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R22 as refrigerant. During the test campaign, which ran over a one-month period in early spring, the
coefficient of performance of the heat pump varied between 2.70 and 3.44, with a daily average of 2.87.

gi%‘;‘ﬁ’erf;al The heating capacity reached a daily average of 8.04 kW, for a cooling water constant volumetric flow
Heat pump rate of 0.38 .Ls*lh. The mean the ground heat extraction rate from was 58.2Wn.r1. The tests performed
Direct expansion (DX) helped to highlight a pressure drop coupled with a relatively large superheating revealing a flow rate
Heating capacity mal-distribution in geothermal evaporators. The effects of some factors (condenser cooling water inlet

temperature, condensing temperature, pressure drop in the evaporator, thermal properties of soil and
grout) that affect DX system performance are also presented. Finally, a comparative study between the
use of electricity and the DX heat pump as home heating source shows that the DX heat pump provides
savings of approximately 70% over the electricity.
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1. Introduction

The last decade has seen renewed interest in Geothermal Heat
Pumps (GHP) [1] not only because of energy scarcity and increas-
ing demand [2,3], but also for the performance and cost savings
they provide with long-term use [4-6]. In general, geothermal heat
pumps available in the market are secondary loop (SL) systems
(Fig. 1) and present certain advantages over their air-to-air coun-
terparts, including low power consumption (43.17% less in heating
and 37.18% less in cooling [7]), no influence of outside temperature
on performance, low maintenance costs associated with failure due
to their exposure to weather elements, and their use of a power
source (ground) at a relatively constant temperature throughout
the year [8]. Their main drawback however, is their very high ini-
tial investment cost compared to air-to-air systems [9]. To achieve
even more savings on investment costs, another type of heat pump
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eliminates ground loop on its secondary side; it is classified under
direct expansion geothermal heat pumps (DX GHP) because it has
the characteristic of having one of its components buried in the soil
and acting as a condenser or evaporator depending on the operation
mode (Fig. 2). Compared to secondary loop geothermal systems,
this system presents the following advantages [10]:

¢ Reduced costs by eliminating the secondary loop ground side: no
heat exchanger or pump (Fig. 2)

e Low power consumption for operation

¢ Reduced maintenance costs

e Improved heat transfer conditions between the grout and the
U-tube thanks to copper (high thermal conductivity) used to
manufacture the underground U-tube compared to plastic used
in secondary loop systems

Despite these advantages, DX systems have largely remained
at the experimental stage because for many years, researchers
and the scientific community have focused their research more
on secondary loop systems, as well as because of some problems
encountered with DX systems: oil return, problem of starting the
compressor, and the possibility of pollution due ofimportant refrig-
erant quantity [2,11,12].
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Nomenclature

COPsys  coefficient of performance of the system

COPy,, coefficient of performance of the heat pump

corp coefficient of performance

Tw.in condenser water inlet temperature (°C)

Tcd condensing temperature (°C)

Tw.out  outlet temperature of the condenser water (°C)

Cpw heat capacity of water (kJ/kgK)

i cooling water flow rate to the condenser (kg/s)

Weomp Power input to the compressor (kW)

Qy heating capacity (KW)

H deep well (m)

q ground heat extraction rate (Wm~1)

T, -L refrigerant temperature at the inlet of the borehole
#1(°C)

T L refrigerant temperature at the inlet of the borehole
#2(°C)

T3 _L refrigerant temperature at the inlet of the borehole
#3(°C)

T -V refrigerant temperature at the outlet of the borehole
#1(°C)

.V refrigerant temperature at the outlet of the borehole
#2 (°C)

T3 -V  refrigerant temperature at the outlet of the borehole
#3(°C)

Py _L refrigerant pressure at the inlet of the borehole #1
(kPa)

Py _L refrigerant pressure at the inlet of the borehole #2
(kPa)

P3_L refrigerant pressure at the inlet of the borehole #3
(kPa)

PV refrigerant pressure at the outlet of the borehole #1
(kPa)

P,V refrigerant pressure at the outlet of the borehole #2
(kPa)

P3.V refrigerant pressure at the outlet of the borehole #3
(kPa)

SL secondary loop

GHP geothermal heat pump

DX direct expansion

hp heat pump

A review of the literature reveals the presence of several
publications on geothermal secondary loop systems [3,8,13], but
a lack of scientific research and publications on direct expansion
geothermal heat pump systems [14,15]. However, over the past
decade, some works have surfaced on DX heat pumps. Wang X.
etal.[16] conducted an experimental study of a DX heat pump with
R134a in heating mode. The system consisted of three vertical 30 m
deep boreholes examined over a period of 20 days in the winter.
According to the results, on average, COPyj, and COPsys were 3.55
and 2.28, respectively, and the average heating capacity obtained
was 6.43 kW. They highlighted the problem of mal-distribution of
refrigerant flow in the evaporator. Wang H. et al. [17] conducted an
experimental study on a DX heat pump in heating mode, consisting
of four vertical 20 m wells for which a copper coil system was
developed to facilitate oil return. The heating capacity reached
6.41 kW with COPy;, and COPsys average of 3.12 and 2.88, respec-
tively. A techno-economic study was carried out by Guo Y. et al.
[2] comparing DX systems with SL systems in cooling mode. They
concluded that DX systems are more efficient and more economical
than SL systems. In addition, they posited that DX systems are put
forward in the industry if the problem of oil return is satisfactorily
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Fig. 1. Schematic of a traditional secondary loop geothermal heat pump.

resolved. Austin and Sumathy [18] conducted a parametric study
on the performance of a CO, DX heat pump in a transcritical cycle. A
numerical model was developed and optimized parameters of the
heat pump improved the performance by 18% as compared to the
reference model. Rousseau et al. [19] modeled a DX evaporator in a
Comsol Multiphysics software environment in heating mode. The
model obtained was validated experimentally. Patrick J. Hughes
[15], in his diagnosis of the obstacles to the use of geothermal
system, noticed a limitation to the lack of infrastructure facility,
technology and technique for understanding geothermal systems.
Our study has the following technological features:

e Configuration of ground loops: the boreholes #2 and 3 were
inclined while borehole #1 remained vertical (Fig. 3). This config-
uration has the advantage of reducing the distance between the
wells, promoting its installation in residential homes. For verti-
cal boreholes, Mei et al. and Wang et al. [11,17] recommended
a depth of 4 to 6 m. In addition, the configuration used for bore-
holes #2 and 3 reduces the gravitational force needed to climb
the refrigerant through the evaporators.
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Fig. 2. Schematic of a direct expansion geothermal heat pump (DX).
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Fig. 3. Configuration of geothermal boreholes.

e Each evaporator had its expansion valve against one valve for the
experimental device of Wang X. [16]. In addition, each liquid line
was connected to each expansion valve with a hose end quickly
ensuring equalization of pressure at the compressor stop.

e The refrigerant used in this study was R22.

¢ The test was carried out over a period of 30 days in early spring.

The objective of this study is to provide the scientific community
withrelevant information on the DX heat pump technology in order
to facilitate its understanding and design.
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Fig. 4. Instrumentation of underground exchangers.

2. Description of the experimental setup and operation
2.1. Description of the experimental setup

The direct expansion geothermal heat pump used in this study
is a unit model DXWG-45 by the Maritime Geothermal Company
(Fig. 5). This reversible heat pump has a nominal cooling capac-
ity of 10kW and uses the R-22 (chlorodifluoromethane) fluid as a
refrigerant. The device has a heat exchanger with coaxial water-
refrigerant pipes (Turbotec BTSSC-60) on the inner side of the
building (Laboratory)and a heat exchanger-ground heat refrigerant
which comprises three parallel loops inserted in 30 m geothermal
wells into the ground. Each loop has also an additional length of
20 m inside the building such that their total length was 50 m. Each
loop consists of a copper tube with a 12.7 mm soft diameter and a
soft copper tubing 9.7 mm in diameter. The two tubes are welded
together at one of their ends, forming a U-tube (Fig. 6). The AC com-
pressor piston, type (Tecumseh AVA5538EXN) has a rated power of
2.24 kW. Depending on the mode of operation of the system, expan-
sion valves used differ: in cooling mode, a single expansion valve:
TXV cooling (Fig. 5) (model Parker SE5VX100) with a 17.0 kW nom-
inal capacity is used, while in heating mode, three expansion valves
TXV heating (Fig. 5) (model Danfoss TUBE 068U2162) with a 2.6 kW
nominal capacity each are used.

2.2. System operation

For the studied system, components and control strategies
depend on the selected operating mode, and thus, the number
of geothermal loops used in the two operating modes is differ-
ent. Since the dimensions of the condenser and the evaporator
(ground heat exchanger) differ significantly, it is difficult to man-
age refrigerant charge for the two operating modes. Indeed, the
density of the refrigerant being generally higher during conden-
sation at high pressure than during evaporation at low pressure,
the control strategy is to limit to two the number of geothermal
loops simultaneously activated during the operation of the system
in cooling mode. This will allow the system to operate with a sin-
gle refrigerant charge while maintaining satisfactory operation of a
pressure refrigerant cycle for the two modes of operation. In addi-
tion, any excess refrigerant can be stored in the accumulator as
dictated by operating conditions. Managing the refrigerant charge
or size of the proposed heat exchangers in this fashion does not
usually pose a problem with a classic secondary loop geothermal
heat pump since the dimensions of the two heat exchangers in such
a system are similar, and the accumulator suction is used to man-
age excess refrigerant when necessary. The total refrigerant charge
in the system is 6.8 kg.

2.2.1. Operating in cooling mode

When the heat pump is operating in cooling mode, the inte-
grated system control selects the number of geothermal loops to
activate, depending on operating conditions and data recorded
during the operation of the system (number of hours of use of
each loop). The recovery lines of non-activated loops are used
to get their coolant and allow the system to operate with a
total refrigerant charge. Coolant flows to geothermal loops by
three-way valves activated, is condensed and relaxed in the ther-
mostatic expansion valve. Check valves prevent refrigerant flow
through the heating expansion valves. Also, the heating valve is
closed in cooling mode and to prevent the coolant from flow-
ing through the collector liquid refrigerant used in this mode.
During normal system operation, loops are activated in the fol-
lowing sequence: Loop #1, Loop #2, Loop #3, Loops #1 and #2,
Loops #1 and #3, Loops #2 and #3. The system changes the
control loop when the upper pressure of the refrigeration cycle
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Fig. 5. Schematic of the experimental device in heating mode.

reaches about 2150 kPa. Thus, during operation of the air condi-
tioning system, the condenserrefrigerant heatexchanger basement
which can be either a single loop or of two parallel loops does
something.

2.2.2. System operation in heating mode

In heating mode, the three loops of the geothermal heat
exchanger are activated and the flow of refrigerant is regulated
in each loop by a thermostatic expansion valve. The check valves

Liquid line
@=9.5mm

Vapor line —
2=12.7mm
Deep
OIm
Tip
@=222 mm e

located downstream of the expansion valve dedicated to cool-
ing mode prevent the refrigerant from flowing into this body. At
the outlet of the condenser (water-refrigerant heat exchanger)
the refrigerant is expanded through three thermostatic expansion
valves connected in parallel (Fig. 5). The low-pressure refriger-
ant then evaporates in geothermal loops and flows through the
three-way valves (not activated) to the accumulator (see Fig. 5).
Thus, during operation of the heating system, the evaporator is a
refrigerant-to-ground exchanger with three parallel loops which

Fig. 6. Schematic of the U-tube.
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are independently controlled by a thermostatic expansion valve
dedicated to each loop.

3. Experimental methodology

The test campaign took place in early spring, going from April
03 to May 2, 2013, representing 30 days of continuous testing in
heating mode. The schedule, which replaced operation of the heat
pump each day, went from 8 am to 6 pm, for a total of 300 h of
operation. The heat pump was thus in operation for 10 h a day, and
stopped for 14 h. During the test, system data were recorded every
50s. At the heat pump stop, the data acquisition system contin-
ued to operate until the next start of the heat pump. The goal here
was to have the data needed to analyze the return to initial soil
conditions and problems encountered when starting the compres-
sor every day. Temperature sensors and pressure sensors properly
calibrated installed in the circuit are shown in Figs. 4 and 5. The
entire control system, as well as data acquisition and recording
were managed in the Labview software environment.

4. Datareduction and uncertainty analysis

Heating capacity of condenser
Qu = MwCpw(Tw_out — Tw_in) (1)

Cpw is taken constant.
Heat extraction rate from ground evaporator

_ QH - WComp
9= 738
COPy,, of heat pump unit

COPy, = (3)

WComp

The method used to assess the combined uncertainties is the
uncertainty propagation implementation used by Comakli et al.,
Mohanraj et al., Gunes et al., and Guo et al. [2,20-22]. For example,
the uncertainty of Qy is calculated as:

2 2
2 _ s S
AQf = (8' Amw> + <8T _OutATw-OUt>

904 >/ a0 2
+ <mATw_m> + <mApr> (4)

where Amy, ATw_out, ATy in, ACpw represent the uncertainty of
its independent variables.
According to Table 1, for example,

—W _ 11.50% (5)
Mmw

Alwout _ ATwiin _ g 409 (6)
Tw_out Tw_in

The uncertainty for the calculated values are 4.10% for the heat-
ing capacity, 6.4% for the heat extraction rate in the soil, 4.60% for
COPy,,, 0.10% for the evaporation temperature and condensation,
0.40% for superheating and 0.25% for the pressure drop in evapo-
ration. The overall results of the standard uncertainties associated
with each measured result of calibration certificates and those of
derived quantities are presented in Table 1.

5. Results and discussion
On all graphs, if it is the date that is on the x-axis, the number 1

on the x-axis corresponds to the first day of practice, namely April 3,
2013; the number 2 corresponds to the second day, April 04, and so

Table 1

Daily average of the experimental and calculated values.

Items Mean value Unit Uncertainty

Experimental mean value

Condensation pressure 1419.97 kPa +0.25%
Evaporation pressure in borehole #1 371.01 kPa +0.25%
Evaporation pressure in borehole #2 370.41 kPa +0.25%
Evaporation pressure in borehole #3 357.53 kPa +0.25%
Condenser input temperature 32.00 °C +0.40%
Heating water temperature 37.08 °C +0.40%
Condenser water flow rate 0.38 Ls~! +1.50%
Refrigerant flow rate 0.04 kg/s +0.10%
Soil temperature in 30 m depth 13.22 °C +0.40%
Heat pump unit power input 2.80 kw +2.00%
Calculated value

Heating capacity 8.04 kw +4.1%
Evaporator heat extraction 524 kw +6.4%
COPy,, of the heat pump unit 2.87 - +4.6%
Evaporation temperature borehole #1 -8.61 °C +0.10°C
Evaporation temperature borehole #2 -8.65 °C +0.10°C
Evaporation temperature borehole #3 -8.20 °C +0.10°C
Condensation temperature 37.03 °C +0.10°C
Superheating borehole #1 6.94 °C +0.40%
Superheating borehole #2 9.74 °C +0.40%
Superheating borehole #3 12.03 °C +0.40%
Pressure drop in borehole #1 217.81 kPa +0.25%
Pressure drop in borehole #2 176.45 kPa +0.25%
Pressure drop in borehole #3 187.49 kPa +0.25%

on until the number 30, which is the last day of testing correspond-
ing to May 2, 2013. If it is the time that is on the x-axis, the value at
each time represents the mean of the 30 (30 days) measurements
that were taken at this time each day. For example, the value at
8:00 represents the mean of the 30 measurements that were taken
at 8:00 O’clock each day.

Table 1 shows the average experimental and calculated val-
ues obtained during testing. According to the results, the average
condensing pressure is 1419.97 kPa, which corresponds to a con-
densation temperature of about 37.03 °C for R22. During the tests,
the power demand of the compressor was 2.8 kW at a compres-
sion ratio (ratio between the output pressure and inlet pressure of
the compressor) of about 4.1. The heating capacity reached a daily
average value of 8.04kW. Lenarduzzi and Bennett [23] obtained
a heating capacity of 8 kW for three wells each with a depth of
17 m, and each consisting of a copper tubing coiled spiral length
of 122 m. Note that in our tests, the volumetric flow of cooling
water remained constant at 0.38Ls~! (6 gpm). The average tem-
perature of the heating water at the condenser outlet was around
37°C when the average inlet temperature of the condenser water
was 32 °C. These results are very encouraging for future DX heat
pumps. Indeed, according to a report by the Canadian Department
of Natural Resources on the development of energy efficiency in
Canada from 1990 to 2009 [24], the average energy consumption of
aresidential home is 29,444.44 kWh per year, and the heating rep-
resenting approximately 63%, or 18,550 kWh per year. The average
month number of heating in Canada is about 7 months [25], the
system presented in this study could provide an average of about
16,884 kWh per year or 91% of the national mean value only for
10h use par day. Similarly, in Canadian environment, for exam-
ple, according to data provided by M. Gervais et al. [26] relating
to heating of 866 residential houses in a municipality in Quebec
(Canada) where 538 houses have a maximum heating demand
load between 6 kW and 8.6kW with an average floor area ran-
ging between 109 m? and 127 m2. The DX heat pump presented
in this study is able to cover between 93.5% and 100% of the peak
load of the heating demand for the 538 houses in this municipality.
Generally, it is recommended for maximum cost-effectiveness that
the ground-source heat pumps should be sized to meet 60-70%
of the total maximum demand load (the total space heating and
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Table 2

Comparative electric heating and DX heat pump study.
Item DX Heat pump Electricity
Heating demand (kW) 8.04 8.04
Time heating per day (h) 10.00 10.00
Consumption per year (kWh) 16,884.00 16,884.00
Energy paid per year (kWh) 5040.00 16,884.00
Cost ($) 372.21 1248.66

water) [27]. This performance of the DX system is in agreement
with the conclusion of Lund et al. cited by Ozgener et al. [28] that the
geothermal heat pump have the largest installed capacity. From an
economic point of view, Table 2 shows the economic performance
of heating a dwelling house which the heating demand is 8.04 kW
in two options: electrical heating and DX heat pump heating pre-
sented in this study for example. The results show that the choice
of the DX heat pump would be very beneficial in that it offers cost
savings of approximately 876.46 $, or about 70% per year. Costs
are calculated based on residential electricity rates in Québec (the
first 30 kWh are 0.0489%/kWh and each additional kWh is billed at
0.07408).

Fig. 7 shows the mean values of the COPy, and the refriger-
ant flow for 10h, where the heat pump is working. COPy,, values
obtained ranged from 2.70 to 3.44, with an overall average of about
2.87 per day. The average flow of refrigerant per day is about
0.04 kg/s. By comparison with a similar DX system, Lenarduzzi [23]
obtained an average coefficient of performance of 2.85. Compared
with the R22 SL systems used, Madani [29] obtained for the 200 m
deep SL system a COPy,;, of 2.52 for the same heating capacity of
8.04 kW. The SL system directed by Doherty et al. [30] consists of
an 18-m deep well with a COPyj, of about 2.6. The COPy,, of Kara’s SL
system used R134a [31] consisting of a 55-m deep well, was 2.57.
These values indicate that the DX system presented in this study is
12.2% more efficient than the Madani SL system, 9.4% more efficient
than Doherty’s system, and approximately 10.4% more efficient
than the SL system as implemented by Kara. It can be concluded
that in addition to saving money on the initial costs by removing
the pump and the heat exchanger (see Figs. 1 and 2), DX systems are
more efficient than SL systems. Note that during the winter months,
the soil temperature was between 12°C and 17°C and seasonal
COPy,, between 2.7 and 3.6.

Fig. 8 reflects the mean values of the heating capacity, power
demand by the compressor and COP,, when the heat pump is
working. From this Figure, the time trend seen indicates that
the mean heating capacity decreased slightly throughout the day,
from 8.14kW at 11 h (early steady state) to 7.84kW at 6:00 pm.
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Fig. 7. Hourly performance coefficient and refrigerant flow average.
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Fig. 8. Hourly heating capacity, power consumption and COPy,;, average.

Itrepresents an average decrease of 3.7%. Similarly, the mean power
demand by the compressor decreased from 2.8 kW to 2.7 kW (about
3.6%) and the mean COPy,, decreased from 2.87 to 2.80 (about 2.4%).
Lenarduzziet al. [23] obtained the heating capacity decrease of 12%
and the COP dropped about 14% for its DX heat pump.

Fig. 9 shows the variations in daily average of the temperature of
heating water (outlet condenser), outdoor temperature and COPy,,
of the DX heat pump unit during the tests. Based on observations,
the heating water temperature is practically constant despite large
variations in the outside temperature. Similarly, the COPy,, varies
between 2.92 and 2.83 with an average of 2.87 and a standard
deviation about 0.6% (lower value). We can conclude that outside
temperature does not have any practical negative influence on the
performance of the DX heat pump, which confirms its advantage on
air to air heat pumps where performance decreases with a decrease
of outdoor temperature [32] because it is unable to load to air
source, the heat needed to evaporate the refrigerant.

Once the DX heat pump is installed, the parameters that could
influence the performance of the DX heat pump side of the building
are: the inlet temperature, the flow of cooling water to the con-
denser, and the time of use. Fig. 10 shows the variations of daily
average of: (i) the condenser water inlet temperature, (ii) the con-
densing temperature, (iii) the coefficient of performance of the DX
heat pump. The results show that when the inlet cooling water
temperature increases, the condensation temperature of the refrig-
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Fig. 9. Daily average of outside air temperature, heating water temperature and
COPyp.
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erantincreases as well. Indeed, an increase in the inlet temperature
reduces the cooling of the refrigerant to the condenser, leading toan
increase in the condensation temperature and the COPy,, decreases.
So the performance of the heat pump decreases. To confirm this
conclusion, additional tests were performed to vary the condenser
water inlet temperature during the working of DX heat pump.
Fig. 11 shows the results of tests carried out about one hour after the
steady state was established. This figure shows that when the cool-
ing water temperature increases, the performance of the system
decreases, and the best performances of the DX system presented in
this study are obtained for cooling water temperatures below 35 °C.

For all the 30 days of testing, the cooling water flow was kept
constant. To provide an understanding of how to vary the coeffi-
cient of performance and the heating capacity of the DX system
dependent on the cooling water flow rate through the condenser,
additional tests were also carried out. The test performed consisted
in operating the heat pump when the steady state is reached, for a
period of 30 min for each condenser cooling water flow rate value
before moving to the next value. The values of COPy,;, and of Qy for
this flow rate value were the average of the measured values during
the 30 min working. Fig. 12 shows the variations of COPy,;, and Qy
versus cooling water flow to the condenser. According to this fig-
ure, it can be concluded that the COPy,;, and the heating capacity of
the DX heat pump increase when the cooling water flow increases,
but what is interesting is that the shape of the curves allows us
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to find a correlation between the COPy,, and Qy and the cooling
water flow rate. Thus, regression analyses of the COPy, and the
heating capacity as a function of the condenser cooling water flow
rate were performed with correlation coefficients in the range of
99.99% for the COPy,, and 99.87% for the heating capacity Qy. Eqgs.
(7) and (8) obtained the simplified regression models that can be
used for feasibility studies of the design of the DX heat pump in
similar conditions.

COPyp, = —2103.2m8 + 5188.912 — 5086.3m + 2515.6m3
— 657.9312 + 87.61i1. — 1.98 (7)

Qu = —89501mS, +21293m3, — 2013612, + 959413, — 2403.21m32,
+301.11rmy — 6.62 (8)

Fig. 13 shows the variations of the condensing temperature and
the COPy, versus cooling water flow to the condenser. According
to this figure, although the condensing temperature varies greatly
depending on the flow rate, the COPy,, increases due that the heat-
ing capacity increases with the flow rate of cooling water and the
power consumed by the compressor varies little. Therefore we can
observe in Fig. 13 three different zones. For low flow rate (flow
rate between 0.13Ls~! and 0.29Ls™1), the coefficients of perfor-
mance of the DX heat pump remain relatively low. In the second
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zone (flow rate between 0.29Ls~! and 0.56Ls™!) the condensing
temperature remain almost stable and the performance generally
increases slightly with small variations. Finally the high flow rate
(flow rate greater than 0.56 Ls~1) area where the condensing tem-
perature decreases quickly and the COPy, reach the highest values.
It can be concluded that, in general, when increasing the cooling
water flow rate, the condensing temperature drops and a minimum
of cooling water flow rate is necessary to ensure proper operation
of the DX heat pump and avoid reaching the condensing pressure
very high. In this study the minimum value of the volumetric flow
rate is about 0.13 Ls~1. A regression analysis is also performed. The
relation (9) shows the result obtained with a correlation coefficient
0f 99.03%.

Toq = —28286mS, + 6674613, — 6325514, + 305123,
—7774.7m%, + 965.74m,, + 10.714 (9)

Another factor limiting the performance of DX heat pumps is
the drop in the ground heat exchanger (evaporator). Indeed, a sig-
nificant pressure drop in the soil causes a decrease in pressure
and temperature evaporation, causing the compressor to consume
more energy to meet the high pressure. The compression ratio is
therefore raised, without exceeding the limit of 6 in order to avoid
damaging the compressor. From Eq. (3), COPy,, therefore decreases.
In this study, the average rate of compression achieved is 4.1. Fig. 14
shows the average daily pressure drop in the three evaporators. The
averages are 217.8 kPa for borehole #1, 176.4 kPa for borehole #2
and 187.5kPa in borehole #3. We deduce that the average pres-
sure drop per evaporator is 194 kPa for an average evaporator inlet
pressure of 564.4 kPa. It represents approximately 34.4%. This drop
is equivalent to 1.93 kPam~! of the total length of the geothermal
loop. Lenarduzzi et al. [23] obtained a pressure drop of 1.13 kPam~!
with R22 used as refrigerant in a 122 m loop. Wang X. et al. [16]
obtained a 160 kPa drop with a DX heat pump of the same length
and the same configuration loop as that presented in this study, but
with a different refrigerant (R134a) configuration.

Fig. 15 shows the variations of the daily average pressure drop
in geothermal evaporators and the coefficient of performance of
the DX heat pump. It can be noted that when the pressure drop
increases, the COPy,, decreases. In other words, if the pressure drop
is low, the compressor consumes less energy, and the system is
more efficient.

As shown above, the technology used for the loop configuration
in this study is in heating mode, and each loop has its own ther-
mostatic expansion valve (Fig. 5), essentially favoring a significant
control of refrigerant flow in each evaporator. Fig. 16 shows the
superheating value calculated at the output of each evaporator.
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Fig. 15. Daily average pressure drop in the evaporator and COPy,p,.

Based on these results, the average superheating calculated in
loops #1, #2, #3 is respectively 7 °C, 9.7 °C and 12 °C. In the case of
the conventional heat pump, the acceptable limit is 4-7°C. In this
study, only the first value is within limits. The others superheating
values are way above the permissible values. Suggesting that just
a little refrigerant flow rate passes through the expansion valves
installed on loops #2 and #3.

We then deduce a mal-distribution of flow through the evapora-
tor, causing instabilities at the pressures at the inlet evaporators #2
and #3. This is manifested by oscillations of pressures and temper-
atures at the inlet of the evaporators (see Figs. 17 and 18). Wang X.
used a DX technology with one thermostatic expansion valve and
obtained the same result. However, this behavior does not affect
the overall operation of the DX heat pump because the refriger-
ant charge required is sucked to compressor with superheating
between 1.4°C and 2.1 °C (see Fig. 16). As can be seen, this suction
superheat is lower than usual and we observe a large tempera-
ture drop between the exit of the boreholes and the entrance of
the compressor. This temperature drop could not be explained by a
simple pressure drop since the measured pressure at the compres-
sor inlet is almost the same as the one at the evaporator manifold.
We believe that a possible evaporation of some liquid in the accu-
mulator can be responsible for this temperature drop. It is not clear
for us why such liquid remains after several hours of operation and
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this will be the scope of a future study. The condenser subcooling
in this study is around 1°C.

In this study, we did not have any difficulty of starting the com-
pressor due to oil return problem raised by Mei et al. and Wang et al.
[11,17].Figs. 19-20 show the variations of the inlet pressure and the
inlet temperature of the compressor when the system is stopped.
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According to [11], a rapid increase in pressures and temperatures
is due to a migration of the refrigerant from the accumulator. The
wells are filled with refrigerant in two-phase state, and as a result,
the gravitational force deployed by the compressor at startup is
thus minimized. Therefore, the system starts normally after each
stop of the compressor. It should be noted that to resolve the oil
return problem, Wang et al. [17] had to install a circular ring at
the mid-height level of the refrigerant circuit inside the geother-
mal wells, and trap much of the lubrication oil, preventing it from
penetrating the pit. This device although, wanting address the ques-
tion of lubricating oil return may cause additional pressure drop in
the evaporator due to the circular geometry is not necessary in the
experimental device presented in this study.

Fig. 21 shows the average soil temperature at 30 m in contact
with the evaporator tube at system startup. The daily average tem-
perature value of the soil in contact with the ground when the
compressor starts is 13.2°C. On the first day (April 3, 2013), the
temperature at this point is 14.6 °C, while on the last day of testing,
May 2, 2013, this value changes to 13.5°C, which corresponds to
an average cooling of 1.1 °C for 300 h of operation, and represents
a decrease of approximately 7.5%. We see that despite the 14-h
shutdown, the ground contacting the U-tube does not fully return
to its original conditions because of the heat that is extracted. The
average value of the heat extracted from the ground in this study is
5.24 kW (see Table 1), and the corresponding heat extraction rate
is 58.2Wm~!. Wang X. et al. [16] in their study found 51.5Wm™!,
and Wang H. et al. [17] obtained 54.4W m~!. The heat extraction
rate is a very specific parameter in the design of DX heat pumps.
Percebois [33], in his book on the geothermal heating recommends,
for the design of a DX heat pump on ground covered with saturated
gravel or sand, a heat extraction rate ranging from 55 to 65 Wm~1
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Fig. 21. Daily average soil temperature at 30 m.
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for 2400 h of use per year and 65 to S0Wm~! for 1800 h of use per
year. Similarly, the European standard EN 15450 Heating System in
Buildings-Design of Heat Pump Systems, recommends an extrac-
tion rate of 50-60 Wm~! for sizing a DX heat pump installed in a
water-saturated sediment when the hours of use fall between 1800
and 2400h. As secondary loops for the geothermal heat pumps,
they provide heat extraction rates of between 25 and 35Wm~! for
a single U-tube, and 35 and 45Wm~! for two U-tubes [6,34]. By
comparison, the DX heat pumps offer the best heat transfer, which
has the effect of reducing the well depth, and therefore the cost of
drilling.

The heat extraction rate depends, among other things, on the
thermal properties of the soil and grout (thermal conductivity and
thermal diffusivity). In other words, the heat extraction rate varies
depending on the model chosen to characterize the thermal resis-
tance of the heat transfer between the ground and the refrigerant.
Lamarche [35], in carrying out a comparative study of different
methods of assessing the thermal resistance approaches, proposed
best practices and analyzed the impact of different methods on
the design of the ground heat exchanger. More specifically, Spilker
[36] analyzed the influence of different materials on the embank-
ment design of geothermal heat exchangers, and concluded that the
length of a geothermal heat exchanger can be reduced by using sand
or thermally improved bentonite grout instead of standard ben-
tonite grout. Similarly, Mei [37] tested three backfill materials: clay,
sand, and a fluidized mixture used for backfilling of underground
cable. The results indicated that the filler affects the performance
of the geothermal heat exchanger; the fluidized mixture dissipates
47% more heat than clay and 23% more than the sand.

Ideally, the DX heat pump should be used in balanced mode:
heat should be drawn from the ground in the winter and heat stored
in the summer. This would avoid exhausting the soil after several
years of use because geothermal systems are designed for a service
life of 25-30 years.

6. Conclusion

At the end of this experimental investigation, we can conclude
that:

e Direct expansion heat pump technology is feasible and it works
very well in on-off mode.

The system makes it possible to reach a daily average heating
capacity of 8.04 kW, and an average coefficient of performance of
2.87. The maximum value of COPy,, is 3.44.

The choice of the DX heat pump as a source of residential heating
is very beneficial, providing net savings of around 70% compared
to electricity.

The heat extraction rate obtained from the soil in the DX GHP is
better than those of SL GHP, which in terms of sizing, are more
economical for DX heat pump by reducing the borehole length.
In this study, it is 58.2Wm™1,

The performance of the system decreases when the cooling water
temperature of the condenser increases, and the best perform-
ances of the DX system presented in this study are obtained for
cooling water temperatures below 35°C.

In DX systems, dimensioning efforts should be made to minimize
pressure drop in the evaporator in order to find a compromise
between low pressure drop, oil return and refrigerant charge. For
example, an increase in the diameter of the U-tube can reduce
the pressure drop but increase the refrigerant charge and the
difficulty of oil return to the compressor.

In geothermal loops in parallel, the flow distribution could be
uneven. The installation of the flow rate balancing valves might

help improve this situation. This approach will be explored in our
future studies.

e Demonstrated performance and savings engendered by the DX
heat pump prove that such pumps represent a good alternative to
the secondary loop and air-air heat pumps for residential heating.

Research currently underway in our laboratory will allow short-
term to a comprehensive simulation model of a DX heat pump,
facilitating further analysis to provide the tools necessary to
design the operating and test performance of DX systems using
refrigerants such as R407C and R410A, which are the refrigerant
alternatives to R22 in the area of heat pumps.
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