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Abstract The heat pumps with the refrigerant of carbon dioxide (CO2), i.e., CO2 heat pumps, have the 
merits of low price and environmentally friendliness in comparison with those with traditional refrigerants, 
e.g., hydrochlorofluorocarbons and chlorofluorocarbons. Current studies mainly focused on the air-source 
CO2 heat pumps, while investigations about the CO2 heat pumps gaining heat or cold energy from different 
mediums, e.g., water, are lacking. In addition, although few studies presented the investigations on the 
discharge pressure of the CO2 heat pumps (e.g., investigations of optimal discharge pressure), how to realize 
the effective discharge pressure control in the experimental conditions is still lacking. To remedy these 
knowledge gaps, this study presented an experimental investigation of a water-source CO2 heat pump for 
residential use. A PI controller was used to maintain the fixed discharge pressure by adjusting the opening 
of the electronic expansion valve. The dynamic performance of the CO2 heat pump in the typical discharge 
pressure of 7,200 to 8,400 kPa were analyzed. The results indicated that the method of using the PI controller 
to adjust the opening of the electronic expansion valve could effectively maintain the desired discharge 
pressure of the CO2 heat pump in the experimental conditions. 

1 Introduction 

Energy demand is highly increasing due to rapid 
population increase and social development. Use of 
fossil fuels that causes environmental pollution is not 
advocated to deal with the energy crisis [1]. This 
motivates the development of technologies for 
increasing the use of renewable energy and energy 
efficiency. The corresponding goals have been 
formulated in European Union’s “2030 Climate and 
Energy Framework”: energy efficiency in 2030 will be 
32.5% higher than that in 2021, and renewable energy 
share in 2030 will be increased to higher than 32% [2].  

As an advanced energy-conversing technology, heat 
pumps utilize the thermal energy from the surrounding 
resource (e.g., water, air, and ground) for building 
heating or cooling purposes [3]. This results in the 
improvement of renewable energy utilization and 
increasing energy efficiency [4]. Thus, a lot of scholars 
have paid attention to the investigations of heat pumps. 
For instance, Rohde et al. [5] conducted the optimal 
control for an integrated energy system where the main 
components include heat pumps, solar collectors, and 
borehole thermal energy storage unit. The annual 
electricity use of the system was reduced by 5% when 
the developed optimal control strategy was used. Yu et 
al. [6] concluded that the heat pump systems were 
suitable for spacing heating purpose, because their 
energy-saving potential is considerable. Li et al. [7] 
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presented an investigation of an outdoor swimming pool 
heating system for winter application. The air-source 
heat pump, solar collectors, and PCM storage tank were 
integrated in the investigated system. Based on the 
proposed main components sizing and multi-criterion 
methods, the optimal heating capacity of the air-source 
heat pumps, surface area of the solar collectors, and 
volume of the PCM storage tank were identified. 
However, the traditional heat pumps use the 
hydrochlorofluorocarbons and chlorofluorocarbons as 
the refrigerants, which causes the depletion of the ozone 
layer.  

Using the CO2 to replace the traditional refrigerants in 
heat pumps is an environmentally friendly task. In 
addition, CO2 heat pumps have the advantage of offering 
higher than 80oC water temperature [8]. These 
advantages motivate more studies about the CO2 heat 
pumps. For instance, an experimental study indicated 
that the coefficient of performance (COP) of the CO2 
heat pump could be improved when the internal heat 
exchanger was applied [9]. The results presented in the 
Dai et al.’s study [10] indicated that the utilization of the 
direct dedicated mechanical subcooling technology 
could also improve the COP of the CO2 heat pump. 
Further, Peng et al. [11] found that the use of vapor-
injection technology could also enhance the COP of the 
CO2 heat pump. 

E3S Web of Conferences 246, 06010 (2021)
Cold Climate HVAC & Energy 2021

https://doi.org/10.1051/e3sconf/202124606010

   © The Authors,  published  by EDP Sciences.  This  is  an open  access  article distributed under the  terms of the Creative Commons Attribution License 4.0
 (http://creativecommons.org/licenses/by/4.0/). 



 

 

The investigation of the optimal discharge pressure of 
the CO2 heat pump is still a research hotspot [12]. For 
instance, Qi et al. [13] concluded that the optimal 
discharge pressure of the CO2 heat pump was related to 
the outlet CO2 temperature of the gas cooler. Song and 
Cao [14] found that the optimal discharge pressure of 
the CO2 heat pump with the water precooler is higher 
than that of the standard CO2 heat pump. Chen [15] 
developed a new correlation for the discharge pressure 
of the CO2 heat pump on the basis of the pinch analysis. 
Although a few studies have presented the 
investigations on the discharge pressure of the CO2 heat 
pumps, how to realize the effective discharge pressure 
control in the experimental conditions is still lacking. 

This study therefore presents an experimental analysis 
of the discharge pressure control for a CO2 heat pump. 
The PI controller is developed to maintain the constant 
discharge pressure of the CO2 heat pump. Five cases 
with the discharge pressure of 7,200 kPa, 7,500 kPa, 
7,800 kPa, 8,100 kPa, and 8,400 kPa were 
experimentally tested. The dynamic control 
performance of the case with the discharge pressure of 
7,200 kPa was analyzed to demonstrate the reliability of 
the developed PI controller. In addition, the system COP 
for the heating purpose (HCOP), system COP for the 
cooling purpose (CCOP), and expansion valve opening 
in different discharge pressure were also analyzed. 

The rest of this paper is organized as follows. Section 2 
presents the experimental setup of the CO2 heat pump. 
The definition of the system COP is introduced in 
Section 3. Section 4 gives the uncertainty analysis. 
Section 5 shows the results and analysis. Section 6 
depicts the conclusions and future possible works.  

2 Experimental setup 

The experimental setup of the tested CO2 heat pump 
plant is located in the Energy and Indoor Environment 
Laboratory at the Department of Energy and Process 
Engineering at the Norwegian University of Science and 
Technology. Figure 1 shows the diagram of the 
experimental setup for the CO2 heat pump plant. This 
experimental setup consisted of the compressor, 
evaporator, expansion valve, fan coil, internal heat 
exchanger, gas cooler, liquid separator, pressure sensors, 
PI controller, pumps, and temperature sensors.  

The compressor is produced by the Officine Mario 
Dorin Spa company, and its type is CD 300H. It has a 
rated rotation speed of 1,450 r/min and a rated 
displacement of 4.06×10-4 m3/s. The gas cooler is 
produced by the Swep International AB company, and 
its type is B18H-30. The internal heat exchanger is 
produced by the KAORI Brazed Plate Heat Exchanger 
company, and its type is CO42-12W-S3. The evaporator 
is produced by the KAORI Brazed Plate Heat Exchanger 
company, and its type is CO95-40W-S37. The liquid 
separator is produced by the Skala AS company, and its 
type is VU8L. The expansion valve is produced by the 
Carel company, and its type is E2V18CS000. The 

discharge pressure was maintained at the fixed value by 
the developed PI controller adjusting the expansion 
valve opening. The proportional and integral values in 
the controller were set as 50% and 10s, respectively.  

The mixture of 30% propylene glycol and 70% water 
was used as the heat transfer fluid at the evaporator side. 
The inlet and outlet temperature of the mixture in the 
evaporator were measured using the temperature sensor 
produced by Kamstrup with the accuracy of ±0.4%. The 
inlet and the outlet water temperature in the gas cooler 
were measured using the temperature sensor produced 
by the Carel company with the accuracy of 
±(0.005×(measured temperature)+0.3)oC. The 
volumetric flowrate of the mixture in the evaporator is 
measured by the flow meter produced by the GWF 
company with the accuracy of ±3%. The volumetric 
flowrate of the water in the gas cooler is measured by a 
variable-area flow meter with the accuracy of ±1% [16]. 
The evaporating and discharge pressure were measured 
by the pressure sensor produced by the Carel company 
with the accuracy of ±1%. The power of the compressor 
is measured by the power meter produced by the 
CARLO GAVAZZI company with the accuracy of ±1%. 

 

Figure 1. Experimental setup of the CO2 heat pump plant. 

3 System COP 

The COP of the CO2 heat pump system for both heating 
and cooling purposes were considered in this study. The 
system COP for the heating purpose (HCOP) was 
calculated as: 

HCOP = 𝑄, 𝑔𝑐𝑟̇ /P,cmr                              (1) 

where 𝑄, 𝑔𝑐𝑟̇  is the heat flow rate of the gas cooler and 
P,cmr is the compressor power.  

The 𝑄, 𝑔𝑐𝑟̇  was determined as: 

𝑄, 𝑔𝑐𝑟̇  = m,gcr∙c,gcr∙(T,gcr,o – T,gcr,i)        (2) 

where m,gcr is the water mass flowrate of the gas cooler, 
c,gcr is the water specific heat of the gas cooler, T,gcr,o 
is the outlet water temperature of the gas cooler, and 
T,gcr,i is the inlet water temperature of the gas cooler.  

The system COP for the cooling purpose (CCOP) was 
calculated as: 
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CCOP = 𝑄, 𝑒𝑣𝑝̇ /P,cmr                     (3) 

where 𝑄, 𝑒𝑣𝑝̇  is the heat flow rate of the evaporator, 
which was determined as: 

𝑄, 𝑒𝑣𝑝̇  = m,evp∙c,evp∙(T,evp,i – T,evp,o)         (4) 

where m,evp is the mass flowrate of the mixture of 30% 
propylene glycol and 70% water in the evaporator, c,evp 
is the specific heat of the mixture in the evaporator, 
T,evp,i is the inlet temperature of the mixture in the 
evaporator, and T,evp,o is the outlet temperature of the 
mixture in the evaporator.  

4 Uncertainty analysis 

The uncertainties of the measured variables were 
evaluated by a root-sum-square method as [17]: 

u,mv = (∑((∂mv/∂x,i)×u,x,i)2)0.5               (5) 

where mv is the evaluated variable, x,i is the ith variable 
influencing the mv, u,mv is the calculated uncertainty of 
the mv, and u,x,i is the uncertainty of the x,i.  

Based on this root-sum-square method, the uncertainties 
of the HCOP and CCOP were evaluated. The 
uncertainty of the HCOP (u,HCOP) was calculated as: 

u,HCOP=(((∂HCOP/∂Q,gcr)×u,Q,gcr)2+((∂HCOP/∂P,
cmr)×u,P,cmr)2)0.5                                                                    (6) 

where u,Q,gcr is the uncertainty of the 𝑄, 𝑔𝑐𝑟̇ , and 
u,P,cmr is the uncertainty of the P,cmr. The u,Q,gcr was 
calculated as: 

u,Q,gcr=(((∂Q,gcr/∂m,gcr)×u,m,gcr)2+((∂Q,gcr/∂T,gc
r,o)×u,T,gcr,o)2+((∂Q,gcr/∂T,gcr,i)×u,T,gcr,i)2)0.5      (7) 

where u,m,gcr is the uncertainty of the m,gcr, u,T,gcr,o 
is the uncertainty of the T,gcr,o, and u,T,gcr,i is the 
uncertainty of the T,gcr,i.      

The uncertainty of the CCOP (u,CCOP) was calculated 
as: 

u,CCOP=(((∂CCOP/∂Q,evp)×u,Q,evp)2+((∂CCOP/∂P,
cmr)×u,P,cmr)2)0.5                                                                   (8) 

where u,Q,evp is the uncertainty of the 𝑄, 𝑒𝑣𝑝̇ , which 
was calculated as: 

u,Q,evp=(((∂Q,evp/∂m,evp)×u,m,evp)2+((∂Q,evp/∂T,ev
p,i)×u,T,evp,i)2+((∂Q,evp/∂T,evp,o)×u,T,evp,o)2)0.5  (9) 

where u,m,evp is the uncertainty of the m,evp, u,T,evp,i 
is the uncertainty of the T,evp,i, and u,T,evp,o is the 
uncertainty of the T,evp,o.   

The average uncertainties of the calculated HCOP and 
CCOP are 3.93% and 3.92%, respectively.  

5 Results and analysis 

This section presents the experimental results for the 
typical cases with the discharge pressure of 7,200 kPa, 
7,500 kPa, 7,800 kPa, 8,100 kPa, and 8,400 kPa. Table 
1 presents the experimental results in different discharge 
pressure. The experimental results of the control 
performance in the case with the discharge pressure of 
7,200 kPa were analyzed. The experimental results of 
the steady-state HCOP, CCOP, and expansion valve 
opening in different discharge pressure are also 
presented and analyzed. 

Table 1. Experimental results in different discharge pressure. 

Cas
es 

Disch
arge 

pressu
re 

(kPa) 

m,g
cr 
(kg
/s) 

T,gc
r,o 

(oC) 

T,gc
r,i 

(oC) 

m,e
vp 
(kg
/s) 

T,ev
p,o 
(oC) 

T,ev
p,i 

(oC) 

1 7,200 
0.0
67 

41.0 27.9 
0.1
94 

17.6 20.4 

2 7,500 
0.0
67 

42.8 27.3 
0.1
74 

14.0 17.9 

3 7,800 
0.0
67 

45.2 28.7 
0.1
82 

14.7 19.0 

4 8,100 
0.0
67 

46.6 28.9 
0.1
87 

14.1 18.5 

5 8,400 
0.0
67 

47.2 28.3 
0.1
86 

12.7 17.3 

 

5.1 Analysis of discharge pressure control 

This section presents an example, in which the discharge 
pressure of the CO2 heat pump was maintained at 7,200 
kPa by the PI controller, to demonstrate the control 
performance of the system. Figure 2 shows the 
experimental results for the variations of discharge 
pressure, expansion valve opening, and evaporating 
pressure. In Figure 2 (a), at the beginning the discharge 
pressure rapidly increased to nearly 8,000 kPa, and then 
it suddenly decreased to nearly 7,050 kPa. At 80s, the 
discharge pressure increased to around 7,200 kPa. After 
this moment, the discharge pressure was well 
maintained at around 7,200 kPa until the end. In Figure 
2 (b), at the beginning the expansion valve opening 
rapidly increased to 100%, and then it suddenly 
decreased to nearly 65%. The expansion valve opening 
fluctuated around 65% to maintain the discharge 
pressure at 7,200 kPa. Until nearly 240s, the fluctuation 
degree was reduced, and the expansion valve opening 
kept at 64% until the end. In Figure 2 (c), the 
evaporating pressure reduced with the increase of the 
time. The decreasing degree was reduced with the 
increase of the time. After 480s, the decreasing degree 
became very small, and the evaporating pressure was 
nearly constant as 5,000 kPa.   
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Figure 2. Experimental results of discharge pressure control: 
variation of (a) discharge pressure; (b) expansion valve 
opening; and (c) evaporating pressure. 

5.2 Analysis of HCOP 

Figure 3 presents the experimental results of HCOP, 
heat flow rate of the gas cooler (𝑄, 𝑔𝑐𝑟̇ ), and compressor 
power (P,cmr) in typical cases with different discharge 
pressure. In Figure 3 (a), the HCOP was 3.52, 3.57, 3.63, 
3.67, and 3.66, when the discharge pressure was fixed at 
7,200 kPa, 7,500 kPa, 7,800 kPa, 8,100 kPa, and 8,400 
kPa, respectively. Thus, the HCOP in the case with the 
discharge pressure of 8,100 kPa was higher than that in 
other cases. In Figure 3 (b), the 𝑄, 𝑔𝑐𝑟̇  increased with 
the increase of the discharge pressure. The 𝑄, 𝑔𝑐𝑟̇  was 
3,650 W, 4,342 W, 4,601 W, 4,963 W, and 5,285 W, 
when the discharge pressure was fixed at 7,200 kPa, 
7,500 kPa, 7,800 kPa, 8,100 kPa, and 8,400 kPa, 

respectively. In Figure 3 (c), the P,cmr increased with 
the increase of the discharge pressure. The P,cmr was 
1,037 W, 1,215 W, 1,267 W, 1,353 W, and 1,444 W, 
when the discharge pressure was fixed at 7,200 kPa, 
7,500 kPa, 7,800 kPa, 8,100 kPa, and 8,400 kPa, 
respectively. To conclude, from Figure 3, it is possible 
to notice that HCOP increased up to the discharge 
pressure of 8,100 kPa, regardless of the compressor 
power increase. This meant that the gas cooler heat rate 
had higher increase than the compressor power increase. 

 

 

 

Figure 3. Experimental results of (a) HCOP; (b) heat flow rate 
in gas cooler; and (c) compressor power in typical cases with 
different discharge pressure. 
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5.3 Analysis of CCOP 

Figure 4 presents the experimental results of CCOP and 
heat flow rate of the evaporator (𝑄, 𝑒𝑣𝑝̇ ) in typical cases 
with different discharge pressure. In Figure 4 (a), the 
CCOP was 1.96, 2.16, 2.36, 2.33, and 2.27, when the 
discharge pressure was fixed at 7,200 kPa, 7,500 kPa, 
7,800 kPa, 8,100 kPa, and 8,400 kPa, respectively. Thus, 
the CCOP in the case with the discharge pressure of 
7,800 kPa was higher than that in other cases. In Figure 
4 (b), the 𝑄, 𝑒𝑣𝑝̇  increased with the increase of the 
discharge pressure. The 𝑄, 𝑒𝑣𝑝̇  was 2,036 W, 2,628 W, 
2,986 W, 3,152 W, and 3,278 W, when the discharge 
pressure was fixed at 7,200 kPa, 7,500 kPa, 7,800 kPa, 
8,100 kPa, and 8,400 kPa, respectively.  

 
 

 

Figure 4. Experimental results of (a) CCOP; and (b) heat flow 
rate in evaporator in typical cases with different discharge 
pressure. 

5.4 Analysis of expansion valve opening 

Figure 5 presents the experimental results of the 
expansion valve opening in typical cases with different 
discharge pressure. It can be seen that the expansion 
valve opening reduced with the increase of the discharge 
pressure. The expansion valve opening was 64%, 35%, 
33%, 26%, and 20%, when the discharge pressure is 
fixed at 7,200 kPa, 7,500 kPa, 7,800 kPa, 8,100 kPa, and 
8,400 kPa, respectively. 

 
Figure 5. Experimental results of expansion valve opening in 
typical cases with different discharge pressure. 

6 Conclusions and future possible 
works 

An experimental analysis for the discharge pressure 
control of a water-source CO2 heat pump was depicted 
in this study. The discharge pressure of the heat pump 
was maintained at the fixed value by the developed PI 
controller that could adjust the opening of the electronic 
expansion valve. To demonstrate the effectiveness of the 
discharge pressure control, the dynamic control 
performance of the CO2 heat pump in the case with the 
discharge pressure of 7,200 kPa was analyzed. It was 
indicated that the developed PI controller could 
effectively maintain the discharge pressure at around 
7,200 kPa in the experimental conditions, and thus the 
developed PI controller was reliable. In addition, the 
experimental results of the steady-state HCOP, CCOP, 
and expansion valve opening in typical cases with the 
discharge pressure of 7,200 kPa, 7,500 kPa, 7,800 kPa, 
8,100 kPa, and 8,400 kPa were calculated and analyzed. 
It was found that the HCOP when the discharge pressure 
was fixed at 7,200 kPa, 7,500 kPa, 7,800 kPa, 8,100 kPa, 
and 8,400 kPa was 3.52, 3.57, 3.63, 3.67, and 3.66, 
respectively. The CCOP when the discharge pressure 
was fixed at 7,200 kPa, 7,500 kPa, 7,800 kPa, 8,100 kPa, 
and 8,400 kPa was 1.96, 2.16, 2.36, 2.33, and 2.27, 
respectively. The expansion valve opening when the 
discharge pressure was fixed at 7,200 kPa, 7,500 kPa, 
7,800 kPa, 8,100 kPa, and 8,400 kPa was 64%, 35%, 
33%, 26%, and 20%, respectively. 

Future work may include the following topics. The 
performance comparisons between the air-source and 
water-source heat pump might be conducted using the 
established laboratory platform. An advanced controller 
might be developed to calculate the optimal discharge 
pressure setpoints for real applications. In addition, the 
experimental control performance under the varying 
operation conditions might be analyzed.  
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