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Abstract: Biomass combustors provide space heating by converting chemical energy in woody
biomass into low-temperature thermal energy. Thermoelectric generators (TEGs) can generate elec-
tricity from the heat flux without significantly reducing heating performance. However, most current
TEGs are small (40 mm × 40 mm), requiring many TEG elements to generate useful power from a
biomass combustion-based space heater. This work compares the electrical generation potential of an
array of small TEGs with a larger (80 mm × 120 mm) TEG in a vertical configuration representative
of a residential heating appliance. An experimental facility was developed for various representative
cold-side ducts and controllable hot-side temperature and cooling airflows, and the Taguchi method
was used to evaluate the impacts of temperature, airspeed, and ducting configurations. The results
indicate that temperature and airspeed significantly influence TEG power, while ducting configu-
rations have an insignificant influence. The large TEG achieved more consistent temperatures but
produced lower power than an array of smaller TEGs with the same total area. The study emphasizes
optimizing TEG design and operating conditions to enhance electricity generation efficiency in space
heating combustors.

Keywords: Taguchi method; thermoelectric generator; thermal energy; Seebeck effect; test rig

1. Introduction

In the pursuit of clean and zero carbon emission energy, technologies for converting
heat to electricity offer a way to use available energy streams more efficiently. Thermo-
electric generators (TEGs) use the Seebeck effect [1] to produce electricity from ‘low-grade’
heat sources, where temperature differences can exist in the range of 20–180 ◦C. The See-
beck effect (s) defines the occurrence of a voltage produced by a temperature difference
between a junction of two dissimilar metallic conductors or semiconductors [2,3]. TEGs
have been demonstrated to convert thermal energy into electricity in various applications,
from industrial applications to automotive exhaust systems. TEGs have been evaluated in
space heating in multiple applications, including cooking stoves that generate electricity
for charging electronic devices [4] or gas heaters that produce up to 9.5 watts [5]. One of
the most challenging aspects of integrating TEGs into biomass-fueled space heaters is that
surface temperatures are low and tend to vary in regular use. Combined with the inherent
low efficiency of TEGs, generating a valuable amount of electrical power is challenging.
A new combustor concept uses a phase-change material (PCM) to absorb thermal energy
from the combustion and then regulate heat transfer to the space over a longer duration.
Maintaining a fixed hot-side temperature allows TEGs installed in this model to maximize
electrical energy production.

Biomass-fueled space heating combustors are widely used, especially in off-grid loca-
tions in North America. Common challenges for these systems include temperature control,
heat loss prevention, and the limited duration of heat supply [6,7]. Combustion efficiency is
improved, and emissions are reduced if the biomass is burned rapidly. However, if the en-
ergy release rate is too fast, then the temperature in the occupied space varies unacceptably.
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One approach to address these challenges is incorporating a PCM that can absorb the rapid
thermal energy released from biomass combustion but maintains a lower temperature to
regulate heat transfer to space. In this application, TEGs can be integrated between the
PCM and the room to convert some of the thermal energy stored in the PCM into a steady
supply of helpful electricity.

Thermoelectric generators operate on the principle of extracting electrical energy from
a flow of heat across a temperature difference. Based on the Seebeck effect, a fraction of
this energy can be extracted and converted into electricity. TEGs are composed of P- and
N-type semiconductors joined at two points to form a junction (see Figure 1). The P-type
and N-type semiconductors are the positive- and negative-charge carriers, doped [8] to
possess excess holes and electrons in the internal electron structure. When the junction of
the two materials is exposed to a thermal gradient, the positive charges migrate toward the
negative charges, leading to the generation of an electric potential.
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Figure 1. Schematic of a TEG showing the internal components and a basic set-up.

TEGs are characterized by low efficiencies, in the range of 5 to 8%, and the efficiency
of a TEG is influenced by many factors, including the material components of the TEG
and the ability to reject heat on the low-temperature side of the TEG. Studies also show
that the geometric shape and size of the component P-N semi-conductors [9] and the air
temperature [10] of the TEG surrounding space influence the performance of TEGs. The
most widely used TEG material is bismuth telluride, with a decreasing efficiency when the
cold-side temperature is higher than typical room temperatures [10].

In a biomass-based space heater, the heat rejection from the combustor to the room
air is performed through free convection and radiation. However, a TEG’s efficiency in
generating electricity is often limited by poor cold-side heat transfer. To improve the heat
rejection from the cold side of TEGs and to distribute the heat throughout the room, a
combustor could be configured with an internal high-temperature shell containing the
PCM and surrounded by air circulation ducts that can be controlled to regulate the heat
flux to the rest of the room. Placing the TEGs between the PCM and the air ducts ensures
relatively stable hot-side temperatures and effective cold-side heat rejection. Previous work
has shown that a chimney effect can increase energy recovery from TEGs by increasing
the airflow velocity over cooling surfaces [11]. However, increased air temperature within
the chimney space could offset these benefits, which need to be assessed. A representative
geometry is shown in Figure 2.
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Figure 2. Biomass combustion space heater isometric view (left) and top cross-section (right) showing
air ducts, TEGs, and integrated heat sinks. Air flow over the fins is vertical from the bottom to top of
the combustor.

Typical biomass combustors for space heating are approximately square, with di-
mensions under about 1 m in width, depth, and height. A more efficient design could
be to increase the height and reduce the footprint of the combustion (See Figure 2), and
to generate enough power, multiple TEG modules can be connected in series. As TEGs
are commonly available in a 40 mm × 40 mm footprint, this would lead to many TEGs
on a combustor, resulting in a high manufacturing effort and corresponding increases in
potential failure modes. A larger footprint TEG module could address these challenges,
but there needs to be more information in the open literature on how a larger TEG would
perform compared to an array of smaller TEGs.

In summary, TEGs have been assessed in several applications, such as rocket stoves [12],
and mathematical models [13] have been developed to understand the optimal operating
points. This study aims to assess the amount of electrical power that can be generated from
an array of TEGs attached to the outer surface of a space-heating combustor and to identify
the main factors impacting the electrical production potential. The primary objectives of
the work are to experimentally:

1. Assess the relative importance of hot-side temperature, cold-side airflow, and cold-
side geometry on the performance of an array of TEGs.

2. Compare the performance of an array of small TEGs and a single, large TEG of the
same surface area.

The novel contribution of this work is to conduct a statistically robust analysis using
the Taguchi method to compare the overall performance of small and large TEGs, and
to evaluate the primary factors influencing the performance the TEGs. The work also
assesses, for the first time, the suitability of air cooling for TEGs in a biomass combustor
where the hot-side temperature is controlled at a near-constant value through a phase
change material.

2. Materials and Methods

To meet the project aims, a dedicated sub-scale test rig was developed using a con-
trollable induction heater, TEGs, duct, sensors, and data acquisition. Standard TEG perfor-
mance parameters were used to assess overall system performance, including the design-
of-experiment approach with parameter values developed in preliminary testing.
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2.1. Assessing TEG Performance

The thermoelectric figure of merit [14] is an important factor when assessing TEG
performance. It is a non-dimensional parameter that is a function of the material thermal
conductivity, Seebeck coefficient, and thermal resistivity of the TEG. The formula for the
thermoelectric figure of merit (ZT) of a TEG is:

ZT =
S2σT

k
(1)

where σ is the electrical conductivity in Siemens per meter (S/m), k is the thermal conduc-
tivity of the material in watts per meter-kelvin (W/m·K), and T is the absolute temperature
in Kelvin. The Seebeck coefficient, S, is a material property that relates the open-circuit
voltage by a temperature difference in a P-N junction (S = V/T) [1]. As Equation (1) shows,
the figure of merit is a function of material properties, but is independent of the geometric
configuration of a specific TEG embodiment. When implemented in a TEG design, the
geometry of the P-N junctions influences the flow of both thermal and electrical energies.
The electrical resistance of a TEG is a function of the size of the individual elements and the
total number of junctions:

Rteg = NP.N

(
ρPLP

AP
+

ρNLN

AN

)
(2)

where ρ is the electrical resistivity, A is the cross-sectional area of each P or N element, L is
the length of the element, and NP.N is the number of P-N junctions in the TEG module. In
the fabrication of a TEG module, the internal components (P and N semiconductors) are
connected in series so that it sums up to provide the total voltage; likewise, identical TEG
modules can be connected in series to generate a higher voltage, or parallel to generate
higher current. The thermal resistance of a TEG also to be considered is given as:

Rthermal = NP.N

(
LP

KPAP
+

LN

KNAN

)
(3)

where K is the thermal conductivity of the material measured in watts per meter Kelvin
(W/m·K), A is the cross-sectional area of each p or n element, L is the length of the element,
and NP.N is the number of P-N junctions in the TEG module. To generate electricity, a
TEG needs to be exposed to a temperature difference between the hot and cold sides. This
temperature difference is due to heat transfer, and the rate of heat in watts absorbed by the
hot side of a TEG [15,16] is given as:

Qhotside = NP.N[(S × I × Thot) + (K∆T)]− 0.5 × I2 × Rteg (4)

and the rate of heat in watts emitted from the cold side of a TEG is given as:

Qcoldside = NP.N[(S × I × Tcold) + (K∆T)]− 0.5 × I2 × Rteg (5)

where I is the current produced by the TEG, and from the first law of thermodynamics, the
output power of a TEG is given as:

PO = Qhotside − Qcoldside (6)

To compare different TEGs, the thermal efficiency of the module can be calculated from:

ηthermal =
PO

Qhotside
(7)
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Sample Thermoelectric Generators

The primary objective of this work is to compare the performance of a single, large
TEG module compared to an array of smaller TEG units subject to equivalent operating
conditions. The operating conditions include hot-side temperature, airspeed, and ducting
configurations. Commercially available TEGs come in small geometric sizes (square, per
side: 40 mm, 25 mm, and 60 mm, etc.). To generate substantial electrical power, many such
small TEGs would need to be installed (as shown in Figure 2) and connected electrically [17],
but increasing the geometric size of the TEG will reduce the installation effort and average
the heat transfer across a larger area, reducing the variability caused by variations in
temperature on either the hot or cold sides of the TEG.

In this work, conventional 40 mm × 40 mm size TEGs (actual size of 40.13 mm ×
40.13 mm × 3.91 mm from Marlow Industries, Inc. in Dallas, TX, USA were purchased and
supplied through Digi key, with Digi-Key Part Number 1681-1071-ND and Manufacturer
Product Number TG12-6-01) were used to compare against a large TEG (120 mm × 80 mm,
4.93 mm from Hebei Yuxiang Electronic Co., Ltd., Yuxian County, Zhangjiakou, China,
and product part no of TEG1-139-3.0-1.3). Both the small and large TEGs were of bismuth
telluride type, and the internal structures of the two TEG types are compared in Figure 3.
A key observation is that the individual P-N semiconductor elements of the large TEG
are more significant in cross-sectional area (4 mm × 4 mm) than the smaller TEG module
(2.5 mm × 2.5 mm). This difference will lead to a lower electrical resistance (Equation (2))
for the large TEG and is a result of the limitations of the manufacturing process: a large
TEG with small p-n junctions was not available.
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In a commercially produced TEG, the P-N junctions are manufactured and installed
as part of the assembly process. Following the Seebeck effect, in the presence of thermal
gradients, electrons will flow in the direction of the thermal gradient. Since the thermal
gradient is in the same direction across the entire TEG, then the electron flow should be in
the same direction.
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2.2. ANOVA and Taguchi Methodologies

The experimental analysis investigated the differences between critical parameters
in the test set-up. Analysis of variance (ANOVA) was used in combination with Taguchi
design of experiments (DOEs) [18]. This approach has been used in previous TEG anal-
ysis studies investigating the effects of temperatures, geometries, and heat rejection ap-
proaches [19,20]. ANOVA and Taguchi design of experiments (DOEs) were used in this
work to compare the single, large TEG (120 mm × 80 mm) to the six small TEG units
(40 mm × 40 mm each) to quantify the electrical energy recovered from the TEGs for the
combination of factors and levels of temperature, ducting configuration, and airspeed. The
size and configuration of the heatsink were kept constant throughout the experiments for
both cases of the single, large TEG and the multiple TEG units to emphasize the relative
comparison between the factors of interest.

2.3. Experimental Set-Up and Test Procedures

The test rig used in the work consisted of an electric induction heater mounted on
a metal structure casing, which acted as a support and a base for the heater and other
rig components. A solid heating block was placed adjacent to the induction heater to
maintain a more constant temperature while the induction heater cycled on and off. The
heating block was then placed in direct thermal contact with a metal plate to emulate the
outside surface of the combustor. Thermoelectric generators and heatsinks were attached
to this metal surface using a thermal adhesive. The rig was set-up and connected so that
heat flowed from the induction heater through the heating block (also acting as a thermal
reservoir) and mild steel plate into the thermoelectric generators and heatsink attachments.
Airflow was generated parallel to the cooling fins on the heatsinks through an array of
blower fans or by a diffuser connected to the laboratory compressed air system. A duct
with variable spacing was installed to represent the internal flow geometry of the air past
the cooling fins within a representative combustor geometry; likewise, further details on
the test rig can be obtained from [21]. See CAD model of test rig in Figure 4.
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The heat source for the testing was a vertically mounted induction heater with a
heated circular area of approximately 314 cm2 (purchased from Cusimax, in Zhongshan
City, China, and with product part number CMIC-180B1). It included a local control panel
where the temperature or the power could be set. Temperature control from the induction
heater was used to maintain stable thermal conditions at the TEG. As the heater thermal
control cycled the heater element on and off, a steel thermal block (12 mm thick) was
installed next to the heater to ensure a constant temperature at the TEG. Time-resolved
measurements showed that the temperature fluctuated by ±2 ◦C at the hot side of the TEG.

Heat rejection from the TEGs was established using a finned aluminum heat sink
that was 40 mm × 40 mm × 20 mm and was 1.3 to 1.7 mm thick. These heat sinks were
chosen as they provided adequate clearance for airflow within the allocated space while
maintaining a large surface area. The heat sinks were adhered directly to the cold side
of the TEGs using thermal paste (JB weld-type thermal pastes purchased from Marietta,
GA, 30068 USA and supplied through Amazon with model and part number 50240, and a
tensile strength of 3900 PSI).

The TEGs were connected to a load created by an array of resistors connected in series.
The number of resistors was established to provide the optimum efficiency of the TEGs,
which was found to be 30 ohms for standard TEGs (six TEG arrays) and 0.4 ohms for the
large TEG. The combined resistance was measured using a high-accuracy resistance meter
(LCX100 LCR meter from Rohde & Schwarz in Munich, Germany). The voltage across
the resistors was measured, and the accurate resistance obtained from the high-precision
meter was used to calculate the power output from the TEGs. Wire and fitting losses were
negligible for the small TEGs but significant for the large TEG with a low internal resistance.
As a result, the load voltage and resistance were measured for the large TEG, including the
wires and connections. The optimal load resistances were fixed for all tests.

Airflow through the duct on the cooling side of the TEGs is a critical parameter in
establishing TEG performance. The airflow was generated in two ways: in preliminary
testing, a series of blower fans with a controlled voltage were used to create airflow over a
single TEG. The blowers were replaced with a compressed air supply connected to a diffuser
for the entire testing program. The pressure upstream of the diffuser was set for each test
condition. The upstream compressed air regulator was adjusted to achieve a repeatable
air pressure, leading to a repeatable velocity in the duct. The air velocity in the duct was
measured using a pitot tube mounted on a traversing frame that allowed measurements
at multiple points in the duct and measuring the differential pressure (LEFOO LFM108
purchased from Hangzhou, Zhejiang, China and supplied through Amazon, with operation
range of 0–500 pa, and accuracy: ±1.0%FS) allowed the calculation of the air velocity from
the difference between static and stagnation pressures.

The experimental measurements were recorded on a DATAQ model-DI 2008 (pur-
chased from DATAQ Instruments Inc., Akron, OH, USA) data acquisition (DAQ) system.
This was used to record temperatures, load, and airflow voltages. The DAQ recorded a
one-sample rate per second (S/s) over at least 10 min per test. Temperature was measured
using K-type thermocouples, including surface-mount thermocouples installed in grooves
between thermal elements in the rig and adhered to the outer surface of the finned array.

2.3.1. Experimental Procedure

The controlled variables for each configuration of TEGs were the heater temperature,
the airflow rate/velocity, and the geometric configuration of the air duct. The induction
heater controller was set to a target temperature between 70 ◦C and 120 ◦C. The overall
procedure for using the test rig was to switch on the electric induction heater, which
supplied thermal energy to the TEG/heatsink attachment through the heating block and
hot plate. The heater was set to a predetermined temperature and allowed to reach a
steady state, defined as when the temperatures from the thermocouples attached between
the hot plate and the TEGs did not change for at least one minute. Data were recorded
for at least 10 min for each test point. Then, the test condition was changed, and the
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process was repeated. Note that, in the experimental set-up, the output current was not
specifically measured, while the hot-side temperature was lower than the cold side (reverse
temperature gradient) because the heater was always configured to provide a higher
temperature than the surrounding air.

2.3.2. Set-Up for the Taguchi Architecture

The dependent variable is the output power from the TEGs, while the independent
variables are the hot-side temperature, airflow speed, and ducting configuration. The
heat sink geometry was not changed, and insulation was installed on the heated surface
surrounding the TEGs. Thermal insulation prevented extra air heating, maximizing the
heat flux (and power generation) from the TEG modules. Preliminary testing demonstrated
how adding insulation could significantly increase the measured temperature difference
across a single TEG (See Figure 5) independent of the ducting configuration. The results
from the preliminary test also indicate that the air duct could significantly impact the
temperature gradient across the TEG, depending on the overall configuration. This justified
inclusion of the air duct configuration as an optimizable factor in the research. Please see
Figure 5 for details.
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The six TEGs (40 mm × 40 mm each) and the single, large TEG (120 mm × 80 mm) were
mounted on separate mild steel flat plates of identical thicknesses (2.5 mm). Temperature
characterization tests were performed to determine matching temperatures on the hot
side of the TEGs. The thermocouples were installed in shallow grooves cut in the steel
plate and then filled with high-temperature thermally conductive paste (JB weld type).
The temperature setting was controlled to ensure that the hot-side temperature never
exceeded 120 ◦C. The TEGs were placed at the same geometric position on the plates, and
the temperature data across the array of TEGs for selected points on the array are illustrated
in Figure 6.

The model-DI 2008 data acquisition (DAQ) system with eight pairs was used to
capture the data. Two pairs were used to measure the airspeed and TEG(s) output voltage.
The remaining six pairs were used to capture the temperature data. Therefore, only the
temperature data for three TEGs and three positions could be obtained from the single
and multiple TEG arrays. To account for a proper temperature comparison for the two
TEG types (six TEG arrays and the single, large TEG), TEGs 1, 2, and 3 of the multiple
TEG arrays were selected due to the close temperature range. Since the temperature on
the large TEG surface was essentially even, positions 1, 4, and 5 were chosen to provide a
picture of the temperature distribution over the surface of the TEG while accounting for
the comparison objective.
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At the same time, Table 1 shows the hot-side temperature value for the measured
points, highlighting a critical difference between the multi-TEG array and the single, large
TEG: the range of measured temperatures at each setting was up to 12 ◦C on the six TEG
arrays, but only 5 ◦C for the large TEG. As the rest of the configurations were identical, this
suggests that the lateral conduction in the large TEG helped to balance out temperature
variations in the plate.

Table 1. Measured temperature values at each level (without a load and a constant airflow of
6.64 m/s).

Six TEGs AVG Hot Plate Temperature Large-Size TEG AVG Hot Plate Temperature

High (TEG 1, 2, 3) 102 ◦C, 114 ◦C, 110 ◦C High (POS 1, 4, 5) 107 ◦C, 104 ◦C, 109 ◦C
Medium (TEG 1, 2, 3) 89 ◦C, 100 ◦C, 96 ◦C Medium (POS 1, 4, 5) 95 ◦C, 93 ◦C, 97 ◦C,

Low (TEG 1, 2, 3) 73 ◦C, 81 ◦C, 79 ◦C Low (POS 1, 4, 5) 80 ◦C, 78 ◦C, 82 ◦C
Note: TEGs 1, 2, and 3 for the six TEGs, and POS 1, 4, and 5 for the large TEG were only used for the temperature
characterization. In the ANOVA tests, TEGs 1, 4, and 5, and POS 1, 2, and 5 were used.

The testing program used three levels (low, medium, and high) for the air veloc-
ity distributed by the diffuser. These corresponded to maximum velocities measured
with pitot tubes with measurements of 9 m/s, 14 m/s, and 18 m/s. The pressure up-
stream of the diffuser was measured using a manometer device to ensure a constant air
velocity distribution.

Three-factor levels were selected to measure the impact of the ducting configuration on
TEG power: without air duct, 30 mm containment, and 55 mm containment. The levels were
selected based on the results of the preliminary tests and to fit within a reasonable space in
a combustor application. Figure 7 illustrates the different ducting configurations used.

2.4. Establishing the Optimum Load

The internal resistances of the multi-TEG array and the single, large TEG were different.
As a result, the optimum load to maximize the efficiency of the TEG was also different. The
best efficiency points were assessed in a preliminary test for both TEG configurations. The
individual TEGs were arranged in series for the multi-TEG array, leading to a relatively
high optimal resistance, as shown in Figure 8. With its more prominent internal elements,
the single, large TEG’s resistance was substantially smaller. This led to lower optimal
resistance, as shown in Figure 9. For both TEG configurations, it is essential to note that the
best-efficiency resistance curve is ‘flat’, such that a single resistance is likely to lead to a
close-to-optimal power output independent of the details of the operating condition. The
power output at two temperature levels as a function of load resistances were assessed
for both the six TEG array (Figure 8) and the single, large TEG (Figure 9). In both cases,
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two temperature ranges were tested: a low temperature and a high temperature. These
were in the range of 70–80 ◦C for the six TEG array and 90–100 ◦C for the large TEG. The
results demonstrate that, as expected, the load resistance for peak efficiency is consistent at
different temperature conditions.
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3. Results and Discussions

A complete factorial design of experiments was used for the factors of airflow, hot
surface temperature, and duct configuration. The design was repeated twice: once for the
small TEG arrays and once for the single, large TEG.

3.1. L27 Orthogonal Table

The L27 orthogonal table type accounted for all possible combinations of factors and
levels, with all interactions included in the experimental error. The testing sequence was
randomized to eliminate experimental bias in the measurement order and ensure test
independence. The L27 orthogonal table is presented in Table 2 for the six multiple TEGs
and the single, large TEG showing the output power at an optimal load.

Table 2. The L27 randomized data.

Run Hot-Side Temp Air Speed Ducting Type Power at 30 Ω

(Six TEGS)
Power at 0.4 Ω

(Large TEG)

1 H L 30 mm 0.35 0.24
2 L L 30 mm 0.16 0.13
3 M H 55 mm 0.40 0.26
4 H L W/O duct 0.42 0.27
5 H L 55 mm 0.37 0.24
6 L H W/O duct 0.26 0.17
7 L M 55 mm 0.23 0.15
8 M M W/O duct 0.41 0.24
9 M H 30 mm 0.41 0.26

10 L L 55 mm 0.17 0.13
11 M L W/O duct 0.31 0.20
12 H H 30 mm 0.53 0.36
13 M L 55 mm 0.29 0.19
14 H M 55 mm 0.51 0.32
15 H H W/O duct 0.60 0.36
16 L M W/O duct 0.21 0.16
17 M L 30 mm 0.27 0.18
18 L H 55 mm 0.23 0.18
19 M M 30 mm 0.35 0.24
20 L L W/O duct 0.18 0.14
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Table 2. Cont.

Run Hot-Side Temp Air Speed Ducting Type Power at 30 Ω

(Six TEGS)
Power at 0.4 Ω

(Large TEG)

21 M H W/O duct 0.43 0.27
22 L M 30 mm 0.22 0.16
23 H H 55 mm 0.56 0.36
24 H M 30 mm 0.49 0.31
25 M M 55 mm 0.35 0.24
26 L H 30 mm 0.22 0.17
27 H M W/O duct 0.56 0.34

Note: The actual resistance values used for calculating the power outputs for the six TEGs were 30.025 Ω and
0.413 Ω for the single, large TEG. This was confirmed using the high-precision meter and was performed to
minimize experimental errors in the measurements.

In Table 2, the three hot-side temperature and air speed levels, denoted as L, M, and H,
correspond to low, medium, and high levels. Like the information in Table 1, L corresponds
to the 70 ◦C range for the low-temperature level, M corresponds to the 90 ◦C range for the
medium-temperature level, and H corresponds to the 120 ◦C max for the high-temperature
level. Likewise, for the airspeed, the acronyms (L, M, and H) correspond to 9 m/s for low
airspeed, 14 m/s for medium airspeed, and 18 m/s for the high airspeed.

3.2. Main Effects Results

The main effects influencing the dependent variable (power output) are the hot-side
temperature, airspeed, and ducting configurations. To assess the impact of these factors on
the output power, SPSS version 29 statistical software was used, and a multivariate test
was performed to account for both the six TEGs and the single, large TEG. The hypothesis
tests are stated below.

• Null Hypothesis (HO) = The factors and levels of hot-side temperature, air speed, and
the air duct configuration do not influence the power output.

• Alternate Hypothesis (HA) = The factors and levels of hot-side temperature, air speed,
and the air duct configuration influence the power output.

A significant value (p-value) of 0.05 was the basis of judgment. The null hypothesis
was rejected for values less than 0.05; likewise, for p-values greater than 0.05, the null
hypothesis was not rejected. The use of 0.05 as a suitable significant value is widely
accepted and a standard choice for many statistical analyses [18–20], including three-factor
ANOVA, providing justification to either reject or accept the null hypothesis.

The results from the ANOVA on the main factors are shown in Table 3. The model fits
well with the measured data for multiple small and single, large TEG configurations. R2

values were >0.96 in all cases, and the experimental error was small. The experimental error
in Table 3 incorporates both the random variation in the measurements and any interaction
effects between the individual factors. The error term is small, indicating that the treatment
variables (factors) can fully explain the observed variations in the dependent variable (the
output power).

To check for any interaction in the experiments, the results were analyzed for three
groups: interaction between the temperature and the ducting configuration, interaction
between airspeed and ducting configuration, and the interaction between temperature and
air speed. The result shows that only the interaction between temperature and air speed is
significant, with p-values of less than 0.05. The p-values for the remaining interaction terms
(temperature vs. ducting configuration and airspeed vs. ducting configuration) were above
0.05, suggesting no significant interest between the factors.
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Table 3. ANOVA table for six TEGs and single, large TEG multivariate tests using SPSS V.29.

Source Dependent Variable Type-III Sum of Squares Df Mean Square F Sig.

Corrected
Model

Six TEG Avg. Power 0.434 6 0.072 95.647 <0.001

Large TEG Avg. Power 0.137 6 0.023 102.896 <0.001

Intercept
Six TEG Avg. Power 3.322 1 3.322 4391.626 <0.001

Large TEG Avg. Power 1.467 1 1.467 6620.891 <0.001

Hot-Side Temp
Six TEG Avg. Power 0.353 2 0.176 233.038 <0.001

Large TEG Avg. Power 0.112 2 0.056 253.127 <0.001

Air Speed
Six TEG Avg. Power 0.074 2 0.037 48.905 <0.001

Large TEG Avg. Power 0.024 2 0.012 54.415 <0.001

Air Duct
Configuration

Six TEG Avg. Power 0.008 2 0.004 4.999 0.017

Large TEG Avg. Power 0.001 2 0.000 1.147 0.338

Error
Six TEG Avg. Power 0.015 20 0.001

Large TEG Avg. Power 0.004 20 0.000

Total
Six TEG Avg. Power 3.771 27

Large TEG Avg. Power 1.609 27

Corrected Total
Six TEG Avg. Power 0.449 26

Large TEG Avg. Power 0.141 26

R Squared = 0.969 (Adjusted R Squared = 0.959)

R Squared = 0.966 (Adjusted R Squared = 0.956)
Note: The results in the ANOVA table are only for the analysis of the main effects of temperature, airspeed, and
duct configuration.

3.2.1. Results Comparison for Single versus Multiple TEG Arrays

The objective of this work was to compare the performance of multiple TEGs to
that of a single TEG of the same geometric footprint to determine if the TEGs possessed
the same sensitivity to similar operating conditions. The L27 table used in the design of
experiments (DOEs) allowed for a combination of the different factor levels, with the power
output used as the basis of comparison, and the result shows that both TEG types possess
similar sensitivity to temperature changes. As expected, increasing the supply (hot-side)
temperature increases the power output from the TEGs, as shown in Figure 10.
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The second main factor to assess was sensitivity to airspeed. The results show that
both TEG types possess similar sensitivity to airspeed changes. Increasing the airflow
increases the power output, as shown in Figure 11. This is expected, as a higher airflow will
be more effective at rejecting heat from the heat sinks, reducing the cold-side temperature
of the TEGs, and increasing the power output. Interestingly, the increase in power from the
medium to the high-velocity case is slight, suggesting that further increases in the airspeed
would not significantly improve TEG performance for either the small TEG arrays or the
single, large-format configuration.
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Figure 11. Power output vs. peak air speed at the three air-speed levels (L, M, and H) for single, large
TEG and array of small TEGs. Data points include all temperatures and duct configurations. The
three air speeds correspond to the L/M/H factors in the experimental design.

The ducting configuration was the third factor that also showed a significant effect
on the power output. The ANOVA results suggested that the two TEG configurations pos-
sessed different sensitivities to duct-type changes. In the case of the six TEGs, constraining
the flow by including a duct reduced the power output. This is shown in Figure 12, where
it is apparent that, while the ducting effect may be statistically significant, its magnitude is
small compared to the impacts of temperature and airflow. A similar result is seen for the
single, large TEG, where the variations are also more minor, but no differences are statis-
tically significant in this case. This is an exciting result, as the hypothesis that restricting
airflow past the fins would significantly impact heat rejection is thus not supported by
the results.
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In summary, the most significant power was obtained using the six small-sized TEGs
(40 mm × 40 mm) in sharp contrast to the power from the large TEG with the same footprint.
The total power from the six TEG array was about 0.6 watts, implying that, if the internal
walls of the combustor are covered with 40 mm-sized TEGs, about 100 watts of power can
be generated. However, to meet the cooling requirement, the testing suggested that the
power to drive the fans will consume more power than is generated (estimated at 119 watts)
to create sufficient airflow over the TEGs. This suggests that enhanced free convection
based on the chimney effect or other methods of generating cooling airflow needs to be
established to make this configuration viable.

3.2.2. Further Comparison

The performance of a TEG is directly dependent on the temperature difference between
its hot and cold sides. Table 4 details the temperature differences for the six TEGs and the
single large TEG across the 27 tests of the Taguchi table. These results are summarized
in Figures 13 and 14, and clearly illustrate a key finding: the large TEG, while generating
a higher temperature difference, also yields a lower power output than the six multiple-
connected TEGs. Interestingly, the temperature difference variations were similar for both
configurations, with higher variances observed at higher temperatures.

Table 4. Table of temperature differences for the six TEGs and large TEG.

Six TEGs Single, Large TEG

Run Hot-Side
Temp.

Air
Speed Air Duct TEG 1

(◦C)
TEG 4
(◦C)

TEG 5
(◦C)

Power at
30 Ω (W)

POS 1
(◦C)

POS 2
(◦C)

POS 5
(◦C)

Power at
0.4 Ω (W)

1 H L 30 mm 23 33 38 0.35 32 35 50 0.25
2 L L 30 mm 15 21 24 0.16 22 25 34 0.13
3 M H 55 mm 27 38 37 0.40 32 35 47 0.26
4 H L W/O duct 24 38 41 0.42 33 37 51 0.27
5 H L 55 mm 22 32 39 0.37 33 35 53 0.25
6 L H W/O duct 20 31 27 0.26 26 29 36 0.17
7 L M 55 mm 18 26 27 0.23 24 26 36 0.15
8 M M W/O duct 25 39 37 0.41 30 35 46 0.24
9 M H 30 mm 27 37 37 0.41 33 35 45 0.26

10 L L 55 mm 14 21 25 0.17 22 24 35 0.13
11 M L W/O duct 20 32 34 0.31 27 31 44 0.20
12 H H 30 mm 32 45 43 0.53 38 42 53 0.36
13 M L 55 mm 19 29 34 0.29 28 30 43 0.19
14 H M 55 mm 28 42 42 0.51 36 40 53 0.32
15 H H W/O duct 33 51 45 0.60 37 43 54 0.36
16 L M W/O duct 18 29 27 0.21 24 27 36 0.17
17 M L 30 mm 19 28 32 0.27 27 30 42 0.19
18 L H 55 mm 21 29 28 0.23 26 29 37 0.18
19 M M 30 mm 24 33 35 0.35 31 34 44 0.24
20 L L W/O duct 15 25 26 0.18 22 25 35 0.14
21 M H W/O duct 28 43 38 0.43 32 36 46 0.27
22 L M 30 mm 19 26 27 0.22 25 27 36 0.16
23 H H 55 mm 31 47 43 0.56 38 43 54 0.36
24 H M 30 mm 29 42 41 0.49 36 40 52 0.31
25 M M 55 mm 24 35 36 0.35 31 35 45 0.24
26 L H 30 mm 20 27 27 0.22 26 29 36 0.17
27 H M W/O duct 29 46 43 0.56 36 41 54 0.35

The observed variations in power between the large and small TEGs are primarily
attributable to the larger cross-sectional area of the P-N junctions in the large TEG. From
a heat transfer perspective, the large surface area of the large TEG amounts to a lower
thermal resistance and higher thermal conductivity than the smaller TEGs. Likewise, the
power from the multiple TEGs is because the total number of P-N junctions of the six
TEGs was higher than that of the large TEG, and implies that more energy can be extracted
in contrast to the large TEG with a smaller number of junctions. As Equation (3) shows,
the cross-sectional area of a TEG P-N junction will determine the thermal resistance and
eventually influence the temperature difference of the TEG. However, the quantity of power
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extractable from a TEG is a function of the number of P-N junctions. Hence, an optimal
TEG design will maximize the number of P-N junctions with low thermal resistance.
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To better understand the differences in TEG performance, the resistance of the TEGs
was measured using a high-precision ohmmeter. The large TEG was measured to have
an internal resistance of 0.363 Ω, while each of the single 40 mm × 40 mm TEGs was
measured to have a resistance of 1.2 Ω, for a total of 7.2 Ω when six were arrayed in series.
To improve the performance of the large TEG, the sizing of the individual P-N junctions
should be reduced while their number is increased. This is possible but poses challenges
for manufacturing and thermal design that need further assessment.

4. Conclusions

This study investigates the differences between a single, large TEG and an array of
smaller TEGs in a biomass-based space heating application. The results demonstrate the
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primary influence of the hot-side temperature on the overall power output from a TEG in a
vertical configuration with a parallel flow of air over a heat sink. The airspeed was also
statistically significant and influenced the output power. The structure of any ducting to
direct the cold-side air flow was found to have a marginal impact on power generation.

The large TEG produced less power for a given temperature difference than the array
of six small TEGs with the same overall footprint. This is attributed to the larger cross-
sectional area of the P-N junctions in the large TEG, which reduced electrical resistance and
limited the potential power that could be generated. The total heat transfer rate was similar
for the small and large TEG arrays for a similar hot surface temperature, and considerable
benefits emerged from incorporating a large-scale TEG. Still, sub-optimal P-N junction
sizing will limit its effectiveness. Therefore, a large TEG with an optimized number of P-N
junction elements and sizes would be needed to be competitive.

Overall, the power obtained from the TEGs (both types) was low due to generally
poor heat rejection from the cold sides of the TEGs. The forced airflow past a finned surface
could not generate a sizeable thermal gradient, and despite a hot-side temperature of
120 ◦C, the temperature gradient across the TEGs never exceeded 50 ◦C.

Therefore, while the results of the study provide useful insights into the use of TEGs
on a space heating combustor, the study was limited by the size of the test system, which
did not allow for an evaluation of the “chimney effect” to increase air flow and supplement
the forced convection cooling. The study also highlighted the limitations of air cooling,
even with forced convection, to reject heat from the TEGs. In the future, the evaluation
of water as a heat transfer medium on the cold side of the TEGs would allow for an
assessment of alternative approaches. Finally, the TEGs used in the work were procured
from existing suppliers. The development of custom TEGs that kept the same P-N junction
cross-sectional areas, but with different overall footprints, would potentially overcome
some of the restrictions on performance reported in this work.
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