jiang et al, 2011; Abedi et al, 2017;

Fanciulli et al., 2018), and this problem should be focused in

future investigations.

4. Conclusions

An MCP-TEG was presented in this study. The MCP-TEG
worked with input powers between 72 W and 108 W, and
generated a maximum electric power of 1.88 W with an overall
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efficiency of 1.74%. The outside surface temperature of the MCP-
TEG was lower than 100 °C. The heat collection efficiency is 77.4%,
which augments the ratio of overall efficiency to TE efficiency
reaching 75.3%. Besides, heat losses through nature convections
and thermal radiations occupied approximately 5% of the input
power. Thus, heat losses cannot be ignored in future studies.

The relationship (7sys = MfuelNheat?7TE) aMong overall, combus-
tion, heat collection and TE efficiencies was developed. The limit
of the overall efficiency of an MCP-TEG is the TE efficiency. An
effective metrics to evaluate the MCP-TEG performance should
be the ratio of overall efficiency to TE efficiency (#nsys/nte) at the
desired hot-end and cold-end temperatures. The gap between the
overall and TE efficiencies was mainly determined by combustion
and heat collection efficiencies. Increasing the ratio of flue gas
channel length to channel hydraulic diameter is an effective way
to increase the residence time of flue gases, which improves the
overall efficiency.
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Appendix A

The physical properties of TE material are temperature-
dependent based on the datasheets provided by manufacturer.
Three-order polynomial fittings are applied, and the results are
expressed as follows:

kp(T) = tpy + tpaT + tpsT? + tpaT>, (A1)

ko(T) = tny + tnoT + tnsT? + tna T3, (A.2)

pp(T) = ep1 + epaT + epsT + epsT>, (A3)

on(T) = enq + enyT + ensT? + engT>, (A4)

ap(T) = sp1 + sp2T + spsT* + spaT°, (A5)
= snqy 4+ snyT 4 sns3 + Sny

oy (T) T T2 T3, (A.6)

where k, p, and « are thermal conductivity, electrical resistivity,
and Seebeck coefficient, respectively. T is the temperature. Sub-
scripts p and n denote the P-type and N-type legs, respectively.
The constants are as follows:

tp; = 4.389, tp, = —1.8168 x 1072, tp; = 2.437956 x 107>,
tp, = 4.793196 x 1071°;
tny; = 4.09878, tn, = —1.4976 x 1072, tn; = 1.799196 x 107>,

tn, = 1.692996 x 1072;

ep; = —6.7074 x 107% ep, = 5.09 x 1078,

eps = 6.33243 x 107!, ep, = —5.31761 x 10714,
en; = —1.51744 x 107>, en, = 1.142 x 1077,

en; = —8.17056 x 107!, en, = —5.18487 x 107 1;
sp; = —1.0915819 x 107%, sp, = 1.67585 x 1075,
sp; = —2.12 x 107°, sp, = 4.43743 x 10714,

sny = —4.3833365 x 1074, sny, = 2.90422 x 1076,
sny = —9.76 x 1072, sny = 1.01202 x 107,
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