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ABSTRACT

The performance of a groundwater thermoelectric (TE)
heat pump system, based on today's state of the art TE
materials, was calculated and compared with that of a
conventional groundwater heat pump under the same water
inlet temperature and flow rate. It was found that the
TE system was quite competitive for cooling, particularly
for groundwater temperatures below 18°C (64°F). The TE
system performed poorly for heating mode operation. A
cooling coefficient of performance (COP) of 6.4 could
be realized by a properly designed TE system at a
groundwater temperature of 13°C (55°F), compared with a
COP of 4.35 for a conventional heat pump. For heating
mode operation at the same water temperature, the TE
system achieved a COP of 1.82, while the conventional
heat pump performed at a COP of 3.72. TE systems for
many buildings, where part of the areas require year-
round cocling, can be a good alternative if groundwater
of sufficiently low temperature is available.

[NTRODUCTION

Recent concern about possible depletion of the ozone
layer by the release of certain CFC refrigerants [1]
1as  renewed interest in alternative refrigeration
systems. Thermoelectric (TE) refrigeration systems
ave always been considered for special applications
mly, where their durability and light weight outweigh
cheir low thermal efficiency. However, the thermal
:fficiency of a TE system can be greatly improved if
che TE modules’ hot to cold side temperature differential
:an be kept small. One way to achieve that it to use
low temperature groundwater as a cooling medium.
jroundwater has long been considered an excellent heat
‘ransfer medium for conventional heat pump application
2,3]. The performance of a water-coupled TE cooling
iystem has been studied before ([4,5], and with very

promising results. The combination of a TE system with
low-temperature groundwater should have a much higher
COP than air cooled TE systems.

In this study, the calculated performance of a
groundwater-coupled TE heat pump, based on today's
state of the art TE materials, was compared with the
laboratory tested performance of a conventional groundwater
heat pump system under the samé water inlet temperature
and flow rates and the same inlet air and outlet air
temperatures. A cross-flow TE heat exchanger model by
Mathiprakasam [6] was modified and used to calculate
the TE system’s performance.

The COP for the two systems are compared for both
heating and cooling mode operation. The water inlet
and outlet temperature differentials are also compared.
Through these comparisons, it is found that the TE
system, under certain design criterion, can outperform
the conventional water source heat pump system (WSHP)
in cooling mode operation.

¥
MATHEMATICAL MODEL
A cross-flow TE unit, as shown in Fig. 1, is considered
for the analysis. The model is based on the energy
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Fig. 1. Schematic of cross-flow TE unit.
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balance with the heat transfer medium, air and water.
The heating mode and cecoling capacities are calculated
by TE module equations [7]. The model has two parts,
heating and cooling mode operation. They are described
in detail below.

Heating mode: (1) water side
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Cooling mode: (1) water side
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The two sets of equations, 1 through 5 and 6 through
11, represent the heating and cooling operations.
The problem involves heat generation in the process.
This problem is solved numerically with some modifications
of the computer code developed by Mathiprakasam (61}.

STATE-OF-THE-ART TE MATERIALS

For the past twenty years, there has been no major
breakthrough in TE material development. The figure of
merit of available TE modules today is around
2.5 x 10°3/°K. Horst and Williams [8] using existing
TE material under careful control of some factors, such
as sample preparation, material growth, and doping,
demonstrated experimentally that a figure of merit of
3.1 x 1073 /°K could be achieved. While such performance
is available, the current technology does not reflect
it._The following state-of-the-art TE material properties
for each couple are, therefore, assumed.

a (Seebeck coefficient) = 0.00044 V/°K
k (thermal conductivity) = 0.030 W/em®K
p (electrical resistivity) = 2.10 x 10°2 ohm-cm

TE SYSTEM OPERATING CONDITIONS AND PARAMETERS

Table 1 presents the WSHP operating conditions [3].
The TE system operating conditions are assumed to be
the same. Two parameters, P, and P,, are used for TE
system's parametric study. P, and P, represent the air
side and groundwater number of transfer unit (NTU). In
this spudy, the groundwater and air mass flow rates are
kept constant. P, and P, actually represent H, or Hy.
Since heat transfer area is a design factor, P, and P,
can then be considered as design parameters. For
example, with different heat sink devices attached to
the TE modules, the heat transfer area can vary over a
wide range. With P, and P, as the parameters, a total
of 108 runs was made for heating and cooling mode
operation.

r

RESULTS AND DISCUSSION

Figure 2 shows the comparison of COPs of the WSHP
(3] and the TE system in heating mode operation. The
COPs of the WSHP are much higher than those of the TE
system. The parameters P, and P, do not have much
effect on the system COPs. At 13°C groundwater temper-
ature, the heating COP for the TE system with P, = 1.5,
and P, = 1.5, is only 1.72. For WSHP, the COP is 3.72.
This indicates that groundwater temperature is not high
enough to be a good heat source for TE systems. Table
2 presents the rest of the computed TE system performance.

Figure 3 presents the comparison of COPs of the two
systems for cooling mode operation. The nonlinearity
of the TE system's performance as a function of groundwater
temperature is clearly shown. The effect of P, and P,
is much stronger than in heating mode operation. For
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Table 1. Operating conditions

1. Water inlet 21.1°¢C 18.3°c 15.6°C 12.8°C 10°c 7.2°C

temperatures (70°F) (65°F) (60°F) (55°F) (50°F) (45°F)
2. Water flow rate 2044 kg/hr (4505 lb/hr)
3. Air flow race 2396 kg/hr (5280 lb/hr)
4. Inlet air temperature 25.6°C

(cooling mode) (78°F)
5. Inlet air temperature 21.1°C

(heating mode) (70°F)
6. Inlet air relative humidity  65%

(cooling mode)
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Fig. 2. Comparison of heating mode performance of WSHP

and TE systems with P, and P, as parameters.

P, = 1.5 and P, = 1.5, the TE system outperforms the
WSHP at groundwater temperature 18°C or lower, if the
cyclic loss of the WSHP is included. For example, at
13°C water, with P, = 1.5 and P, = 1.5, the TE gooling
system can achieve a COP of 6.50, versus 4.10 for
WSHP. When the groundwater temperature becomes lower,
the COPs of TE system increase exponentially because
each TE module’s performance is a nonlinear function of
the TE module’s hot and cold side temperature differential
as shown in [7]. The groundwater temperature in the
continental United States is ranging from 21°C in the
south to around 7°C in the northern region [2]. Its
temperature is low enough to be an excellent heat sink
for TE system’s cooling mode operation. Figure 3 also
shows that the design of the TE heat exchanger becomes
important. The amount of heat transfer area will
greatly affect the TE system cooling performance.
Table 3 lists the calculated TE system cooling performance.

Figure 4 shows the inlet and outlet water temperature
differentials for WSHP and TE system. For heating
mode, the TE system has a much smaller temperature
differential than WSHP. The design factors, P, and P,,

Table 2. Calculated TE System Heating Performance

TL ~21.1C, To - 37.8C, RH = 65%

Pl -1.0, P2-1.0 Pl ~-1.0, P2=~1.,5 PL=-1.0, P2 -2.0

Tuy T, cop Toy Tw, COP Tuy Ty,  COP
21,1 19.1  1.73 21,1 19.1  1.75 21,1 191 1.76
18.3  16.5 1.65 18,3 16.4 1.67 18.3  16.4 1.67
15.6 13.8 1.57 15.6 13.8 1.59 15.6 13.8 1,59
12,8 11.2  1.50 12.8 11.2 1.52 12.8  11.2  1.52
10.0 8.6 1.44 10.0 8.5 1.45 10.0 8.5 1.45
7.2 5.9 1.38 7.2 5.9 1.38 7.2 5.9 1.39
Pl -~ 1.5, P2 - 1.0 Pl - 1.5. P2 = 1.5 Pl =~ 1.5, P2 = 2.0
Tuy Ty,  coe Tey Tw, COP Tyy Ty,  COP
21,1 18.8 1.96 21,1 18,7 1.99 21.1 18,7 2.00
18.3  16.2 1.84 18.3  16.1 1.87 18.3  16.1 1.88
15.6 13.5 1.74 15.6 13.5 1.76 15.6 13,5 1.77
12.8  10.9 1.65 12.8 10.9 1.67 12.8 10,9  1.68
10.0 8.3 1.56 10.0 8.3 1.58 10.0 8.2 1.59
7.2 5.7 1.49 7.2 5.6 1.50 7.2 5.6 1.51
Pl - 2.0, P2 ~1.0 Pl - 2.0, P2 - 1.5 PL = 2.0, P2 ~2.0
Ty, T,  COP Toy Ty,  COP To, To, COP
21,1 18.6 2.09 21,1 18.6 2.16 21.1  18.5 2.18
18.3  16.0 1.96 18.3 159 2.01 18.3 159 2.03
15.6 13.4 1.84 15.6  13.3  1.88 15.6 133  1.90
12.8 10.8 1.74 12.8  10.7 1.77 12.8 107 1.78
100 8.1 1.64 100 8.1 1.66 10.0 8.1 1.67

.72 55 185 7.2 5.5 1.57 7.2 5.5 1,58
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Fig. 3. Comparison of cooling mode performance of WSHP

and TE systems with P, and P, as parameters.

have practically no effect on it. For cooling mode,
for P, = 1 and P, = 1, when the groundwater temperature
is 14°C or higher, the TE unit actually dissipates more
heat than the WSHP, and yet has lower COPs. At higher
groundwater temperature, the TE system’s cooling perfor-
mance decreases. Since the cooling capacity is assumed

constant, more power 1is needed to achieve the same
capacity output, thus dissipating more heat to the
water. Again, the effect of the design factors P, and

P, of the TE heat exchanger is apparent.
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Table 3. Calculated TE System Cooling Performance

Ti = 25.6 &, To = 17.2 C, RH = 65% (Inlet)

PL ~ 1.0, P2 - 1.0 PL = 1.0, P2 = 1.5 PlL - 1.0, P2 - 2.0

Tuy T.,  COP . Ty Ty,  COP Ty, Te, 0P
21,1 29.1 1.20 21,1 28.3  1.50 21,1 281 1.6
18.3  25.4  1.60 18,3 26.9 1.98 18,3 24.7  2.18
15.6 21.9 2.14 15.6 21.5 2.68 15.6 21.3  2.97
12.8 18.6 2.92 12.8  18.3 3.73 12.8 18.1 4.19
10.0  15.4 4.10 10,0 15.1  5.61 10,0 15.0 6.20
7.2 12.3  6.00 7.2 12,1 8.32 7.2 12,0 9.84
Pl - 1.5, P2 = 1.0 P1 = 1.5, P2 - 1.5 Pl = 1.5, P2 = 2.0
Ty, Ty,  CoP Ta; Tw, COP Ty, Ty, COP
21,1 27.3 1.79 21.1  26.9 2.18 21,1 26,7 2.37
18.3  23.9  2.48 18.3  23.6 3.04 18.3 235 3.30
15.6 20.6 3.53 15.6 20.4  4.40 15.6 20.3 4.81
12.8  17.5  5.26 12.8 17.3  6.74 12.8 17,3 7.42
10.0 1a.4 8.32 10.0 14.3 11.29 10.0  14.3 12.71
7.2 1l.4 14.80 7.2 113 22.27 7.2 11.3 26.12
PL - 2.0, P2 = 1.0 Pl = 2.0, P2 = 1.5 Pl = 2.0, P2 - 2.0
Tuy Tu,  COP T, Tw, COP Tuy Te, COP
21.1  26.4 2.24 21,1 26.1  2.70 2101 26.0  2.93
18.3  23.2  3.17 18.3  22.9 3.92 18.3  22.8 4.33
15.6  20.0  4.69 15.6 19.8  6.02 15.6 19.8 6.92
12.8  16.9 7.34 12.8 16.8 10.14 12.8  16.8 12.02
10.0  14.0 12.78 10.0  13.9 19.95* 10.0  13.8 25.75%
7.2 11.0 26.76% 7.2 11.0 55.24% 7.2 10.9 91.17*

*Poor energy balance
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Fig. 4. Comparison of inlet and outlet water tempera-
ture differentials of WSHP and TE systems with P, and
P, as parameteis.

Figure 5 shows the COPs of the WSHP as a function of
inlet water temperature with P, and P, varies from 0.5
to 0.97. The variation of P, is due to the change of
water flow rate, from 1136 kg/h to 2953 kg/h. It could
be that convective heat transfer coefficient 'did not
increase as fast as the water mass flow rate, P, thus
decreased when the flow rate was increased. However,
it is clear that the performance of WSHP is not as
sensitive to the P, parameters as the TE systems.

The above results indicate that TE system coupled
with groundwater will not be able to compete with WSHP
for heating purposes. For cooling operation, however,
a properly designed TE system can easily outperform a
WSHP, particularly in areas where the groundwater
temperature 1is low. For buildings where some area
might need cooling constantly, a groundwater-coupled TE

cooling system may be a good alternative. With many
known advantages of TE system, such as no CFC-refrigerant,
no moving parts, ease of capacity control, no cycling
loss, etc., a TE cooling system could be very attractive.
At present, the cost of a TE cooling system is about
three . times that of a comparable vapor compression
system [5]. If mass production of the TE modules can
be achieved to replace the present day labor intensive
method in production, the initial cost of TE cooling
systems will be drastically reduced, which will make
the TE cooling system more competitive with conven-
tional systems.
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CONCLUSION

The mathematical model of a groundwater-coupled
thermoelectric cooling system, with state-of-the-art
material, was solved numerically. The calculated TE
system’s performance was compared with experimental
data from a water source heat pump under the same
operating conditions. The comparison indicated that
the TE system in heating mode operation cannot compete
with WSHP. For cooling operation, a properly designed
groundwater-coupled TE system can easily outperform the
WSHP with COP of 6.4 or higher at 13°C water tempera-
ture. For building areas where year-round cooling is
needed, TE systems can be a good alternative to conven-
tional cooling systems.

NOMENCLATURE

.
A = TE element cross section area
Cy = specific heat of air

Cy; = specific heat of water

H, = product of air side heat transfer coefficient and
area

N
H;, = product of water side heat transfer coefficient
and area
h, = enthalpy of air

I = electrical current flow
J, = mass transfer rate

k = thermal conductivity of a TE couple
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1 = TE element length

Ly = length in the direction of water

Ly = length in the direction of air

Mz = air mass flow rate

M,, = water mass flow rate

n = total number of thermoelectric couples

P = power input to the TE system

P, = air side NTU, H,/M,C,

P, = water side NTU, H,/M,C,

RH = inlet air relative humidity

T4 = air temperature

Te = thermoelectric module cold side temperature
Th = thermoelectric module hot side temperature
T, = water temperature ~

W, = air moisture content

We = air moisture content at temperature Te

X = space coordinate in the direction of water flow
Y = space coordinate in the direction of air flow
a = Seebeck effect of the thermoelectric couple

v = area/length ratio of TE element

o = thermoelectric couple electric resistivity.

SUBSCRIPTS
i = inlet
o = outlet
n = TE module negative element

p = TE positive element

-
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