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ABSTRACT

A transcritical CO, heat pump prototype for a combined space and hot water heating system for resi-
dential European-style low-energy-houses has been designed, built and tested. The goal of the project was
to verify the potential of the CO,-heat pump process in such an application and to gain experience with
the CO,-heat pump for later commercial realisation.

In this report the heat pump performance data are presented. The heat pump was implemented in a
typical heating system of a European-style low-energy house which consists of a hot water supply, a heat-
ing system for floor and/or radiator heating system and a room ventilation facility. The heating system
was modified to account for the characteristic performance losses of the transcritical heat pump at heat
sink inlet temperatures above approximately 25-30°C. Design aspects of the heating system and overall
system performance data are presented. The CO, heat pump was found to be capable to significantly im-
prove the overall performance of the heating system compared to similar systems with subcritical HFC or
propane heat pumps. Based on the experimental results a preproduction prototype of a house heating sys-
tem is built and tested. Field tests with the prototypes are going to be carried out to gain more experience
on the system characteristics.

1 INTRODUCTION

Since the discovery of the impact of CFCs and HCFCs on ozone layer destruction and global warm-
ing, new fluorocarbon chemicals have been developed and used for refrigeration. However, a real and
endurable alternative are natural fluids, among which carbon dioxide has received much attention since its
revival about a decade ago (Lorentzen 1990, Lorentzen and Pettersen 1993, Lorentzen 1994). Due to its
thermodynamic properties, carbon dioxide has the potential to outperform other working fluids, especially
when operating with large temperature differences between heat source and heat sink combined with low
temperatures of the working fluid after heat rejection. These conditions are given when hot water with
temperatures above 60 °C is generated from relatively cool water having temperatures of less than 20 °C.
Therefore the use of carbon dioxide heat pumps is especially interesting in low-energy houses, where the
generation of hot water accounts for approximately 50 % of heat consumption.

In the current project, a transcritical CO; air to water heat pump is developed as a commercial prod-
uct for a low-energy single family home in central Europe. According to the standard Minergie-P, which
is well established in Switzerland and in Germany is referred to as "Passivhaus", these homes make use of
passive energy sources and require an additional heating power of 10 W/m? at the design point of minus
11 °C outside temperature. It is the target of the current development to provide 10 W/m? heating power
for an area of 200 m?, which results in a total heat output of 2 kW. The heat pump also generates hot wa-
ter, where its advantages above heat pumps with conventional working fluids is commercially important.

As a first step towards a commercial product, first knowledge of operating a heat pump with carbon
dioxide is gained in a thermodynamic analysis. A prototype heat pump allowing accurate measurements
of efficiency in a large range of operating conditions is tested. Data important for efficiently operating



and controlling the heat pump is gained and presented in this study. It is also suggested how to incorpo-
rate the heat pump in the heating system of a low-energy building to ensure its efficient operation.

2 THERMODYNAMIC ANALYSIS

The coefficients of performance of the heat pump COPpgp in this paper is used according to the fol-
lowing definition.

COP,, = P¢i 1)

el,Comp

From various published flow circuits for CO, heat pumps the circuit proposed by Lorentzen (Lor-
entzen 1990, Lorentzen and Pettersen 1993, Lorentzen 1994) was chosen for the current investigation
because it requires less hardware and less control valves in comparison to other circuits. This makes it
suitable to be used in a commercial product, which is the end goal of the current project. The flow circuit
considered in this work is shown in Fig. 1. The quantities @p and P,; ., used to calculate the COPyp
according to equation (1) are also indicated in the figure. In the original proposition of the flow circuit,
the compressor inlet is preheated by an internal heat exchanger. In this work, an external heat source like
the compressor's wasted heat is also considered to serve for preheating the compressor suction line
slightly above saturation. Therefore the system under investigation is equipped either with an external
heat exchanger or with an internal heat exchanger. Both arrangements were analysed. In the circuit shown
in Fig. 1, the receiver separates liquid CO, from gaseous CO, and should always contain both phases. It
also serves to supply or absorb liquid when the required amount of CO;, in the circuit changes due to
changes in the operating conditions.
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Fig. 1. CO, circuit considered in this study. The heat pump operates either with an internal heat exchanger or
with an external heat exchanger.

An extensive thermodynamic analysis of the flow circuit and its possible integration in a heating sys-
tem is performed in using a theoretical model implemented in a computer program. The thermodynamic
properties of CO, are calculated with subroutines from the University in Essen programmed by Schrey at
the Institute flir Angewandte Thermodynamik und Klimatechnik in 2002. The heat transfer properties of
CO, close to the critical point are modelled with modified Fewster equations (Kim et al. 2001). The com-
pressor performance is calculated according to published data of a reciprocating compressor from Dorin
type CD 4.027 S (Neksa et al. 1999, Hubacher and Groll 2003).



The temperatures required at the heat pump's water outlet are between 35 °C for floor heating and
70 °C for hot water supply. Since these temperatures are above the critical point of CO,, the heat pump
has to be operated in a transcritical mode and only transcritical operation is investigated in this study. It is
known that a transcritical heat pump has an optimal compressor discharge pressure, where the heat
pump's performance COPyp has a maximum. In the circuit from Fig. 1 the compressor discharge pressure
is controlled by the throttling valve.

The thermodynamic analysis shows that the heat pump's performance COPgp is lower for water inlet
temperatures above about 25 °C. This is a consequence of the thermodynamic properties of carbon diox-
ide in the vicinity of the critical point. This finding is important when integrating the CO, heat pump in a
heating system, since conventional heating systems typically have water coming back from the heating
system in excess of 25 °C. Additionally, it is found that using the internal heat exchanger does not im-
prove the heat pump's coefficient of performance COPp. This is in agreement with published data gained
with a transcritical CO; circuit (White et al. 1997). In case an internal heat exchanger is used, the evapora-
tion temperature has to be limited in order to ensure preheating of the compressor suction line above satu-
ration also when running with low water inlet temperatures and at the same time high temperatures of the
heat source. This can be achieved in limiting the amount of CO, in the circuit. The analysis has also
shown, that with an internal heat exchanger, the COP;» is less depending on the high pressure level in
comparison to an external heat exchanger.

3 PROTOTYPE

A laboratory prototype of the CO; circuit from Fig. 1 was built as shown in the schematic of Error!
Reference source not found.. The scale of the prototype is the same as of the commercial product, i.e.
2000 W heating power ®ys. Purchasing the components turned out to be difficult, since components for
conventional heat pumps are only rated to about 25 bar. The reciprocating compressor from Dorin type
CD 4.027 S used for the thermodynamic analysis was not available. A prototype of a Danfoss reciprocat-
ing CO, compressor type TN1416 is used instead. Lubrication is ensured by the Polyoester (POE) oil type
Reniso C85E, which is recommended by the compressor manufacturer. It dissolves very well in CO,
above the critical point, which is the high pressure side in the present prototype. Therefore no oil film
reduces the heat transfer in the gas cooler. For the low pressure side, a comparison of the oil's density
with the one of liquid CO, shows that the oil is denser at temperatures above -20 °C, i.e. in the range of
the present application.

The two heat sources of the evaporator and of the external heat exchanger were implemented with
electrical heating. The heating power of the evaporator is controlled such as to achieve a preset evapora-
tion temperature. The heating power of the external heat exchanger is controlled such as to achieve a pre-
set amount of temperature increase above saturation. The implementation with electric heating allows
very accurate control of the operating conditions when experimentally determining the system's behav-
iour. It also allows to run through a large range of operating conditions.
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Fig. 2. Schematic of laboratory prototype of CO,-heat pump. sg: sight glass, V: manual valves.

The receiver is equipped with a sight glass sgl between two flexible hoses that can be moved verti-
cally. This allows to check the liquid level in the receiver. Another sight glass sg2 indicates whether lig-
uid drops are carried over with the gaseous CO,. A manual bleeding valve at the bottom of the receiver
allows to feed the oil from the bottom of the receiver back into the CO; circuit with visual access through
another sight glass sg3. With the manual valve V1 it is determined whether the external heat exchanger or
the internal heat exchanger is active. The phase composition of the fluid entering the suction side of the
compressor can be observed through sight glass sg4. The remaining valves V2 to V7 from Error! Refer-
ence source not found. serve filling and emptying the circuit and fulfil safety functions. All equipment is
thermally insulated in order to reduce heat transfer with the environment. The heat loss through the insu-
lation is measured to distort the power balance by up to 2%. The prototype is equipped with appropriate
sensors to measure pressure and temperature of the working medium and of the water as well as to meas-
ured the water flow rate. Additionally the electrical power consumption of the evaporator, the external
heat exchanger and the compressor are measured.

The mass flow of the working fluid CO, is not measured directly. It is calculated from power bal-
ances across the boundaries of the gas cooler, across the expansion valve and evaporator as well as across
the internal or the external heat exchanger depending on which unit is active. The power balance of the
expansion valve plus evaporator can be done separately from the power balance of one of the two heat
exchangers under the condition that there is no liquid CO, leaving the receiver, which is checked visually.
In this case, the state of the fluid in the receiver is on the saturation line. The expansion valve has to be
included in the power balance of the evaporator, because the enthalpy of the two-phase fluid entering the
evaporator can not be determined from measurements of pressure and temperature.



4 MEASUREMENT RESULTS

The heat pump's coefficient of performance COPyp is measured at different operating conditions in
steady state operation. Operating conditions to be tested are closely related to how and where the com-
mercial product is intended to be used. In hot water generations for example, the inlet and outlet tempera-
tures of the water are 17 °C and 70 °C respectively. The evaporation temperature is approximately 5 °C
below the temperature of the heat source. Evaporation temperatures ranging from minus 20 °C to 10 °C
are assessed in this investigation. The pressure in the evaporator, i.e. on the low pressure side of the cir-
cuit is the saturation pressure of carbon dioxide at the respective evaporation temperature. The pressure
on the high pressure side, i.e. the compressor discharge pressure is controlled by the throttling valve and
is varied in order to find the level with maximum performance. As an example, coefficients of perform-
ance COPp calculated according to equation (1) from measurement data are shown in Fig. 2. The exter-
nal heat exchanger was used to heat the working fluid 7 °C above saturation. Measurement data is only
taken, when the state of carbon dioxide in the receiver is at saturation. This is the case when temperature

at the evaporator inlet is the same as at the evaporator outlet and when the exit of the receiver is gaseous
with no liquid drops.
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Fig. 2. Performance data COPp of prototype heat pump for hot water generation from 17 °C to 70 °C de-
pending on discharge pressure for various evaporating temperatures using the external heat exchanger to
heat 7 °C above saturation. Solid lines are least squares fits. Their maxima are indicated with asterix.

It can be seen that for every evaporating temperature there exists an optimum discharge pressure,
where the heat pump's performance COPyp has a maximum. This discharge pressure is referred to as the
optimum pressure. Similar behaviour at one specific operating condition has been published in literature
(e.g. Ma et al. 2002 figure 2). In order to determine the optimum pressure and the maximum efficiency
COPyp ..oy @ least squares fitting procedure is used to place a curve through the data of each evaporating
temperature. The maxima of these curves are taken to be the points of maximum heat pump efficiency



COPpyp .- They are indicated with an asterix in Fig. 2. The optimum discharge pressures as well as the
maximum heat pump performance COPpyp ... depending on evaporation temperature are shown in Fig. 3
and Fig. 4 respectively. Similar results to the ones shown in Fig. 4 either calculated or measured have
been published previously (e.g. Rieberer et al. 1999 figure 2, Strifhmen et al. 1999 figure 5, Aarlien and
Neks[2002 figure 1, Ma et al. 2002 figure 7).
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Fig. 3. Discharge pressure for maximum perform- Fig. 4. Maximum coefficient of performance COPp
ance of heat pump for hot water generation from for hot water generation from 17 °C to 70 °C de-
17 °C to 70 °C depending on evaporation tempera- pending on evaporation temperature.

ture.

The behaviour shown in Fig. 2 to Fig. 4 depends on the temperatures of the water inlet and water
outlet and on the characteristics of the compressor and of the gas cooler. Therefore this mapping is re-
quired for every heat pump application in order to obtain a control algorithm for the throttling valve. In
our example of hot water generation, the throttling valve needs to control the discharge pressure along the
line shown in Fig. 3 to obtain a maximum heat pump efficiency.



5 IMPLEMENTATION IN A HEATING SYSTEM
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Fig. 5. Heating system with combined preheated ventilation and floor heating for a low energy home ensuring
a water inlet temperature to the heat pump of less than 25°C. Figures are examples for minus 10 °C outside
temperature and air exchange rate of 0.8/hour.

The heating system under development is intended to be used in a low-energy single family home in
central Europe. A total area of 200 m? and a room height of 2.5 m is considered. According to the stan-
dard Minergie-P, which is well established in Switzerland, these homes require a heating power of
10 W/m?. This results in a total required heating power of 2 kW. Fig. 5 suggests how to incorporate the
heat pump in a heating system allowing the heat pump to operate efficiently. As seen in the thermody-
namic analysis, this is only possible if the water inlet temperature is below 25 °C. In exchanging heat
between the water exiting the floor heating before entering the heat pump and the fresh air used for venti-
lation, the temperature of the water inlet to the heat pump can be kept below 25 °C. An additional electri-
cal heating can provide more than 2-kW heating power during the few days of the year when the outside
temperature drops below the one considered as the design point, i.e. minus 11 °C. Due to the simplicity of
the installation, the heat pump should be integrated in hot water generation as shown in Fig. 6.

Fig. 6. Simple integration of heat pump for hot water generation.
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The coefficient of performance of the heating system COPs and of the hot water generation ar-
rangement COPyy used here are according to the definitions given in equations (2) and (3). In COPyg the
heat introduced through air heating @, and through floor heating @, are considered as well as the elec-
trical power used by the compressor P.;c,., and by the extra electrical floor heating P.; yreaine during cold
days.

COP _ ¢Heating — ¢AH + ¢FH (2)
HS
Bl,Comp + Pel,Heating f;l,Comp + Pel,Heating
— ¢Water
cop,, = Dwer 3)
Pel ,Comp

Under the assumption that half of the heat consumption is by hot water and half of the consumption
is by heating, the total efficiency COP,,, is given by

COP, . + COP
COEotal = = 2 = ' (4)

The combination of the heating system and hot water generation arrangement from Fig. 5 and Fig. 6
are analysed with regards to their coefficient of performance defined in equations (2) to (4). Using the
published data for compressor efficiencies of the Dorin compressor as described above, the COPs shown
in Fig. 7 are computed. It can be seen that a total efficiency of up to 4.5 can be achieved with existing
technology. However, as described above, the Dorin compressor was not available and a compressor from
Danfoss was used instead. Its efficiencies measured during the present investigations cause the total effi-
ciency of the system to be somewhat lower than anticipated in figure 8.

5
O hot water generation
O heating
47| @ total
S
)
- 3
[
<
S
[S]
Q_«)S 27 X - ~ N n = 2 3 B <] 3
s SHICE S = B s S| 2 8
Al A A AN &R Al A S IS
SR SH RS SERS) SE RS
11130 [ SIS S < S| OIS S| SIS
0
-20°C -10°C 0°C 10°C

ambient temperature

Fig. 7. Coefficients of performance for heating according to Figure 6 and for hot water generation according
to Figure 7 as well as total efficiency at different ambient temperatures. Published data for compressor effi-
ciency of a Dorin compressor is used. Air exchange rate is 0.4/hour.



6 CONCLUSIONS

Transcritical CO, heat pumps outperform heat pumps with other working fluids when generating hot
water. Therefore this technology is selected to develop a commercial heat pump for low-energy one fam-
ily homes in central Europe, where hot water generation accounts for half of the required heat consump-
tion. The circuit proposed by Lorentzen is chosen because of its simplicity. A theoretical thermodynamic
analysis gives insight in how to operate the heat pump and indicates the achievable efficiencies. A proto-
type is built and the heat pump's characteristics is assessed at different operating conditions. Optimal dis-
charge pressures for maximum efficiencies are established to obtain a control algorithm for the throttling
valve. The heat pump's integration in the heating system and for hot water generation is proposed in a
way that the temperature of the water inlet to the heat pump remains below 25 °C. This is important to
allow the heat pump to operate efficiently. An analysis of the overall system showed that COPs of up to
4.5 can be achieved with existing technology. However available compressor technology restricts the
efficiency to somewhat lower values.

NOMENCLATURE
COPyp O  Coefficient of performance of the heat pump
COPup o — Maximum coefficient of performance at the optimum discharge pressure
COPyg O Coefficient of performance of the heating system
COPpy O Coefficient of performance of the hot water generation arrangement
COP 11 —  Coefficient of performance of the total system
Peicomp W Electrical power used by the compressor
Pt teating W Electrical power used by the additional electrical heating
Dun W  Heat delivered through air heating
Pry W  Heat delivered through floor heating
Prieating W  Heat delivered by the heating system
Dyp W  Heat delivered by the heat pump
Pivater W  Heat delivered into the hot water
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