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Highlights

® A R744 GSHP system with air-cooled and water-cooled gas coolers was designed.
® Earth’s energy imbalance degree for the proposed R744 system was analyzed.

® Investment and operation costs of the R744 system were decreased.

®  Effect of ground heat exchanger depth on system performance was analyzed.

Abstract:

In order to decrease the earth’s energy imbalance degree, a R744 ground source heat pump system (GSHPS)
with air-cooled and water-cooled gas coolers was designed, and the performances of this system were analyzed
numerically. The results show that, for the proposed R744 system in different regions, the earth’s energy
imbalance degree can always be decreased to zero by optimizing the cooling load proportion of air-cooled gas
cooler. Comparing with the system without air-cooled gas cooler, the investment cost of the proposed R744
system is decreased by 14.5%~25.5% due to the decreasing cost of ground heat exchanger, and the coefficient of
performance is increased. With the increase of ground heat exchanger depth, the performance deteriorates, and
the ground heat exchanger with shorter depth is preferred in the GSHPS. The investment and operation costs of

the proposed R744 system are lower than that of the existing R134a system.
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1. Introduction

The rapid increase of the global energy consumption aggravates the energy shortage and environmental
pollution (Omer, 2008). Among the global energy consumption, more than twenty percent of the energy demand
is consumed by the air-conditioning and heat pump systems, and this proportion is even larger in hot-weather
areas (Man et al., 2010). Heat pumps present a significant advantage over the conventional residential heating
technologies due to higher energy efficiencies (Shen et al., 2012; Abdelaziz and Shen, 2012; Abdelaziz et al.,
2011). In order to decrease the energy consumption of the air-conditioning and heat pump systems, the ground
source heat pump (GSHP) technology has been widely applied and showed a trend of booming growth in
different countries (Yuan et al., 2012, Bayer et al., 2012, Bakirci et al., 2012, Tarnawski et al., 2009, Capozza et
al., 2012, Sagia et al., 2012, Aikins et al., 2012 and Liu et al., 2009). The worldwide installed capacity of GSHPs
is about 33 GWt and the annual energy use of GSHPs is over 55 TWh; the number of countries with installation
increased from 26 in 2000, to 33 in 2005, and to 43 in 2010 (Madani et al., 2013, Lunda et al., 2011). The most
important influence factor for the GSHP systems is the imbalance degree of the earth energy. When GSHP
systems are installed in the moderate-climate regions, the coefficient of performance (COP) of GSHP systems
was 20%~30% higher than those of conventional air source heat pump (ASHP) systems (Man et al., 2010); while
when GSHP systems are used in the cooling-dominated buildings in hot climates, the heat buildup within the
ground will definitely increase the ground temperature and deteriorate the system performance over time (Man et
al., 2010, Zhang and Wei, 2012 and Yang et al., 2010). Therefore, new methods are needed to decrease the
imbalance degree of the earth energy for the GSHP systems.

In the past decades, the most of geothermal hybrid heat pump systems in the world have used R22 as a
refrigerant and it still has big portion for use (Choi et al., 2014). Refrigerant regulations have been tightened and
expanded by various organizations because chlorofluorocarbon (CFC) and hydrochlorofluorocarbon (HCFC)
refrigerants have added to environmental problems such as ozone depletion and global warming (Choi et al.,
2014). CO;, (i.e. R744) is a natural substance with a low GWP and zero impact on the ozone layer (Ge and
Cropper, 2009 and Neksa, 2002), and it has a high heat transfer performance, making CO, attract more and more
attention in the refrigeration and heat pump applications (Richter et al., 2003, Cavallini et al., 2005, Oritz et al.,
2003, Xu et al., 2012, Dai et al., 2014 and Li et al., 2015).

An inverse R744 operated cycle is much different from a traditional one, since the high pressure is often

supercritical and the refrigeration cycle does not entail condensation, but a simple cooling process of dense fluid
2
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accomplished in the so-called ‘gas cooler’ (Wang et al., 2013). Unlike a conventional sub-critical refrigeration
cycle, the transcritical cycle does not suffer capacity and efficiency losses at high heat rejection temperatures
(Austin and Sumathy, 2011a), which promotes the application of R744 system in hot climates. The heat transfer
characteristics of supercritical R744 flow in tubes were investigated (Dang and Hihara, 2012, Jiang et al., 2008,
Zhang and Yamaguchi, 2007 and Yang et al, 2013), and the performances of R744 transcritical cycles were
discussed and optimized (Richter et al., 2003, Cavallini et al., 2005, Oritz et al., 2003, Xu et al., 2012 and Dai et
al., 2014). However, there is limited literature on R744 ground source heat pumps. Therefore, the investigation
on the performance of R744 GSHP system is necessary for optimizing the system to decrease the imbalance
degree of the earth energy.

For R744 GSHP system, the existing research mainly focuses on the solar-geothermal hybrid heat pumps
(Choi et al., 2014) and the direct-expansion R744 geothermal heat pump (Austin and Sumathy, 2011a). For the
solar-geothermal hybrid heat pumps (Choi et al., 2014), the efficiency of the solar collector in R744
solar-geothermal hybrid heat pump is 4.1% higher than that in R22 one, and the heating capacity of the R22 heat
pump was 10% higher than that of the R744 heat pump; the solar collector system was more effective in the
R744 hybrid heat pump compared to that in the R22 hybrid heat pump. For the direct-expansion R744
geothermal heat pump (Austin and Sumathy, 2011a), the refrigerant flows inside the horizontal ground source
heat exchanger to exchange heat with the ground, and the direct-expansion R744 geothermal system could
achieve a coefficient of performance of 2.58, representing an 18% improvement compared to the baseline system
(Austin and Sumathy, 2011a). The adopted horizontal ground source heat changer is suitable for small buildings,
but not suitable for the big buildings in megacities (Yang et al., 2013). For the direct-expansion R744 geothermal
heat pump, the earth energy is imbalanced because the ground heat exchanger does not release the heat but only
extracts the heat from the earth.

For the GSHP system using conventional refrigerants, the main existing methods to decrease the imbalance
degree of earth energy for GSHP systems are using hybrid ground source heat pump system, e.g. the utilization
of solar energy or other thermal energy in heating-dominated buildings (Bi et al., 2004, Wang et al., 2009, Rad et
al., 2013, Bakirci et al., 2011, Ozgener and Hepbasli, 2007, Ozgener and Hepbasli, 2005a, Ozgener and Hepbasli,
2005b, Si et al., 2014, Han et al., 2008 and Qi et al., 2014) and cooling towers in cooling-dominated buildings
(Man et al., 2010, Zhai et al., 2011, Sagia et al., 2012, Jeon et al., 2010). For the heating-dominated buildings,
the feasibility of solar-ground source heat pump system was validated for the buildings in Canada (Rad et al.,

2013), Turkey (Ozgener and Hepbasli, 2007, Ozgener and Hepbasli, 2005a and Ozgener and Hepbasli, 2005b),
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China (Bi et al., 2004, Si et al., 2014, Han et al., 2008 and Qi et al., 2014) and other countries (Qi et al., 2014),
and the solar thermal energy storage could reduce the ground heat exchanger (GHX) length (Rad et al., 2013 and
Bakirci et al., 2011). For the cooling-dominated buildings, the hybrid ground source heat pump systems with the
cooling tower (Sagia et al., 2012) or water chiller (Jeon et al., 2010) are normally used, and the optimal operation
strategies were proposed (Alavy et al., 2013, Wang et al., 2012 and Hackel and Pertzborn, 2011). However, for
the hybrid ground source heat pump systems, the added complexity leads to the technical challenges that have
slowed the growth of the hybrid approach (Hackel and Pertzborn, 2011). Recently, another effective method to
efficiently use the energy instead of the hybrid systems was proposed by adopting heat recovery technologies
(zhai et al., 2012), and the imbalance degree of the earth energy for the system can be decreased by 33.7% (Zhai
et al., 2012, Zhai and Yang, 2011, Yu et al., 2010a and Yu et al., 2010b). In the above existing researches, the
refrigerants are conventional refrigerants. Due to the different cycle performances between R744 system and the
conventional refrigerant systems, the existing research results on the conventional refrigerant systems can not be
directly extended to those on R744 system.

In order to decrease the imbalance degree of the R744 GSHP system, a transcritical cycle with the ambient
air-cooled and water-cooled gas coolers can be used. For the conventional subcritical refrigeration cycle (Fig.
1(a)), the system performance will be decreased significantly as the environmental temperature is very high (Ma
et al., 2013); while for the transcritical cycle (Fig. 1(b)), there is a great temperature drop during the R744 cooled
process in the critical region, and a special Lorentz cycle can be formed, resulting in a good system efficiency
(Austin and Sumathy, 2011b and Ma et al., 2013). In the high temperature environment, a large part of heat can
still be released to the ambient by the ambient air-cooled gas cooler, resulting in a better performance of the
R744 system than that of the conventional refrigerant systems. Therefore, using R744 GSHP system coupled
with the ambient air-cooled gas cooler and water-cooled gas cooler is one good way to decrease the imbalance
degree of the earth energy by releasing a portion of the heat load to the ambient air instead of the ground.

In the present study, the performance of a R744 GSHP system with an ambient air-cooled gas cooler and a
water-cooled gas cooler will be analyzed for different climates, and the influencing factors will be analyzed to

decrease the earth’s energy imbalance degree.

2. Description on the R744 GSHP system with air-cooled and water-cooled gas coolers
2.1 Structure configuration and operation principle of the proposed 744 GSHP system with air-cooled and

water-cooled gas coolers

Page 4 of 23



A R744 GSHP system with the air-cooled and water-cooled gas coolers was developed for different
climates, as shown in Fig. 2. The major components in the system include a vertical ground heat exchanger
(VGHX), an air handling unit (AHU), and a heat pump with the air-cooled and water-cooled gas coolers. The air-
cooled gas cooler is a fin-tube heat exchanger, and the water-cooled gas cooler is a tube-in-tube heat exchanger;
in the water-cooled tube-in-tube heat exchanger, the supercritical R744 flows in the inner tube, and the water
from the VGHX flows in the annulus to cool down the R744; the AHU was designed to connect with the water
loop in order to decrease the refrigerant charge amount in the system. All the components were connected by
tubes and valves to form the whole circulating system.

The system consists of three loops: a refrigerant loop, a water loop connected with the VGHX, and a water
loop connected with the AHU. In the refrigerant loop, the circulation fluid is R744. The supercritical R744 from
the compressor is separated into two parallel passes: a portion of refrigerant passes through the ambient air
cooled-gas cooler and the water-cooled gas cooler in turn, and the other part of refrigerant directly flows into the
water-cooled gas cooler. The cooled refrigerant out of the water-cooled gas cooler passes through an electronic
expansion valve. Then it flows through the shell-and-tube evaporator and is fully evaporated and then
superheated. The superheated vapor refrigerant enters into the suction inlet of the compressor. In the water loop
connected with the VGHX, the water pumped out from the VGHX enters into the water-cooled gas cooler or the
evaporator. In the water loop connected with the AHU, the water from the AHU also enters into the water-cooled
gas cooler or the evaporator. The water flow direction can be adjusted to meet the cooling or heating load of the
building according to the climates.

The system was designed for keeping the temperature as a constant for the archives building. Archives are
places containing records, documents, or other materials of historical interest; there are always priceless
collections of papers, portraits and photographs in such buildings (Zhai and Yang, 2011). Consequently,
maintaining high quality air-conditioning is vital to avoid damage to the works of art. For the archives building,
the indoor temperature should be controlled as a constant, which is within 19 °C ~ 24 °C (Zhai and Yang, 2011).
When the indoor temperature of the archives building is higher than the setting temperature, the cooling mode of
the system starts; while when the indoor temperature of the archives building is lower than the setting
temperature, the heating mode of the system starts. Through the valves located on the pipes, the system can be
switched to different operating modes according to different seasons.

Under the cooling mode, the valves 5, 6, 17 and 18 are closed, while the valves 7, 8, 15 and 16 are opened.

Thereby, the evaporator of the heat pump system is connected with the cooling coil of the AHU to provide the
5
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cooling capacity for the building; the refrigerant R744 coming from the compressor enters into the air-cooled gas
cooler to release the heat to the environment, and then enters into the water-cooled gas cooler to release the heat
to the water circulated in the ground source heat exchanger. The supercritical refrigerant from compressor is
cooled by the air firstly and then is cooled by the water circulating in the ground heat exchanger. Therefore, the
cooling capacity of the gas cooler can be shared by the air and the water.

Under the heating mode, the valves 7, 8, 15 and 16 are closed, while the valves 5, 6, 17 and 18 are opened;
in addition, the valves 11 and 12 are closed. Thereby, the evaporator is connected with the ground heat
exchanger, and the water-cooled gas cooler is connected with the heating coil of the AHU to provide the heating
load demand for the building.

The detail control method of air-cooled and water-cooled gas coolers are explained as below. The air-cooled
gas cooler operates only under the cooling mode, and it will be turned on when the environmental temperature is
higher than the setting start-up temperature of air-cooled gas cooler. For different climates, the ambient
temperature and the whole year climatic conditions were output by the software of METEONORM (2006), and
then were used to drive the simulation in TRNSYS 17.1 software (2012) to obtain the whole year cooling and
heating loads of the building in different climates. The energy loads for different climates were integrated with
the mathematic model of the proposed R744 system. The optimized air cooling load proportion corresponding to
the earth’s energy balance condition can be calculated, and then the optimized setting start-up temperature of air-
cooled gas cooler can be obtained. If the environmental temperature is lower than the setting start-up
temperature, only the water-cooled gas cooler operates; if the environmental temperature is higher than the

setting start-up temperature, the air-cooled gas cooler starts to operate.

2.2 Main performance indexes for R744 GSHP system with air-cooled and water-cooled gas coolers

The proposed R744 GSHP system with the air-cooled and water-cooled gas coolers can be optimized by
adjusting the cooling load proportion of the air-cooled gas cooler to increase the system performance coefficient,
to decrease the system investment and operation costs, and to decrease the earth’s energy imbalance degree.

The coefficient of performance of the system is expressed as the ratio of the cooling and heating capacities

for the building to the power consumption of the GSHP system:

2(Qcooling+Qheating)
Oqusz lZgWh ting (1)
Qcooling = mw,ecpw(To,e - Ti,e) (2)
6
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Qheating = My, cCPw (To,6c — Tige) 3)
where, Qcooring aNd Qpeqring are the cooling and heating capacities of the building, respectively.

The investment cost of the system is equal to the sum of the investment costs of all of the components, the
connecting tubes and the valves, as shown in Eq. (4); the operating cost of the system is equal to the sum of
electrical power costs of different components, including the electrical power of fans, compressor and pumps, as
shown in Eq. (5).

0Stiny, = X( ost,, + 0Stgc+ O0Stpyqa+ 0Stgux + O0Strupe + O0Styape) 4
0Stoper = X OStpiperric ()

Air cooling load proportion is defined as the ratio of the cooling capacity of the air-cooled gas cooler
(Qcooting,acc) 10 the total cooling capacity of the air-cooled and water-cooled gas coolers in the system
(Qcooting,tot). as shown in Eq. (6). The earth’s energy imbalance degree is defined as the ratio of the heat energy

discharged to the ground (Qgxyx ais) to that extracted from the ground (Qspx exe). as shown in Eq. (7)

_ Qcooliny,AGC (6)

(pAir,cooling - Qcooling tot

QGHX,dis—QGHX ext
AE,, = - - X 100%
Y max(Qgrx,dis QGHX ext)

— QcoolingtW summer—(Qneating—Wwinter) % 100% (7)
max(QcHx,dis QGHX ext)

Where, Wemmer aNd Wy, inter are the power consumption of the R744 GSHP system in summer and winter,
respectively.
In order to quantitatively evaluate the system performance, the simulation models of ground heat exchanger

and heat pump system should be developed, as shown below.

3 Mathematic model of R744 GSHP system with air-cooled and water-cooled gas
coolers
3.1 Model of ground heat exchanger
The model of ground heat exchanger is transient, and the performance of ground heat exchanger varies with
the changes of the temperature distributions of the soil around the heat exchanger and the water inside the heat
exchanger.
The temperature distribution of the soil around the U-tube ground heat exchanger is calculated by the

following equation:
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aT, 97T, 10T,
—9 — 94 -9
ot g (6x2 + x Bx) (8)

where, T is the soil temperature, oy is the thermal diffusivity of soil,  is the time, and x is the distance to the
borehole center.
The heat transfer between the ground heat exchanger and the soil is calculated by:
Qcx = m,,6xC PW,GX|Tm,(;x — Tourcx| C)]
The temperature distributions of the water in the inlet and outlet U-tubes are given by Egs. (10) and (11),

respectively (Zeng et al., 2002 and Zeng et al., 2003):

1 i— cosh(B)- ’1_Psin h(ﬂz)] (10)
0(z)=cosh(Bz)- ZxIlfF’ 1+ P Isinh(ﬁz)
1-P L cosh(ﬂ)+\/i;|;sinh(ﬂ2)J
cosh(p8)- ’1_Psinh(ﬁ) 1 I_ cosh(8)- 1_Psinh(ﬂz) —} (11)
0(z)= i*g COSh(ﬂZ)+\/ xIP i+‘; _P}sinh(ﬂZ)
_ . 1-p? - .
cosh(B)+ ,1+Psmh(ﬂ) L cosh(p)+ 1+Psmh(ﬂz) J
B= . (12)

mwCpy, (R11+R12)(R11-R12)

where, 0, Z and P are the nondimensional temperature, length and thermal resistance (Zeng et al., 2002 and Zeng
et al., 2003), respectively; my, and Cpy are the mass flow rate and the specific heat of water inside tube,

respectively.

3.2 Model of gas cooler

For the air-cooled gas cooler, the performances can be predicted by the generalized heat transfer and
frictional correlation proposed by Wang et al. (1999), which will be verified by the experimental data of the
ambient air-cooled gas cooler in Section 3.4.

For the water-cooled gas cooler, it is a counter-flow, concentric tube heat exchanger with R744 flowing in
the inner-tube and water flowing through the annular tube. Figure 3 represents one element of the water-cooled
gas cooler. Properties are assumed to be constant throughout the control volume element. Outlet conditions for
one element are calculated, and these become the inlet conditions for the next element. The overall gas cooler
analysis is then carried out by successively calculating the pressure drop, temperature change and the heat
transfer rate in each element.

For each control volume segment shown in Fig. 3, the energy gained by water must be equal to the energy

rejected by R744 (Austin and Sumathy, 2011a). Thus the energy balance equations can be equated as follows:
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C [

Q.i:rﬁwcp‘W(Tv‘i_Tv\iﬂ):r;]WCp'c(Ti_THl) (13)

Q' =&Cmin(T, -T,") (14)
L 1-exp[-NTU (1-R)] NTU - YA r _ Cmin (15)
“1-Cxexp[-NTU (1-R)]’ “Ccmin’ Cmax

In Eqg. (14), the overall heat transfer coefficient (UA) is obtained as the sum of the resistivity values,
including the convective resistance of R744, the conductive resistance of tube-wall and the convective resistance
of the water (Austin and Sumathy, 2011a). The water inlet temperature of the water-cooled gas cooler is the

same as the outlet water temperature of the ground heat exchanger, which is calculated by Eqg. (10).

3.3 Model of heat pump system
For the compressor, the model is steady-state, and the power depends on the R744 mass flow rate, the total
efficiency and the isentropic change in R744 enthalpy:

Me (hz‘isen 7h1)

ot

W comp = (16)

m=Vs-n, -N:-p (A7)

1
where, Vs is the swept volume, N is the compressor speed and p; is the suction density; #. and 7y are the
compressor’s total efficiency and the volumetric efficiency, respectively, which is assumed to correspond with

Oritz et al. correlation for R744 (Oritz et al., 2003), shown as below.

Mo =—0.26+ 0.7952(_2 0,2803(_2 +0.0414(_2 _0.0022(2\ (18)
LPJ LF’J LPJ LPJ
Mool =0.9207—0.0756[#}+0.0018[sz (19)

For the gas cooler, under the cooling mode, the refrigerant is cooled by the ambient air and the water
coming from the ground heat exchanger in series; while under the heating mode, the refrigerant is cooled by the
water coming from the fan coils of the AHU. The pressure drop of R744 through the gas cooler is evaluated
using a Darcy friction factor calculated by Blasius correlation (Blasius, 1913).

For the expansion valve, the model is denoted as:

hin = hoye (20)

For the evaporator, the thermal equilibrium equation is expressed as:
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m,, pr(Tin - Tout) = mr(hl,r - h4,r) (21)

3.4 Model validation

The models of the ground heat exchanger, the gas cooler and the heat pump system were validated,
respectively. In the present study, the model validation for the ground heat exchanger was performed based on
the experimental data in literature of Yang (2012), as shown in Fig. 4(a). The deviation of the predicted soil
temperature to the experimental data is within +0.2 °C. The model of the ambient air-cooled gas cooler was
validated by the experimental data covering the operation conditions of the ambient temperatures from 25 °C to
45 °C and the inlet pressures of R744 in gas cooler from 75 Bar to 120 Bar, as shown in Table 1. The model
deviations are within 10% (Fig. 4(b)). The model validation for the heat pump system was carried out with the
experimental data of the system in Nevada and Wisconsin (USA) (Hackel and Pertzborn, 2011), and the
maximum deviation of the temperature change predicted by the model is within 1 °C under the maximum load
conditions, as shown in Fig. 4(c), meaning that the model’s accuracy is sufficient for the investigation of the

proposed R744 GSHP system.

4 Results and discussion

In order to compare the performance between the proposed R744 GSHP system and the existing system
with other refrigerants, one archives building was used in the present study, which is in European style with the
covered area of 8000 m?, as the same in the existing research (Yang, 2012).

In the proposed R744 GSHP system, the heat pump system with the rated cooling capacity of 594 kW is
used to power the air conditioning system, which has the similar energy loads with the building in the existing
research (Yang, 2012). In order to decrease the influence of the adjacent ground heat exchangers, the distance
between the boreholes was set as 4.0 m in the present study. The diameter of the borehole is 160 mm, and the
shank spacing between the tubes is 80 mm, as the same in literature of Zhai et al. (2012); the depth of the
boreholes is within 60 m ~ 200 m.

The performance and economy characteristics of the proposed R744 heat pump system will be analyzed
under different climates. In the present study, the different climates in Shanghai and Guangzhou (China), New
Delhi (India), and New Orleans (USA) were used for analyzing the effects of the climates on the system
performance. The operation conditions of these cities are shown in Fig. 5. The soil temperature near the ground

surface was directly related to the environmental temperature, while at depths of about 15 m the temperature is
10
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approximately constant and equal to the mean annual air temperature for different places (Rybach and Sanner,
2000); the ground temperature profiles can be estimated by applying Fourier’s Law of heat conduction (Busby et
al., 2009). The energy loads from TRNSYS 17.1 software (2012) were plugged into the system mathematic
model as the input parameters.

Through the mathematic model of the system, the effects of indoor temperature, air cooling load proportion
and the depth of the ground heat exchanger on the system performance were analyzed, and the detailed

discussions were shown as below.

4.1 Effect of indoor temperature on earth’s energy imbalance degree and system investment cost

Figure 6 shows the effect of the indoor temperature on the earth’s energy imbalance degree and the
investment cost of the proposed R744 system. It can be seen that, for the building under the climate in Shanghai
(China), when the air cooling load proportion is 0%, the earth’s energy imbalance degree initially decreases and
then increases with the increasing indoor temperature, and the earth’s energy imbalance degree will be close to
zero when the indoor temperature is about 22 °C. This indoor temperature is feasible, somewhat low for some
country, and then the air-cooled gas cooler is not needed.

With the increase of indoor temperature, the investment cost decreases initially and then keeps as constant.
The reason is explained as below. As the setting indoor temperature increases, the cooling load of the air-cooled
gas cooler decreases, and then the investment cost of air-cooled gas cooler decreases; while the investment cost
of ground heat exchanger keeps as constant due to the certain heating load of the system, resulting in the decrease
of investment costs with the increasing indoor temperature. As the setting indoor temperature further increases,
the largest capacity of the air-cooled gas cooler lies on the highest environmental temperature, and the investment

cost will be irrelevant to the setting indoor temperature, and the total investment cost will keep as constant.

With the increase of air cooling load proportion, the investment cost will be initially decreased and then
increased. The reason is that, as the air cooling load proportion increases, the investment cost of the ground heat
exchanger will be decreased, and the decrement is larger than the added cost of the ambient air-cooled gas cooler;
when the air cooling load proportion is decreased to the value corresponding to the earth’s energy balance
condition, the investment cost of the ground heat exchanger reaches the lowest; with the further increase of the
air cooling load proportion, the investment of the gas cooler increases while the investment of the ground heat

exchanger keeps as a constant, resulting in the increase of the total investment with the increasing air cooling
11
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load proportion. The system COP increases with the increasing air cooling load proportion, but decreases with
the increasing indoor temperature.

For the building under the climate in Guangzhou (China), there will be an earth’s energy balance condition
only when the air cooling load proportion is very large (80%). With the increase of the indoor temperature, the
investment cost decreases, and the system COP decreases. While with the increase of the air cooling load
proportion, the system COP increases under the higher air cooling load proportion conditions.

Therefore, the earth’s energy imbalance degree and the investment cost can be decreased by adjusting the
air cooling load proportion, and there must be a certain optimized value for the air cooling load proportion
corresponding to the lowest earth’s energy imbalance degree, the highest COP and the lowest cost, which will be

analyzed in the next section.

4.2 Effect of air cooling load proportion on earth’s energy imbalance degree, system investment cost and
operation cost

The effect of the air cooling load proportion on the system performance is shown in Fig. 7. Under the
climate in Shanghai (China), the air cooling load proportion for the energy balance condition is 45%, 29.5% and
4% for the indoor temperatures of 18 °C, 20 °C and 22 °C, respectively, and there will be no energy balance
condition when the indoor temperature is up to 24 °C; while under the climate in Guangzhou (China), the air
cooling capacity ratio for the energy balance condition is 95%, 90%, 82% and 71% for the indoor temperatures
of 18°C, 20°C, 22 °C and 24 °C, respectively.

The investment cost, operation cost and the system COP for the earth’s energy balance condition under the
different operation conditions of indoor temperatures are also shown in Fig. 6. For the Shanghai (China) climate,
the lowest investment cost corresponding to the earth’s energy balance condition appears at the indoor
temperature of 20 °C, and the air cooling load proportion under this condition is about 29.5%; the investment
cost under the earth’s energy balance condition is decreased by 12.6% comparing with that under the original
system conditions without air-cooled gas cooler. For the Guangzhou (China) climate, the lowest investment cost
corresponding to the earth’s energy balance condition also appears at the indoor temperature of 20 °C, under
which the system COP is larger than that under the higher temperature conditions.

The results show that, the earth’s energy imbalance degree for the R744 heat pump system with the
air-cooled and water-cooled gas coolers can be decreased to zero by adjusting the air cooling load proportion

under the different climates, and the recommended indoor temperature for the Shanghai and Guangzhou (China)
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climates is about 20 °C. This recommended indoor temperature depends on the system specification and the

operation conditions, and it may contain small match in consideration of wide operation conditions.

4.3 Effect of ground heat exchanger depth on the system performance

Figure 8 shows the effect of the ground heat exchanger depth on the system performance. With the increase
of the ground heat exchanger depth from 60 m to 200 m, the total tube length needed for the system increases by
44%, and the system investment cost increases by 18%, meaning that the ground heat exchanger with shorter
depth provides better performance of per unit length than that with longer depth. The possible reason is that, with
the increase of the ground heat exchanger depth, the heat flux for per unit length decreases; for the same heat
transfer capacity, with the increase of ground heat exchanger depth, the total tube length of the ground heat
exchanger increases and thus the investment cost increases. The system COP will increase as the ground heat
exchanger depth increases. The reason is that, with the increase of the ground heat exchanger depth, the
temperature difference between the inlet and outlet tubes increases, and the evaporation temperature in the
winter increases and the outlet temperature of R744 in the gas cooler in summer decreases, resulting in the

increase of system COP.

4.4 Effect of climates on earth’s energy imbalance degree, system investment cost and operation cost

Figure 9 shows the effect of climates on the system performance. The air cooling load proportions
corresponding to the earth’s energy balance conditions for climates in Shanghai (China), Guangzhou (China),
New Delhi (India) and New Orleans (USA) are 29.5%, 90%, 62% and 84%, respectively; while the air cooling
load proportions corresponding to the lowest investment conditions are around 20%~40%. The investment costs
for the climates in Shanghai (China), Guangzhou (China) and New Orleans (USA) are almost same due to the
similar highest cooling and heating loads, and are smaller than that for the climates in New Delhi (India) due to
the lower cooling and heating loads.

Comparing with the original system without the air cooled-gas cooler, under the earth’s energy balance
conditions of the new system mentioned above, the investment cost for the climates in Shanghai (China),
Guangzhou (China), New Delhi (India) and New Orleans (USA) decreases by 17.6%, 14.5%, 25.5% and 14.7%,
respectively, and the operation cost decreases by 6.0%, 8.0%, 1.3% and 1.2%, respectively, resulting in the
increase of the system COP.

The results can be deduced that, the R744 GSHP system with the ambient air-cooled and water-cooled gas
13

Page 13 of 23



coolers can be used under the hot climates to reduce the earth’s energy imbalance degree. When the system is
designed, the indoor temperature, the depth of ground heat exchanger and the operating power should be

optimized for different climate regions.

4.5 Comparison between the proposed R744 GSHP system and the existing R134a system

Figure 10 shows the energy loads of the proposed R744 GSHP systems for every month under the condition
of the earth’s energy balance. Furthermore, the energy loads of the R744 GSHP system were compared with
those of the existing R134a system in literature (Zhai and Yang, 2011; Yang, 2012).

Both the proposed R744 system and the existing R134a system are designed for the same achieves building,
and they have the same ground heat exchanger and air handling unit (AHU). For the existing R134a GSHP
system (Zhai and Yang, 2011; Yang, 2012), the compressor is a screw machine, and the power depends on the
refrigerant flow rate, the evaporation pressure, the compression ratio and the isentropic compression coefficient
(YYang, 2012); the type of heat pump system is Tran RTHDB2C2D2, which has the heat capacities of 594 kW and
610 kW for evaporator and condenser, respectively (Zhai and Yang, 2011); the ground heat exchanger consists of
280 vertical boreholes with the depth of 80 m and the diameter of 160 mm, and there is a single PE U-tube with
the outer diameter of 32 mm in each borehole; all of the cooling loads in the system are undertaken by the ground
heat exchanger. The detailed description on the R134a system GSHP can be referred to the literature (Zhai and
Yang, 2011).

For the existing R134a system, the imbalance degrees for the climates in Shanghai (China), Guangzhou
(China), New Delhi (India) and New Orleans (USA) are 29.5%, 90%, 62% and 84%, respectively. While for the
proposed R744 GSHP system with the ambient air-cooled and water-cooled gas coolers, the cooling loads are
undertaken by the ambient air and the water from the ground heat exchanger, and the energy imbalance degree
can always be decreased to zero by adjusting the air cooling load proportion, as shown in Fig. 7.

Table 2 shows the comparison of the investment and operation costs between the R744 GSHP system and
the existing R134a system. The investment cost of the R744 GSHP system is lower by 18%, 14%, 25.5% and 15%
than those of the R134a systems for the climates in Shanghai (China), Guangzhou (China), New Delhi (India)
and New Orleans (USA), respectively. The reason for the decreasing investment cost is that, by using the
ambient air-cooled gas cooler in hot days, the maximum cooling load of the ground heat exchanger decreases (as
shown in Fig. 10), and the amount of the ground heat exchanger decreases, resulting in the decrease of the

system investment cost. The operation cost of the R744 GSHP system is 10%~17% larger than that of the
14

Page 14 of 23



original R134a system for different climates, but the total operation and investment costs of the R744 GSHP

system is much lower than that of the original R134a system.

5 Conclusions

A R744 GSHP system with the ambient air-cooled and water-cooled gas coolers was designed for the
building under different cooling dominated climates, which can provide the heating and cooling energy loads
needed for the buildings by adjusting the air cooling load proportion. A numerical model for the proposed R744
system was developed to analyze the system performance, and the following results can be obtained:

1) The operation indoor temperature for the archives building under the different climates is recommended as
20 °C by considering the earth’s energy imbalance degree, the system investment cost and the operation
cost;

2) Comparing with the ground source heat pump system without the air-cooled gas cooler, the earth’s energy
imbalance degree for the R744 GSHP system with the air-cooled gas cooler in the different climates can
always be decreased to zero through adjusting the air cooling load proportion, and the system investment
cost for the climates in Shanghai (China), Guangzhou (China), New Delhi (India) and New Orleans (USA)
can be decreased by 17.6%, 14.5%, 25.5% and 14.7%, respectively; while the operation costs can be
decreased by 6.0%, 8.0%, 1.3% and 1.2%, respectively, resulting in the increase of the system COP;

3) For a certain heating or cooling load, as the ground heat exchanger depth increases from 60 m to 200 m, the
total length of the ground heat exchanger increases by 44% due to the decrease of heat flux per meter, and the
investment cost of the system increases by 18%. With the increase of ground heat exchanger depth, the heat
flux for per unit length decreases, resulting in the increase of investment cost for a certain heat transfer
capacity; therefore, the ground heat exchanger with shorter depth provides better performance of per unit
length than that with longer depth due to the heat flux for per unit length decreases, and should be preferred
in the ground source heat pump systems;

4) Comparing with the existing R134a ground source heat pump system, the application of R744 ground source
heat pump system with the air-cooled and water-cooled gas coolers can always decrease the earth’s energy

imbalance degree to zero, and the system investment and operation costs can be decreased.
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Fig. 1 Schematic diagram for subcritical and transcritical refrigeration cycles

Fig. 2 Schematic diagram of R744 ground source heat pump system with air-cooled and water-cooled gas

coolers

Fig. 3 Single control volume segment of gas cooler

Fig. 4 Model validation for the ground source heat pump system with air-cooled and water-cooled gas coolers

Fig. 5 Effect of indoor temperature on earth’s energy imbalance and investment cost of the proposed R744

system

Fig. 6 Climates for different cities in different countries

Fig. 7 Effect of cooling load proportion of air-cooled gas cooler on the R744 system performance

Fig. 8 Effect of depth of ground heat exchanger on the system performance

Fig. 9 Effect of climates on the R744system performance

Fig. 10 Comparison of energy load between different heat pump systems
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ACCEPTED MANUSCRIPT

Table 1 The performance of ambient air-cooled gas cooler

) Predicted
Ambient Inlet Inlet Outlet  Mass Flow of Pressure Drop Exp. heat .
ea
Temp. Pres. Temp. Temp. R744 of R744 capacity .

capacity
°c Bar °c °c kg h™ Bar kw kw
25 75 88 27 2641.54 0.03 171 187
25 75 88 25.4 2565.98 0.028 171 161
30 78.5 88 32 6046.27 0.12 342 362
30 78.5 88 30.4 5704.51 0.11 342 331
35 92 88 37 11184.38 0.3 570 583
45 85 88 47 30857.14 237 395 370
45 120 88 47 11074.29 50 240 258
45 120 140 45.4 18120 38 335 319
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ACCEPTED MANUSCRIPT

Table 2 Comparison of investment and operation costs between different systems

Investment cost (104 CNY) Operation cost (104 CNY)
Climate
R134a system R744 system R134a system R744 system
Shanghai
) 316.23 260.32 35.25 38.2
(China)
Guangzhou
) 319.03 272.82 37.39 38.12
(China)
New Delhi
372.77 277.51 45.45 37.83
(India)
New Orleans
321.16 270.00 55.39 58.92
(USA)
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