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Abstract. Ozone layer depletion can be weakened when carbon dioxide (CO2) replaces
hydrochlorofluorocarbons and chlorofluorocarbons as the refrigerant in heat pumps.
Performance investigations on water-to-water COz heat pumps are still insufficient, especially
in real life and experimental conditions. Seldom studies have reported that the compressor
frequency may affect the performance of COz heat pumps in some degree. However, the
influence of compressor frequency on the performance of the water-to-water COz heat pumps is
still unknown. Hence, this study presented the experimental investigations on the water-to-
water COz heat pumps in different compressor frequency. The investigated CO2 heat pump is
located in the Energy and Indoor Environment Laboratory in the Department of Energy and
Process Engineering at Norwegian University of Science and Technology. It is mainly composed
of evaporator, compressor, gas cooler, liquid separator, internal heat exchanger, and expansion
valve. The compressor was produced by the Officine Mario Dorin Spa. The plate heat exchangers
were applied as evaporator, gas cooler, and internal heat exchanger. The PI controller
controlled the discharge pressure by adjusting the expansion valve opening. Experimental cases
in which the compressor rotational speed of 1,100 rev/min and 1,300 rev/min were conducted.
The coefficient of performance (COP) was calculated by measuring the compressor power and
heating capacity in the gas cooler. The analysis on the water-to-water COz heat pump COP in
different measured cases was depicted. This study therefore fills the research gap on the
performance of the water-to-water CO2 heat pump in different compressor rotational speed.
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analyzed the performance of air-source and
ground-source heat pumps in Saint Petersburg.
Huge energy needs that are caused by rapidly It was found that the coefficient of

1. Introduction

society  development and  population
increasement, result in increasing the use of
non-renewable energy including fossil fuels.
This highly intensifies the environmental
pollution [1]. Improvement of renewable
energy use has become one of the primary
tasks for humans. European Union has stated
that by 2030 the portion of renewable energy
in total energy use would be larger than 32%

[2].

Heat pump obtaining thermal energy from
ambient media, is one popular technique
which enhances the renewable energy
utilization. Scholars paid their attention on this
aspect. Kosan and Aktas [3] concluded that the
utilization of solar collector could enhance the
performance of the system. Nikitin et al. [4]

Copyright ©2022 by the authors. This conference paper is published under a CC-BY-4.0 license.

performance (COP) of the air-source and
ground-source heat pumps could reach up to
2.36 and 2.44, respectively. Boahen et al. [5]
investigated the performance of the heat pump
with different purposes including space
heating and domestic hot water use. They
found that the increase of returning hot water
temperature led to the decrease of the system
performance. Ural et al. [6] investigated a
textile-based solar-assisted heat pump, and
they found that the daily COP of this heat
pump was higher than that of the conventional
heat pump. Ahrens et al. [7] conducted the
analysis of the energy system with the heat
pump for both heating and cooling purposes.
They concluded that the system COP could
reach up to 4.1.
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Compared with conventional heat pumps
applying chlorofluorocarbons and
hydrochlorofluorocarbons as refrigerants, heat
pumps applying carbon dioxide (CO2) as the
refrigerant can cause less damage on the
ozone layer. COz heat pumps have become the
research hotspot. Basso et al. [8] analyzed the
performance of the COz heat pump for solar
cooling purpose, and they concluded that the
COP of the COz heat pump could reach up to
2.4. Humia et al. [9] conducted the study on a
solar-assisted CO2 heat pump, and they found
that the maximum COP of the heat pump was
approximately 3.67. Rony and Gladen [10]
performed the investigation about a
photovoltaic-assisted COz2 heat pump. It was
concluded that the COP of the system could
reach up to 5.16. Rocha et al. [11] investigated
a solar-assisted CO2 heat pump. Their results
indicated that the system COP was improved
from 2.19 to 3.12 when solar irradiance
increased from 6 W/m? to 969 W/m?2. Illan-
Gomez et al. [12] studied the effect of different
key variables on the performance of the CO:
heat pump, and they concluded that outlet CO:
temperature in gas cooler played a significant
role on the system performance.

Seldom scholars began to focus on the studies
on the effect of compressor rotational speed or
frequency on the performance of the CO2 heat
pump, including the studies of Yang et al. [13]
and Qin et al. [14]. Although in their studies
the effect of compressor rotational speed or
frequency on the COz heat pump performance
had been analyzed, the investigated CO2 heat
pump was air-source. More studies were
urgently needed to verify the conclusions they
have summarized. For example, the effect of
different compressor rotational speed on the
water-to-water CO2 heat pump was still
unknown.

This study therefore performed the
experimental studies of the CO2 heat pump in
different compressor rotational speed, i.e.,
1,000 rev/min and 1,300 rev/min. The
experiments were conducted in the Energy
and Indoor Environment Laboratory at the
Department of Energy and Process
Engineering, Norwegian University of Science
and Technology. The PI controller was
developed to fix the unchanged discharge
pressure. For each compressor rotational
speed, five cases with the discharge pressure
varying from 7,300 kPa to 8,500 kPa with the
interval of 300 kPa were conducted. The
analysis on the heating capacity, power, COP,
and expansion valve opening in these cases
were presented.

The organization for remaining parts of this
paper was depicted below. Section 2 presented
the CO2 heat pump experimental setup. The
calculation of the uncertainties for measured

COP was conducted in Section 3. Section 4
gave the results and detailed analysis for the
measured cases. Important conclusions were
summarized in Section 5.

2. CO: heat pump experimental
setup

The CO: heat pump was in a laboratory of the
Norwegian University of Science and Technology,
and its schematic was depicted in Fig. 1. Table 1
depicts the information of important components in
the investigated COz heat pump. Note that the rated
rotational speed, frequency, and displacement of the
compressor were 1,450 rev/min, 50 Hz, and
4.06x10* m3/s, respectively. The number of plates
in the gas cooler, internal heat exchanger, and
evaporator were 30, 12, and 40, respectively. The
control of the fixed discharge pressure was
conducted by the PI controller. Sensors from Carel
having accuracy of +(0.005%(measured
temperature)+0.3) °C were applied for measuring
temperature. A variable-area flow meter having
accuracy of 1% [15], was applied for measuring
temperature. A sensor from Carel having accuracy
of +1% was applied for measuring pressure. A
meter from CARLO GAVAZZI having accuracy of +1%
was applied for recording power.

Tab. 1 - Information of important components in CO2
heat pump.

Components Types Manufactures
Compressor CD 300H Officine Mario
Dorin Spa
Gas cooler B18H-30 Swep
International A.B.
Internal heat C042-12W- KAORI Brazed
exchanger S3 Plate Heat
Exchanger
Evaporator C095-40W- KAORI Brazed
S37 Plate Heat
Exchanger
Liquid VU8L Skala AS
separator
Expansion E2V18CS000 Carel
valve
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CM: compressor

EP: evaporator

EA: expansion valve

FL: fan coil

THTE: internal heat exchanger

GR: gas cooler

LP: liquid separator
P: pressure sensor

PL: PT controller

PM: pump

I': temperature sensor

Fig. 1 - CO;z heat pump experimental setup

3. Uncertainties for measured COP

This section was applied for presenting the
calculation for uncertainties of measured variables.
The CO2 heat pump COP was calculated by Eqn. (1):

- Y%
COP = = (1)

[

where Qg and P, denote the heating capacity and
compressor power, respectively.

Q4 was calculated by Eqn. (2):

Qg = mgcg(Tgi - Tgo) (2)

where m, and ¢, denote the mass flowrate and
specific heat of the water in the gas cooler,
respectively. Ty; and T, denote the inlet and outlet
water temperature of the gas cooler, respectively.

The root-sum-square method was applied for
calculating uncertainties of measured variables,
shown as Eqn. (3) [16]:

e = [Thi(Chep)? 3

where v denotes the analyzed variable. §; denotes
the variable affecting v. &, and g5, denote the
uncertainties of v and f;, respectively. This method
was utilized for calculating uncertainties of
measured variables in Eqns. (1) and (2). Uncertainty
of COP (ecop) was calculated by Eqn. (4):

dCcoP
eor = [Careo, ) + (ol en) (4)

where €4, and gp, denote the uncertainties of Qg
and P, respectively. €y, Was calculated by Eqn. (5):

%, e %, aa P,
o, = |G en, ) + Ger, ) + Giker, ) (5)

am

where Erings ET g and €7y, denote the uncertainties of
My, Ty;, and Ty, respectively. Using measured data,
gcop could be determined by Eqns. (1) to (5). The
average and maximum gqgp were 3.7% and 4.27%,

respectively.

4. Results and analysis

This section gave the results and analysis in
different cases with the compressor rotation speed
of 1,100 rev/min and 1,300 rev/min, respectively.
The discharge pressure (P;) was maintained at
7,300 kPa, 7,600 kPa, 7,900 kPa, 8,200 kPa, and
8,500 kPa, respectively. The heating capacity (Qg),
compressor power (P.), COP, and expansion valve
opening (o0,) were selected as performance
indicators.

4.1 Measured cases

Tables 1 and 2 presented the information of the
measured cases with the compressor rotation speed
of 1,100 rev/min and 1,300 rev/min, respectively.
The water mass flowrate in gas cooler (r7,) in these
cases was 0.067 kg/s. In Table 1, the varying degree
of the inlet water temperature in gas cooler (T,;) in
different P; was small. The smallest T;; was 25.4 °C,
occurring when Py was 7,301 kPa. The largest Ty,
was 25.7 °C, occurring when P; were 7,599 kPa and
8,200 kPa. The difference between smallest and
largest Ty; was only 0.3 °C. The smallest Ty, was
42 °C, occurring when P; was 7,301 kPa. The largest
T,, was 45.6 °C, occurring when P; was 7,899 kPa.
The difference between smallest and largest T;, was
3.6 °C. Thus, the difference of T;, was larger than
that of Tg;.

In Table 2, the inlet water temperature in gas cooler
(Ty;) increased from 25.2 °C to 27.1 °C, when P,
increased from 7,298 kPa to 8,503 kPa. The
difference of Ty; between the cases with P, of 7,298
kPa and 8,503 kPa was 1.9 °C. The outlet water
temperature in gas cooler (T,,) increased from 44.5 °C
to 51.5 °C, when P; increased from 7,298 kPa to
8,503 kPa. The difference of T, between the cases
with P; of 7,298 kPa and 8,503 kPa was 7 °C. The
increasing degree of T, was larger than that of Ty,
when P, increased from 7,298 kPa to 8,503 kPa.

Tab. 1 - Measured cases with the compressor rotation
speed of 1,100 rev/min.

Cases P, (kPa) my (kg/s) Ty (°C) Ty, (°C)

7,301 0.067 25.4 42
7,599 0.067 25.7 43.6
7,899 0.067 25.6 45.6
8,200 0.067 25.7 45.1

BwWw N
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5 8,356 0.067 25.5 45.4

Tab. 2 - Measured cases with the compressor rotation
speed of 1,300 rev/min.

Tyo

Cases Py (kPa) my (kg/s) ("él) ()

7,298 0.067 25.2 44.5
7,599 0.067 26.0 46.2
7,901 0.067 26.6 47.5
8,201 0.067 26.7 50.1
10 8,503 0.067 27.1 51.5

4.2 Effect on heating capacity

Fig. 2 presented the heating capacity (Qg) in
different cases for different rotational speed: (a) r =
1,100 rev/min and (b) r = 1,300 rev/min. In Fig. 2
(a), when the compressor rotational speed was
1,100 rev/min, meaning that the compressor
frequency was 37.9 Hz, Qg was 4,626.3 W, 4,998.3
W, 5,603.7 W, 5,437.2 W, and 5,560.9 W in the Cases
1, 2, 3, 4, and 5, respectively. In Fig. 2 (b), when the
compressor rotational speed was 1,300 rev/min,
meaning that the compressor frequency was 55.8
Hz, Q, was 5,396.2 W, 5,657.1 W, 5,857.4 W, 6,566.3
W, and 6,831.2 W in Cases 6, 7, 8, 9, and 10,
respectively. Thus, when P; was fixed at the almost
same values, the increase of compressor frequency
might lead to increase of Qg. This finding could be
supported by the studies of Yang et al. [13] and Qin
et al. [14]. In Fig. 2 (a), Qg increased with the
increase of P; from Case 1 to Case 3. However, Qg in
both Cases 4 and 5 were lower than that in Case 3.
The reason why Qg in Case 4 and 5 were close might
be that the unstable P, control in Case 5 using PI
controller. The setting P; of 8,500 kPa cannot be
maintained, even though the expansion valve
opening has been adjusted to the minimum value,
i.e, 10%. This is also the reason why P, was 8,356
kPa in Table 1. In Fig. 2 (b), Qg increased with the
increase of P;. The reason why the variations of Qg
was different in Figs. 2 (a) and (b) might be
explained according to the study of Yang et al. [13].
In their study, P; when the peak Qg occurred
increased with the increase of the compressor
frequency.
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Fig. 2 - Heating capacity in different cases for different
rotational speed: (a)r = 1,100 rev/min and (b)r =
1,300 rev/min.

4.3 Effect on compressor power

Fig. 3 presented the compressor power (P,) in
different cases for different rotational speed: (a) r =
1,100 rev/min and (b) r = 1,300 rev/min. In Fig. 3
(a), when the compressor rotational speed was
1,100 rev/min, meaning that the compressor
frequency was 37.9 Hz, P, was 1,066.1 W, 1,1589 W,
1,235.8 W, 1,308 W, and 1,340.7 W in the Cases 1, 2,
3, 4, and 5, respectively. In Fig. 3 (b), when the
compressor rotational speed was 1,300 rev/min,
meaning that the compressor frequency was 55.8
Hz, P. was 1,295.2 W, 1,381.7 W, 1,467.2 W, 1,540.4
W, and 1,610.4 W in the Cases 6, 7, 8, 9, and 10,
respectively. Thus, when P; was fixed at the almost
same values, the increase of compressor frequency
might lead to the increase of P.. In addition, the
increase of P; might lead to the increase of P.. These
findings could be supported by the studies of Qin et
al. [14].
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Fig. 3 - Compressor power in different cases for
different rotational speed: (a) r = 1,100 rev/min and
(b) r = 1,300 rev/min.

4.4 Effect on COP

Fig. 4 presented the COP in different cases for
different rotational speed: (a) r = 1,100 rev/min
and (b) r = 1,300 rev/min. In Fig. 4 (a), when the
compressor rotational speed was 1,100 rev/min,
meaning that the compressor frequency was 37.9
Hz, COP was 4.34, 4.31, 4.53, 4.16, and 4.15 in the
Cases 1, 2, 3, 4, and 5, respectively. In Fig. 4 (b),
when the compressor rotational speed was 1,300
rev/min, meaning that the compressor frequency
was 55.8 Hz, COP was 4.17, 4.09, 3.99, 4.26, and 4.26
in the Cases 6, 7, 8, 9, and 10, respectively.
According to the study of Qin et al. [14], generally
the decrease of the compressor frequency might
lead to the increase of COP. In their study, there
were still the phenomenon that in few cases the
increase of compressor frequency might lead to the
increase of COP. These could explain the
phenomenon why COP in Cases 1, 2, and 3 were
higher than that in Cases 6, 7, and 8, respectively,
and why COP in Cases 4 and 5 were higher than that
in Cases 9 and 10.

5.0
mCOP
4.7
e 44 |
5 44
O
) ] I I !
38
1 2 3 4 5
Cases (-)
(a)r = 1,100 rev/min
4.6
mCOP
44 F
T42 F
o
Q
V40
38 f
3.6
6 7 8 9 10
Cases (-)

(b) r = 1,300 rev/min

Fig. 4 - COP in different cases for different rotational
speed: (a) r =1,100 rev/min and (b) r = 1,300
rev/min.

4.5 Effect on expansion valve opening

Fig. 5 presented the expansion valve opening (0,) in
different cases for different rotational speed: (a) r =
1,100 rev/min and (b) r = 1,300 rev/min. In Fig. 5
(a), when the compressor rotational speed was
1,100 rev/min, meaning that the compressor
frequency was 37.9 Hz, o, was 23.8%, 18.2%, 16.7%,
11.6%, and 10% in the Cases 1, 2, 3, 4, and 5,
respectively. In Fig. 5 (b), when the compressor
rotational speed was 1,300 rev/min, meaning that
the compressor frequency was 55.8 Hz, o, was
39.5%, 29.6%, 22.4%, 19.5%, and 18.1% in the
Cases 6, 7, 8, 9, and 10, respectively. Thus, the
increase of expansion valve opening might lead to
the decrease of P;. In addition, for maintaining at
the almost same P;, using higher compressor
frequency might lead to larger expansion valve
opening.
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Fig. 5 - Expansion valve opening in different cases for
different rotational speed: (a) r = 1,100 rev/min and
(b) r = 1,300 rev/min.

5. Conclusions

In this study, the performance of the COz heat pump
in different compressor rotational speed, i.e., 1,000
rev/min and 1,300 rev/min, were experimentally
analyzed. The cases with the discharge pressure
varying from 7,300 kPa to 8,500 kPa with the
interval of 300 kPa were presented in experimental
conditions. The heating capacity, power, COP, and
expansion valve opening in these cases were
analyzed. The uncertainties of the COP in these
cases were calculated. The maximum and average
uncertainties of the COP were 4.27% and 3.7%,
respectively. Most findings of this study were
compared with the results in the studies of Yang et
al. [13] and Qin et al. [14]. Most findings on the
effect of the compressor rotational speed on the
performance of the COz heat pump were verified.
The results indicated that increasing the
compressor rotational speed might result in
increasing the heating capacity. Increasing the
compressor rotational speed might result in
increasing the compressor power. In most
situations, reducing the compressor rotational
speed might contribute to increasing the COP.
However, there were still few cases where
increasing the compressor rotational speed might

contribute to increasing the COP. For maintaining at
the almost same discharge pressure, the larger
expansion valve opening might be caused by the
higher compressor rotational speed. Note that these
findings in this study were obtained by the unfixed
operating conditions. As shown in Tables 1 and 2,
the inlet water temperature of gas cooler in
different cases were different. In addition, the
measurement uncertainties might affect the results
of these findings.
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