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Abstract: A thermoelectric module is a device that converts electrical energy into thermal energy
through a mechanism known as the Peltier effect. A Peltier device has hot and cold sides/substrates,
and heat can be pumped from the cold side to the hot side under a given voltage. By applying
it in buildings and attaching it to building envelope components, such as walls, as a heating and
cooling device, the heating and cooling requirements can be met by reversing the voltage applied
on these two sides/substrates. In this paper, we describe a novel, panelized, ground source, radiant
system design for space heating and cooling in buildings by utilizing the Peltier effect. The system is
equipped with water pipes that are attached to one side of the panel and connected with a ground
loop to exchange heat between the cold /hot sides of the thermoelectric module and the underground
region. The ground loop is inserted in boreholes, similar to those used for a vertical closed-loop
Ground Source Heat Pump (GSHP) system, which could be more than a hundred meters deep.
Experiments were conducted to evaluate the feasibility of the developed panel system applied in
buildings. The results show that: (1) the average cooling Coefficients Of Performance (COP) of
the system are low (0.6 or less) even though the ground is used as a heat sink, and thus additional
studies are needed to improve it in the future, such as to arrange the thermoelectric modules in
cascade and/or develop a new thermoelectric material that has a large Seebeck coefficient; and (2) the
developed system using the underground region as the heat source has the potential of meeting
heating loads of a building while maintaining at a higher system coefficient of performance (up
to ~3.0) for space heating, compared to conventional heating devices, such as furnaces or boilers,
especially in a region with mild winters and relatively warm ground.

Keywords: thermoelectric module; Peltier effect; ground source heat pump; building

1. Introduction

According to the United Nations Environmental report, building construction (com-
mercial and residential) and operations accounted for the largest share of global energy
use (38%) with totally 144 exajoules [1], typically including approximately 40% energy con-
sumption for space cooling and heating [2]. Investment in the energy efficiency of buildings
continues to climb and reached more than USD 180 billion in 2020 [1]. Globally, fossil fuels,
especially coal [3], are still the most frequently used energy sources (80%). The concerns
around energy usage in buildings have been more focused in the last decades, and thus
developing a new, high efficiency system with the goal of minimizing the use of fossil fuels
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becomes the main duty in the future. For example, in 2020, the energy efficiency investment
in buildings increased by 11% globally, and green building certifications increased by 13.9%
compared to 2019 [1].

A ThermoElectric Module (TEM) is a device that converts electrical energy into ther-
mal energy, known as the Peltier effect. A Peltier device has hot and cold sides/substrates
(Figure 1a), and heat can be pumped from the cold side to the hot side under a given voltage.
The TEM technology has advantages of reliability, compactness, noiselessness, mechanical
stability, no working fluid required, and light weight [4,5]. Due to the unique advantages,
this technology has been developed for multiple applications, such as small-scale devices
like CPUs (Central Processing Units), portable refrigerators, medical applications, labora-
tory equipment cooling, etc. [6-10]. For example, Gao and Rowe [7] evaluated the cooling
performance of a thermoelectric refrigerator, and Sabah et al. [8] designed and built an af-
fordable solar thermoelectric refrigerator, which uses a TEM system to create heat and cold
for the Bedouin people living in remote parts of Oman. In these studies [7,8], the TEM refrig-
erator systems demonstrated a good performance, and TEM was shown by Putra et al. [9]
to be an effective cooling source for cryosurgery. For large-scale applications, such as for
buildings’ energy systems, it is rarely used but has significant potential [5,11]. In recent
years, the idea of applying TEM systems for heating and cooling purposes in buildings has
received significant attention, such as their integration with building envelopes [11-13]
and their use for de-humidification [14,15], for providing heat to clothes dryers [16], and
for space heating/cooling in buildings [6,17-19], as well as the development of new TEM
heating/cooling units [20-25].
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Figure 1. Novel, panelized, ground source, radiant heating and cooling system design for building
applications: (a) schematic drawing of the structure of proposed heating/cooling panel, (b) attach-
ment to building envelope component, (c) section view of the prefabricated panel, and (d) connection
to the ground loop.

For example, for the TEM system integration with building envelopes, Xu et al. [12] de-
veloped an active building envelope system by using commercially available photovoltaic
and two types of TEMs, which had good performance during heating/cooling modes.
Luo et al. [18] developed a building wall system that integrates TEMs with PhotoVoltaics
(PV), whose simulation results show up to 70% daily heat gain reduction, compared to
traditional walls on a hot summer day. In their further research study [19], a PV thermo-
electric wall system was developed in 2020, which can be used in net-zero energy buildings
and had the potential of saving 72-100% energy if utilized in different climate regions,
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compared with a regular massive wall. For dehumidification, Irshad et al. [14] evaluated a
novel thermoelectric air duct dehumidifier system, which can be used as a good alternative
for freshwater production along with the thermal load reduction in buildings in Malaysia.
For providing heat to clothes dryers, Patel et al. [16] built a new configuration of clothes
dryer in 2021, which can increase the energy efficiency by 6%, and the drying time can be
reduced by 47%. For space cooling in buildings, Gillott et al. [5] presented a thermoelectric
cooler designed for small-scale space conditioning applications in buildings, whose cooling
power can reach up to 220 W. For space heating in buildings, Allouhi [17], in 2017, found
that a thermoelectric heating system could help in reducing up to 64% of energy usage in an
office room compared to the traditional electric heaters in Morocco. For the development of
new TEM heating/cooling units, Riffat et al. [20] developed a computer model to simulate
the performance of a novel thermoelectric heat pump system. Koohi et al. [24] proposed a
new multipurpose thermoelectric concept that had the potentials to be used in different
types of buildings with the goal of optimizing indoor thermal comfort. Siviter et al. [25]
designed a new thermoelectric heat pump system for a large power plant, which can help
reduce 1.5% fuel usage with the payback year of only 4 years.

Despite the unique advantages of TEMs, the barriers that prevent TEMs from wide-
spread applications are their high initial costs and low energy efficiencies [4,5,11,26,27],
especially for their large capacity applications in buildings compared to conventional heat-
ing and cooling equipment. For example, He et al. [27] conducted a study of a solar-driven
TEM cooling and heating system in a small room, and the average system Coefficient of
Performance (COP) for cooling is slightly higher than 0.45. Due to low COPs, TEM systems
have therefore been restricted to niche applications [4,11]. High initial costs are considered
as another limitation of TEMs. The theoretical optimum design of a thermoelectric cooler
for buildings proposed by Riffat and Qiu [26] has a higher initial cost (about three times
higher) than a vapor compression air-conditioner with the same output power.

Although TEMs have brought more attention to designers and engineers, making this
innovative technology become more viable when deploying into building conditioning
systems, the low efficiency [4] and low capacity are still the issue or concern, since most de-
veloped systems used ambient air as the heat source or sink; for example, the thermoelectric
air-conditioner having the cooling COP of 0.38~0.45 [26], the solar-driven thermoelectric
system having a slightly higher cooling COP than 0.45 [27], and the novel thermoelectric
refrigeration and space conditioning system mentioned in [28] having the calculated COP
of 0.1. This paper, therefore, aims to develop a novel, panelized, ground source, radiant
heating and cooling system by utilizing the Peltier effect. The proposed panel system is
equipped with water pipes that are attached to one side of the panel and connected with a
ground loop to exchange heat between the cold /hot sides of the thermoelectric module
and the underground region. The ground loop will be inserted in boreholes and is expected
to be the same as those used for a vertical closed-loop Ground Source Heat Pump (GSHP)
system, which could be hundreds of feet deep, where the ground temperature is nearly
constant. By applying it in buildings and attaching it on building envelope components,
such as walls, as a heating and cooling device (Figure 1b,c), the heating and cooling require-
ments can be met by reversing the voltage (changing the direction of the current) applied
on these two sides/substrates. The panels can be prefabricated, and each of them will
be equipped with two connections for the electrical power and the ground loop for easy
installation (Figure 1d). Like a GSHP system that typically has higher system efficiencies
than conventional air-source systems, the proposed system uses the underground region as
the heat sink or source and, thus, is expected to have higher system efficiencies compared
to other conventional TEM devices that utilize ambient air as the heat sink or source for
space cooling or heating in buildings, similar to the concept of using groundwater as the
heat sink or source for a thermoelectric heat pump system [29].
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2. Materials and Methods

To investigate the performance of the developed panel system, experiments (Figure 2)
were conducted in a lab based on the experiment design illustrated in Figure 3. Table 1
shows the parameters of the key devices used in the experiment. As shown in Figure 2,
warm or cool water from a water bath/tank used to mimic underground loops flows
through the pipes to provide heating or cooling effects to the two heat-exchanging panels
made of aluminum. The purchased TEMs are sandwiched between panels. Four of them
are grouped together within one heat-exchanging panel with totally two panels (eight
TEMs) connected in series by water pipes (Figure 3). The eight TEMs are separated into
four parallel electric circuits with two of them in each circuit that are connected electrically
in series.

(d)

Figure 2. Experiment demonstration: (a,b) overview of the system, (c) water pipes connected with the

heat exchanging panels, and (d) heat exchanging panels with the thermoelectric modules in between.
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Table 1. Parameters of key experiment components.

Equipment Parameters
ThermokElectric Module (TEM) * HP-127-1.4-1.5-72 (127 thermocouples, 40 mm X 40 mm x 3.9 mm)
TEM Seebeck Coefficient * (V/K) 0.0002043 @300 K
TEM Thermal Conductivity * (W/(m-K)) 1.458 @300 K
TEM Resistivity * ((2-m) 0.103 @300 K
Heat Exchanging Panel * LC-SSX1(Aluminum, 152.4 mm X 88.9 mm x 12.7 mm)
Temperature Controller * TC-48-20 (20~100 °C, £0.1 °C)
Thermistor * MP-3193 (—20 to 100 °C, £1 °C)
Power Supply * PS-12-8.4A (85~264 VAC, 12 VDC, 8.5 Amps)
Digital Water Meter ** DM-P-050 (0.0027~0.42 L/s, £1%)
Thermocouple *** Type-K (—40 to 260 °C, 1 °C)
Thermometer Data Logger *** Extech-SDL-200 (—100 to 1300 °C, £1 °C)

* TE Technology [30]. ** Flows [31]. *** Extech [32].

As shown in Figure 3, water from the water bath was supplied by using a constant-
volume pump to the two heat exchanging panels one by one at a controlled constant flow
rate of 0.17 L/s. Various inlet water temperatures were used at the hot and cold sides of
the TEMs to evaluate their performance under different conditions at both the source and
load sides of the system. The temperature controller provides additional safety protection
for the TEM system to avoid overheating or overcooling by controlling the supplied power
through the thermistor located at the inside surface of the hot panel of the heat exchanger
#1 (Point C). Thermocouples were used to measure the inlet and outlet water temperatures
at Points B, E, F, H, K, L, M, and N as shown in Figure 3. Panel surface temperatures
were measured by other thermocouples located at the inside surfaces of the panels, such
as Points D, I, G, and J. Water is pumped through heat exchangers’ hot and cold panels
with the designed inlet water temperatures that vary between around 4.4 °C and 21.1 °C
under the given input electrical power (54 W, 120 W, and 266 W) applied on the eight
TEMs. The primary limitation of the experiment study is that the inlet water from the water
bath as shown in Figure 2, which is exposed to and affected by the ambient air, cannot
be controlled precisely to a temperature point that is consistent for all the case studies.
For example, Table 2 shows the temperatures of the inlet water supplied to both the cold
and hot panels in each case with different input electrical power. Additionally, for each
case, panel temperatures, inlet and outlet water temperatures, water flow rates, and the
electric power consumed to produce the Peltier effect are measured every second for at least
5~10 min until the measured parameters nearly reach a steady state (almost no change with
time). In this study, each experimental case was tested once due to the limited experimental
condition involving the inconsistent inlet water temperatures from the water bath, but the
mean values of multiple samples (usually more than 100 samples for each case) were used,
as the measured parameters became stable, to determine the performance of the system, as
well as the uncertainties.



Energies 2022, 15, 209 60f 17

Table 2. Experimental Cases.

Hot Panel Cold Panel Input Electrical
Case Inlet Water Uncertainty Inlet Water Uncertainty Power

Temperature (°C) Heating Capacity Heating COP Panel Temperature Temperature (°C) Cooling Capacity Cooling COP Panel Temperature W)
1 42 1.46% 1.54% 0.78% 44 1.64% 1.72% 1.22% 54
2 4.4 1.95% 2.01% 1.60% 4.5 1.35% 1.44% 1.80% 120
3 47 1.47% 1.56% 4.62% 47 1.87% 1.93% 2.03% 266
4 9.9 1.39% 1.47% 1.67% 4.4 1.61% 1.68% 1.88% 54
5 10.0 1.24% 1.34% 1.17% 4.6 1.52% 1.60% 1.37% 120
6 10.1 1.29% 1.38% 2.48% 4.4 1.67% 1.74% 2.24% 266
7 45 1.22% 1.32% 2.59% 21.1 2.56% 2.60% 2.34% 54
8 4.6 1.93% 2.00% 2.89% 21.0 1.15% 1.25% 0.89% 120
9 42 2.89% 2.93% 3.25% 20.9 1.35% 1.44% 1.56% 266
10 10.2 3.29% 3.33% 3.27% 21.2 4.35% 4.38% 3.79% 54
11 10.1 1.69% 1.76% 3.23% 20.9 1.95% 2.02% 1.64% 120
12 10.4 1.37% 1.46% 1.99% 20.6 2.27% 2.32% 3.38% 266
13 10.0 1.74% 1.81% 1.82% 14.7 1.49% 1.57% 1.26% 54
14 10.0 2.17% 2.23% 3.61% 14.6 1.36% 1.45% 1.06% 120
15 10.4 1.39% 1.48% 2.80% 14.6 1.41% 1.50% 0.88% 266
16 4.6 1.40% 1.49% 4.81% 14.6 1.49% 1.57% 1.81% 54
17 42 3.44% 3.48% 4.40% 14.2 2.18% 2.24% 2.33% 120
18 3.9 2.06% 2.12% 1.31% 14.1 1.44% 1.52% 1.44% 266
19 21.4 1.95% 2.01% 0.72% 4.6 3.51% 3.55% 3.32% 54
20 21.2 3.75% 3.79% 3.40% 49 3.75% 3.79% 3.73% 120
21 20.9 1.85% 1.91% 5.36% 47 4.49% 4.52% 4.02% 266
22 21.0 2.46% 2.51% 1.83% 14.1 4.53% 4.55% 3.66% 54
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Table 2. Cont.

Hot Panel Cold Panel .
Input Electrical
Case Inlet Water Uncertainty Inlet Water Uncertainty Power
Temperature (°C) i Temperature (°C) i (W)
p Heatlr.lg Heating COP Panel p COO]II.Ig Cooling COP Panel
Capacity Temperature Capacity Temperature

23 21.0 1.39% 1.47% 1.27% 14.1 4.08% 411% 2.66% 120
24 21.1 1.45% 1.53% 4.93% 14.0 2.36% 2.41% 4.36% 266
25 21.4 1.36% 1.45% 1.81% 21.6 1.16% 1.27% 0.68% 54
26 21.3 1.16% 1.26% 0.60% 21.5 1.09% 1.20% 0.40% 120
27 21.3 1.10% 1.20% 0.64% 21.5 1.29% 1.38% 0.40% 266
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The use of water at both the source and load sides is to (1) mimic the ground loops
that could be buried underground and exchange heat with the underground region, whose
temperatures would be >21.1 °C in hot climates or <4.4 °C in cold climates across the
U.S. [33]; and to (2) provide an easy way to estimate the net heating or cooling effects
produced at the hot or cold sides of TEMs, where the heat losses or gains due to the ambient
environment were minimized by using insulation materials wrapped around the heat
exchanging panels. Figure 4 shows the experimental procedure.

{ Water in water bath was controlled at the temperatures as listed in Table 2 }7

Water from the water bath was circulated to the hot and cold panels with the controlled
water flow rate of 0.17 I/s

[ Adjust the power supply to a specified input power (54 W, 120 W, or 266 W) ]1—

[ Observe the measured data, i.e., the outlet water temperatures, until they reach a steady state }

Output the measurement results, including cold/hot panel inlet/outlet water temperature (points
B,E, E H, K, L, M, N), and cold/hot panel temperature (points D, I, G, ])

Other input Yes
power
No
Other inlet water Yes

lemperatures as
listed in Table2

Figure 4. Experimental procedure.

3. Results

The heating/cooling capacity shown in Figures 5 and 6 was determined by using
Equation (1), and the corresponding COP was determined by using Equation (2).

Q= Inwatercp (Tin — Tout), 1)

where Q (W) is the heating/cooling capacity, myater (kg/s) is the mass flow rate of the
circulating fluid (water), Cp, (J/(kg-K)) is the specific heat capacity of the fluid at constant
pressure, Ti, (°C) is the panel inlet water temperature (at Point B or K), and Tyt (°C) is the
panel outlet water temperature (at Point H or N).

. Q
COP = D/ )

i

where Q (W) is the heating/cooling capacity (from Equation (1)), and P; (W) is the input
power supplied to the TEMs.
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Figure 5. Heating capacities and COPs: (a) Heading Capacity, (b) Heating COPs, and (c) Hot Side
Surface T with the hot (load) side inlet water temperature of around 4.4 °C (3.9~4.7 °C); (d) Heading
Capacity, (e) Heating COPs, and (f) Hot Side Surface T with the hot (load) side inlet water temperature
of around 21.1 °C (20.9~21.4 °QC).
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Figure 6. Cooling capacities and COPs: (a) Cooling Capacity, (b) Cooling COPs, and (c) Cold Side
Surface T with the cold (load) side inlet water temperature of 4.4 °C (4.4~4.9 °C); (d) Cooling Capacity,
(e) Cooling COPs, and (f) Cold Side Surface T with the cold (load) side inlet water temperature of
21.1 °C (20.6~21.6 °C).

Figures 5 and 6 show the heating and cooling performances of the system, respectively,
which were extracted from the experimental results. Figure 5 shows the relationships
among the electrical power consumed, the inlet water temperatures at the cold (source) side
from underground loops, and the heating capacities in W (left figure), COPs (middle figure)
or the hot side surface temperatures (in °C) of the panels (right figure), with the given
inlet water temperature at the hot (load) side (around 4.4 or 21.1 °C). Figure 6 displays
the cooling capacities in W (left figure), COPs (middle figure), and the corresponding cold
side surface temperatures (in °C) in the cooling mode of the system (right figure). The
heating/cooling capacities were estimated by using the water flow rate and the inlet and
outlet water temperatures measured from the two-panel system. The capacity results were
then divided by the corresponding electrical power consumed to determine COPs.

The uncertainty was derived from the systematic error and random error [34], both of
which were considered in measuring the temperatures, water flow rates, and the electrical
powers. The uncertainties for the results shown in Figures 5 and 6 are shown in Table 2, in
terms of heating/cooling capacities, COPs, and surface temperatures, where were evaluated
by using the uncertainty propagation equations (Equations (3) and (4)) [34].

1/2

L
uc = | ) (Biux)’ ©

,i=1,2,...,L ()
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where uc is the uncertainty; uy, is the instrument uncertainty for each measured variable;
0; is the sensitivity of uncertainty for measured variables.

In the cooling mode, the cold panel is regarded as the load side, and thus the hot panel
is the source side. Otherwise, in the heating mode, the cold panel is regarded as source
side, and the load side is the hot panel. As shown in Figure 5, when the load (hot) side
inlet water temperature is given, i.e., around 4.4 °C, higher inlet water temperatures at the
source side will achieve greater heating capacities if the input power is kept constant. This
phenomenon, however, is less prominent when the inlet water temperature is higher than
15.6 °C, i.e., the curves become flat as the inlet water temperature increases. With a given
inlet water temperature at the source (cold) side, higher power inputs will achieve greater
heating capacities. This indicates that if the inlet water temperatures at the source and load
sides, as well as the number of TEMs, in the system are given and remain unchanged, the
only way to raise the heating capacity is to increase the power input, i.e., consuming more
electrical power, to generate more heating effects. The result also shows that when the inlet
water temperature at the source side is low, e.g., 7.2 °C (like the ground temperature in cold
climates of the U.S.), the heating COPs will not increase too much as the rise of the input
power. When the source-side temperature is high, e.g., 21.1 °C (like the ground temperature
in hot climates of the U.S.), higher heating COPs can be achieved, which are more sensitive
to the source-side temperature rather than the input power, and the heating COPs increase
as the decrease in input powers. For example, under the given conditions in the experiment,
the highest heating COP (around 4.5) occurs when the inlet water temperature at the source
side is as high as 21.1 °C. This indicates that the proper way to maintain the high efficiency
of the proposed system while meeting the heating load of a building is to increase the
number of TEMs used in the system, which, apparently, would increase the cost of the
system, and therefore finding and /or synthesizing a suitable and affordable thermoelectric
material play a significant role.

When the heating load is decreased, i.e., the hot (load) side inlet water temperature
increases from around 4.4 °C to 21.1 °C, the heating capacities and COPs are all reduced,
and the heating COPs are only sensitive to the cold (source) side inlet water temperature
instead of the input power, especially when the input power is higher than a threshold,
e.g., 120 W in the experiment. In this case, the corresponding hot-side surface temperatures
are around 29.4 °C, which is an ideal surface temperature for the proposed radiant system
for space heating, especially if used with a slab as a floor radiant system [35].

For cooling (Figure 6), lower inlet water temperatures at the source (hot) side contribute
to the increase in cooling capacities, and when the cooling load is increased, i.e., the cold
(load) side inlet water temperature increases from 4.4 °C to 21.1 °C, the cooling capacities
and COPs are all increased. Compared to the heating performance, however, cooling COPs
are low, which vary between around 0.2 and 1.4. For example, the lowest cooling COP (0.2)
occurs when the inlet water temperature at the source side is as high as 21.1 °C and the inlet
water temperature at the load side is as low as around 4.4 °C with the given power input of
around 266 W, and the highest cooling COP (1.4) occurs when the inlet water temperature at
the source side is as low as around 4.4 °C and the inlet water temperature at the load side is
as high as around 21.1 °C with the given power input of around 54 W. When the cold (load)
side inlet water temperature is around 21.1 °C, the corresponding surface temperatures at
the cold side of the panel is around 18.2~21.0 °C, which is a more appropriate temperature
set point for the space cooling to avoid the occurrence of condensation on the surface,
compared to the other case that has low surface temperatures (<5.3 °C).

Figures 7 and 8 show the details of the heating and cooling COPs of the system,
respectively, where Figure 7 shows the relationship between the heating (solid line) and
cooling (dashed line) COPs with the given inlet water temperature at the cold (load) side
(the horizontal axis), and Figure 8 displays the relationship between the heating (solid
line) and cooling (dashed line) COPs with the given inlet water temperature at the hot
(load) side (the horizontal axis). The corresponding inlet water temperatures at the hot and
cold sides for Figures 7 and 8 are shown in their legends, respectively. For example, the
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legend of “COP H: Tin 4.6, 3.9, 4.2” in Figure 7a is for the solid line with three circles (left,
middle, and right), where 4.6 °C represents the hot-side inlet water temperature for the
circle on the left, and 3.9 °C and 4.2 °C are thus for the circles in the middle and on the
right, respectively.

—8—COPH: Tin 4.6,3.9,42  —A—COP H: Tin 10.1,103,10.4[ ——COP H: Tin 4.4, 42,46  -®-COPC: Tin4.4,4.2,46 |—®—COPH:Tin4.2,46.45  -@-COP C: Tin 4.2,4.6,4.5
—8—COP H: Tin 209,21.1,21.2 -@-COP C: Tin 4.6,3.9,42 | —&—COP H: Tin 10.0,10.0,10.1 -4 -COP C: Tin 10.0, 10.0, 10.1 | ——COP H: Tin 10.0,10.0,10.2 -4 -COP C: Tin 10.0, 10.0,102
-A-COPC: Tin 10.1,103,10.4 -®-COP C: Tin 20.9,21.1,21.2 | -8 COP H: Tin 21.2,21.0,21.3 -®-COP C: Tin 21.2,21.0,21.3 | -8 COP H: Tin 21.3,21.0,21.3 -®-COP C: Tin 21.3,21.0,213

5.0 5.0 50

40 7.0 100 130 160 190 220 4.0 7.0

X 3. . 190 220 4.0 7.0 100 130 160 190 220
Cold Plate Inlet T [F] Cold Plate Inlet T [F]

Cold Plate Iulet T [F]

(@) (b) (c)

Figure 7. Cold panel inlet water temperature and COPs; (a) power demand: 266 W; (b) power
demand: 120 W; (c) power demand: 54 W.

——COPH: Tin 4.7, 4.4,4.7  -@-COP C: Tin4.7,4.4,47 | —@—COPH: IIn4.5,4.6,49 -@-COP C: Tin 4.5, 4.6,4.9 |—®—COPH:Tin 4.4,4.4,45  -®-COP C: Tin 4.4, 4.4, 4.5

—&—COP H: Tin 14.1,14.6, 13.9 -4 -COP C: Tin 14.1,14.6, 13.9 | ——COP H: Tin 14.2,14.6, 14.1 -4 -COP C: Tin 14.2, 14.6, 14.1 | —— COP H : Tin 14.5, 14.7, 14.1 -4 -COP C: Tin 14.5, 14.7, 14.1

—&— COP H: Tin 209, 20.9.21.5 ~®-COP C: Tin 20.9, 20.9,21.5 | —#— COP H: Tin 21.0,209,21.5 -®-COP C: Tin 21.0,20.9,21.5 | -8 COP H: Tin 21.1,21.2,21.5 -®-COP C: Tin 21.1,212,21.5
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Figure 8. Hot panel inlet water temperature and COPs: (a) power demand: 266 W; (b) power demand:
120 W; (c) power demand: 54 W.

As shown in Figure 7, the input power was decreased from 266 W (Figure 7a) to 54 W
(Figure 7c). When the input power is kept constant, the higher heating (solid line) and
cooling (dashed line) COPs (dashed line) will be achieved as the given load (cold) side inlet
water temperature increases if the hot side inlet water temperature is kept nearly constant.
For example, when the inlet water temperature of the cold panel is increased from 4.4 °C
to 21.1 °C and the hot panel inlet temperature is around 4.4 °C, the heating COP (solid
line with circles) will be increased from 1.8 to 4.7 with the input power of 54 W (Figure 7c).
However, when the load (cold) side inlet water temperature is higher than, e.g., 14.5 °C, the
curves become flat as the inlet water temperature increase. When the load (cold) inlet water
temperature is kept nearly constant, the heating (solid line) and cooling (dashed line) COPs
will be increased as the input power is decreased. For example, when the cold panel inlet
water temperature is around 21.1 °C and the hot panel inlet water temperature is around
4.4 °C, the heating COPs (the right circle on the solid line) are increased from 2.8 to 4.7, as
the input power is decreased from 266 W (Figure 7a) to 54 W (Figure 7c).

As shown in Figure 8, when the input power and cold panel inlet water temperature
are kept nearly constant, the higher heating (solid line) and cooling (dashed line) COPs
can be achieved as the load (hot) side inlet water temperature decreases. For example,
when the input power is 54 W (Figure 8c) and the cold panel inlet temperature is around
21.1 °C, the heating COP (solid line with squares) is decreased from 4.7 to 2.0 if the hot
panel inlet temperature is increased from 4.5 °C to 21.3 °C. When the hot and cold panel
inlet temperatures are kept nearly constant, the heating (solid line) and cooling (dashed
line) COPs are increased as the input power decreases. For example, when the cold panel
inlet temperature is kept around 21.1 °C and the hot panel inlet temperature is kept around
4.4 °C, the heating COP (the left square on the solid line) is increased from 2.9 to 4.7 as
the input power decreases from 266 W (Figure 8a) to 54 W (Figure 8c). Moreover, at the
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constant input power and hot panel inlet temperature, the COPs will be increased as the
cold panel inlet temperature is increased.

4. Discussion

For a typical single-family detached house defined by the Pacific Northwest National
Laboratory (PNNL) [36], the number of TEMs required to meet the heating and cooling
loads of the house is shown in Table 3. The required TEM numbers were determined by
using the heating or cooling loads of the house if located in eight different Climate Zones
(CZ) across the U.S. designated by the International Energy Conservation Code (IECC)
and ASHRAE [37] divided by the heating or cooling capacities of the proposed system,
which were determined based on the experimental results (Figures 5 and 6) considering
the expected design hot/cold surface temperatures for a radiant system, e.g., 29.4 °C for
heating [35] and ~19.4 °C for cooling. The house has two floors with total areas of 334.5 m?,
where 223.1 m? are the conditioned space, and the window-to-wall ratio is around 14% [36].
Eight cities were selected as the representatives of the eight CZs (Table 3). The effects of
local building codes (according to IECC 2021) on the heating and cooling loads of the target
building were also considered.

As shown in Table 3, the heating COP decreases as the weather (or the ground)
becomes colder from CZ-1 to 8. For example, the heating COP can reach up to 3.17 in hot
climates, e.g., in Honolulu, but in cold climates, it is as low as 0.81, e.g., in Fairbanks, due to
the relatively cold ground (2.4 °C) compared to 27.2 °C in Honolulu. The developed system
will have a heating COP of around 2.0 if used in a region with mild winters and warm
grounds, such as CZ-3 or 4. The system will have low cooling efficiencies (up to 0.59, similar
to other TEM systems [4,5,26,39]) even though it is used in cold climates, which indicates
that the cooling performance of the system cannot be effectively improved by utilizing
the ground loop or optimizing the return water temperature. Instead, a new type of
thermoelectric material with high ZT = s2/ pk T, which can be calculated from the Seebeck
coefficient (s), electrical resistivity (p), and thermal conductivity (k) with temperatures (T),
is expected to be developed or found to further improve it [40,41]. It is also known that
the arrangement of the TEMs in cascade would contribute to achieving higher cooling
capacities at a comparable efficiency to standard refrigeration techniques [42].

The number of TEMs needed to handle the heating and cooling (sensible) loads was
determined by using Equation (5), according to the heating or cooling capacities of the
system with eight TEMs (Figure 3) used in the target house located in each climate zone.

Heating or Cooling Loads

.of TEMs =
NO.o s Heating or Capacity of the 8§ — TEM system x8

©)

As shown in Table 3, around 75~90 TEMs are needed to heat up the target building
in the winters of CZ-1, 2, 3, and 4, and ~180 TEMs are needed for the building located in
CZ-8 (Fairbanks). The total TEM costs, i.e., the initial costs to purchase the TEMs needed
for space heating or cooling (the last two rows of Table 3), were determined by using
Equation (6) with the given TEM unit price [43].

Total TEM Cost = NO. of TEMs % Unit Price 6)

For the target house, the investment of USD 1900~4500 (TEMs only) in a device for
space heating is comparable with the cost of a regular water-to-air heat pump unit based on
vapor-compression refrigeration cycles [44] (ductwork costs are not included), especially
in hot/warm climates, where higher heating COPs can be achieved. For space cooling,
however, more TEMs (around 250~800) are typically needed to cover the entire sensible
cooling loads of the target building, which, apparently, make the system unaffordable and
not cost-effective. Therefore, additional studies are needed to further improve the cooling
performance of the developed system
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Table 3. System performance for a single-family house.
CZ1 CzZ2 CZ3 CZ4 CZ5 CZeo6 CzZ7 CZ8
Honolulu, Tampa, Atlanta, New York, Buffalo, Rochester, International Fairbanks,
HI FL GA NY NY MN Falls, MN AK
Heating Loads * (W) 6487.45 7007.98 5693.81 5561.81 5069.57 5666.87 4917.65 5477.60
Cooling Sensible Loads * (W) 5371.70 5634.88 4763.87 4603.27 4237.81 4451.46 4202.35 4585.98
Heating Capacity ** (W) 680.58 597.65 543.26 499.23 398.12 408.65 281.26 242.56
Surface T for Heating (°C) 33.54 30.32 29.02 28.05 27.76 27.81 27.45 27.24
Cooling Capacity ** (W) 54.58 60.56 103.86 130.56 133.00 132.50 135.00 139.00
Surface T for Cooling (°C) 23.25 21.55 19.60 18.35 18.38 18.36 18.29 18.25
Ground Temperature *** (°C) 27.17 23.17 17.78 13.61 10.00 10.39 5.78 2.39
Heating COP ** 3.17 2.34 2.17 2.00 1.61 1.66 1.17 0.81
Cooling COP ** 0.21 0.26 0.42 0.53 0.54 0.55 0.56 0.59
To Meet Heating Loads 77 94 84 90 102 111 140 181
NO. of TEMs To Meet Cooling Loads 788 745 367 283 255 269 250 264
Total TEM Costs To Meet Heating Loads 1901.90 2321.80 2074.80 2223.00 2519.40 2741.70 3458.00 4470.00
(%) To Meet Cooling Loads 19,463.60 18,401.50 9064.90 6990.10 6298.50 6644.30 6175.00 6520.90
* Heating and cooling loads from [36]. ** With the power input of 250 W. *** Data extracted from GLHEpro [38].
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5. Conclusions

This paper aims to develop a novel, panelized, ground source, radiant heating and
cooling system by utilizing the Peltier effect. The proposed panel system is equipped
with water pipes that are attached to one side of the panel and connected with a ground
loop to exchange heat between the cold /hot sides of the thermoelectric module and the
underground region. The ground loop is inserted in boreholes and is expected to be the
same as those used for a vertical closed-loop GSHP system. Experiments were conducted
to evaluate the performance of the proposed system for space heating and cooling, and the
conclusions condensed from the experimental results are summarized below.

e  The proposed system using the underground region as the heat source has the po-
tential of meeting heating loads of a house while maintaining at a higher system
efficiency (up to ~3.0 COP) for space heating compared to conventional heating de-
vices, such as furnaces or boilers, especially in a region with mild winters and relatively
warm ground.

e  The average cooling COPs of the system are low (0.59 or less) even using the ground
as a heat sink, and thus additional studies are needed to improve it.

e  The proposed system, however, has other advantages over other conventional heating
and cooling systems, which are shown below.

O It contributes to the achievement of its scalability to larger buildings or applica-
tions in different types of buildings since the maximum COP is not dependent
on the cooling /heating capacity and geometry factor, as long as the design tem-
peratures at the hot and cold sides and the figure of merit of the thermoelectric
material are confirmed [45].

O It is expected that the developed panel will be prefabricated in shops and
thus easily attached to building envelope components, like walls, floors, or
ceilings, which is thin (50~80 mm) and light, thus allowing easy and rapid
on-site assembly with lower transportation and labor costs.

Although advancement for developing the novel system has been achieved utilizing
the Peltier effect and underground boreholes, there remain some limitations on the cur-
rent study along with unanswered questions and additional research opportunities. For
example, the primary limitation of the study involves the use of the water bath/tank to
mimic underground loops that could be inserted into boreholes for more than a hundred
of meters deep. Some inaccuracies may occur due to the limited experimental condition,
e.g., the inlet water temperatures cannot be controlled precisely. It is expected that the
experiment conditions will be improved in future studies, e.g., using a large water bath that
can precisely control its outlet water temperature. Additionally, some unexpected operating
issues may not be able to identify in the current experimental study until field tests can be
carried out, where the developed system will be connected with real underground loops. It
can be followed with a detailed life cycle cost analysis to verify the results obtained from
the lab experiments and to further improve the feasibility of using the proposed system in
buildings for heating and cooling.

The existing TEMs use traditional thermoelectric materials, such as bismuth telluride,
lead telluride, and half-heusler alloys [43], which are either expensive or contain toxic
elements, making them practically impossible to be used in buildings. VO2 is an emerg-
ing thermoelectric material presenting a large Seebeck coefficient, ~200 to 400 uV/K at
room temperature, and low thermal conductivity, from nearly zero (insulating phase) to
6.9 W/(m-K) (metal phase) [46]. These property parameters are comparable to or even bet-
ter than those of most of the traditional thermoelectric materials, for example, ~175 pV/K
and 1.6 W/(m-K), respectively, for bismuth telluride [47]. However, VO2 uses the earth-
abundant element vanadium (V), and therefore the cost of VO2 would be much lower
than that of most of the existing thermoelectric materials containing rare elements, such
as Te, Se, Bi, Sb, etc. This makes VO2 a promising material to form the thermo element of
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the proposed thermoelectric heating/cooling panel, which will be investigated further in
future studies.

Additionally, more results related to different locations/climates can be included in
addition to the eight cities shown in Table 3, which contribute to plotting a high-resolution
US map that shows the potential of using the developed system (e.g., the number of TEMs
needed) for space heating or cooling of a typical house.
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