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In this paper, an integrated vapor injection compression heat pump system using 
R1234yf, R32, R410A, R22, and R134a as working fluids was developed, and their 
heating performances under low ambient temperature were quantitatively evalu-
ated. An experimental bench was built to test the system’s working performance. 
The condensing temperature, evaporating temperature, power input, and other 
variables were analyzed to evaluate the system’s heating capability and energy 
efficiency. Test results showed that the R1234yf system can run at the evaporating 
temperature of –20 °C, but its heating coefficient of performance was 5% lower 
than R134a. The R1234yf vapor injection system provided very significant perfor-
mance improvements for heating performance compared with no vapor injection: 
the heating capacity and heating coefficient of performance can be improved by 
14.3% and 11.7%, respectively.
Key words: R1234yf, vapor injection, heat pump, refrigeration

Introduction 

Many refrigeration working fluids can be used in vapor compression domestic air 
conditioner systems, including hydrochlorofluorocarbons (HCFC, such as R22), hydrofluoro-
carbons (HFC, such as R410A and R32), natural alternatives such as propane (R290), isobutene 
(R600a), and CO2 (R744). The R744 is not a feasible alternative because its pressure is too 
high [1]. The R290 and R600a are strong candidates and have many benefits: they are cheap, 
non-toxic, chemically stable, compatible with many materials, and miscible with mineral oils. 
While their drawback is their flammability [2]. The R22 and R410A are widely used in vapor 
compression refrigeration and air conditioning systems due to their high energy efficiency ra-
tio [3]. Recently, R32 has also been considered as an important alternative for use in small to 
medium capacity air conditioners and heat pumps by many countries. Besides the influence of 
the environmental consideration (ozone depletion potential – ODP and global warming poten-
tial – GWP), Which fluid adopted in an air conditioner will depend on the operating conditions, 
for example, in a domestic air conditioner at low ambient temperature, the temperature of the 
environment (the heat sink) starts at –20 ℃ and ends at far above 35 ℃ [4]. Running under the 
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previous condition, all of the working fluids have the same problems: the discharge temperature 
is too high, and the heating capacity decrease seriously. Experiment results have shown that the 
discharge temperature of both R22 and R410A are higher than 120 ℃ when running under the 
condition of lower than –15 ℃. The discharge temperature of the R32 compressor is typically 
approximately 12 ℃ higher than that of R410A in standard air conditioning conditions, and 
the excess may be over 30 ℃ in severe conditions, such as with an ambient temperature lower 
than –15 ℃ [5]. The extremely high discharge temperature reduces the reliability of system’s 
operation due to the possibility of lubricating oil degradation, and leads to the limited operating 
envelope of compressors.

The R1234yf, which has zero ODP and a GWP value of 4 only, has been introduced 
as a suitable replacement for HFC in a variety of refrigeration and air conditioning applica-
tions. Mota-Babiloni et al. [6] compared the cooling capacity and the COP, values of R1234yf 
and R1234ze (E), and the results showed that the cooling capacity and COP values of both 
alternative refrigerants were found to be about 9 to 30% and 6% lower than R134a. Bolaji and 
Huan [7] theoretically investigated refrigerants with low GWP as substitutes for R134a, and the 
results showed that the cooling capacity of R1234yf was smaller than that of R134a for different 
evaporation temperatures. Zilio et al. [8] directly used R1234yf as an alternative to R134a, and 
changed the expansion valve adjustments. The results were presented for different compressor 
speeds and ambient temperatures. Navarro-Esbri et al. [9] performed an experimental investi-
gation on the direct use of R1234yf in a system operating with R134a. They stated that a reduc-
tion in the cooling capacity of 6% to 13% approximately was noted using R1234yf instead of 
R134a. Xu et al. [10] developed an integrated gas-injected scroll compressor heat pump system 
using R1234yf, R32 and its binary mixtures as a working fluid, and the results showed that a 
R1234yf/R32 mixture can run at an evaporating temperature of −20 °C, and it has the highest 
heating COP value between R1234yf and R32. 

Various technologies have been found to be conducive to decreasing discharge tem-
perature. These concepts include two-stage compression systems with inter-cooling, or in a cas-
cade arrangement, systems which inject two-phase refrigerant into the compressor, and systems 
which use cooled lubrication oil to cool the compressor. Among all the previous methods, a 
vapor injection system with the advantages of a simple structure and consistency with the basic 
principles of thermodynamics is considered to be promising for wide application. In this situa-
tion, the discharge temperature would be sharply decreased [11]. Dutta et al. [12] theoretically 
and experimentally investigated the influence of liquid refrigerant on the performance of an 
R22 high-side scroll compressor, and found that the oil temperature decreased with increasing 
injection ratio and lead to a slight improvement in performance. Winandy et al. [13] studied 
the effects of liquid injection on the discharge temperature of an R22 compressor, and their 
results showed that the discharge temperature decreased linearly with injection ratio. For each 
percentage of liquid injection, discharge temperature decreased by approximately 1.2 ℃. Cho 
et al.[14] studied the influence of liquid injection on an inverter-driven low-side scroll com-
pressor at different compressor frequencies. It was concluded that liquid injection under high 
frequency was very effective at attaining higher performance and reliability of the compressor, 
whereas injection under low frequency showed some disadvantages with respect to compressor 
power, capacity, and adiabatic efficiency due to high leakage through the gap in the scroll wrap. 
Gas refrigerant injection is an important technique to improve the cooling capacity and COP 
[15]. Zhang et al. [16] built an R134a heat pump system with vapor injection, results found that 
under –20 ℃ ambient temperature, an average improvement of 57.7% in heating capacity can 
be achieved. A number of studies on gas injection have also proven that gas injection provides 
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significant enhancement in capacity and COP [17-20]. In addition, gas injection demonstrates a 
decrease in discharge temperature, though the cooling effect provided by the vapor refrigerant 
is limited [21].

In this study, a composite test system consisting of second-refrigerant calorimeter and 
water-cooled condenser was built. The performances of an R1234yf heat pump at low ambient 
temperature were measured, and its heating performance was also compared with R32, R410A, 
R22 and R134a. The effect of the vapor suction superheat on the heating performance of a 
single-stage system was experimentally researched; the vapor injection system was also es-
tablished and its heating characteristics were compared with the single-stage system at various 
operating conditions.

Experimental set-up and procedure 

Vapor injection heat pump system (VI system)

The operating fundamentals of the vapor injection compression heat pump system are 
shown in fig. 1. 
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Figure 1. Heat pump with vapor injection (VI system)

Figure 1 we can see that the system has a flash-tank with the system compressor hav-
ing supplementary inlets. The high pressure refrigerant from the condenser flows into expan-
sion valve 1 (EXV1), and its pressure drops to intermediate pressure, and then enters into the 
flash-tank. In the flash-tank, the refrigerant is separated into pure liquid and saturated vapor. On 
one hand, the liquid refrigerant from the bottom of the flash-tank flows into expansion valve 2 
(EXV2), and its pressure drops to the evaporating pressure, and then enters into the evaporator; 
on the other hand, the saturated vapor leaving from the top of the flash-tank is injected into the 
compressor with suitable pressure.

To ensure that the heating performance of the system is relatively high under the 
condition of low temperature, there are two key parameters for the system: the optimal location 
of the vapor injection inlets and the most suitable vapor injection pressure, both the two param-
eters were derived from experiment and calculation suggested by Xu et al. [10]. Equation (1) 
was used to calculate the most suitable vapor injection pressure.

 m e cp k p p=  (1)

where, pe [MPa] is the evaporating pressure, pc [MPa] – the condensing pressure, k – the factor 
of vapour injection pressure.
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As shown in fig. 2. the heating COP 
almost increase firstly and then decrease 
with the increasing of the relative vapour 
injection pressure factor, k. At a certain 
value of k, heating COP reaches the maxi-
mum value, respectively. For example, k is 
1.2 when heating COP is the biggest under 
the condition of to = 0 ℃. The favourable 
value of k should be between 1.15 and 
1.35 when the evaporating temperature is 
–10-0 ℃. These results are fundamental 
for adjusting the R1234yf system with va-
pour injection.

Experimental apparatus and procedure

The experimental tests are carried out in a fully monitored vapor compression plant; a 
schematic diagram for the plant is shown in fig. 3.
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Figure 2. The variation of heating COP with k
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Figure 3. Schematic diagram of experimental heat pump

As shown in fig. 3. we can see that the system has a second-refrigerant calorimeter 
and a water-cooled condenser. A scroll compressor originally designed with two manually con-
trolled expansion valves used to regulate the mass-flow rate and vapor injection pressure. The 
evaporating temperature (pressure) is adjusted by the manual expansion valves, and the vapor 
suction temperature is adjusted by the electric power input of the second-refrigerant calorim-
eter, the calorimeter use R123 as the second-refrigerant and it also contains an electric heat-
ers coil located downstream of the calorimeter, the electric heaters can be controlled between 
0-12 kW, respectively, to provide the required vapor suction temperatures at the inlets of the 
compressor. The heating capacity is the enthalpy difference multiplied by the mass-flow rate of 
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the liquid refrigerant through them, respectively. The 
temperatures and pressures of the fluids at the inlet and 
outlet of the condenser or evaporator were measured 
by the sensors or transducers, and the enthalpy can be 
obtained from the measured data. Figure 4. shows a 
photograph of the experimental system:

 9 8
mf

3 4

( )cm t tq
h h

−
=

−


 (2)

where qmf [kgs–1] is the mass-flow rate of liquid refrig-
erant throw condenser, ṁ [kgs–1] – the water flow rate 
throw condenser, c [kJkg–1°C–1] – the specific heat of 
water, h3 [kJkg–1] – the enthalpy in state point 3, h4 
[kJkg–1] – the enthalpy in state point 4, and t8, t9 are the 
inlet and outlet water temperature of the condenser in 
fig. 3, respectively.

Heating capacity Qc:

 ( )mf 3 5cQ q h h= −  (3)

where h5 [kJkg–1] is the enthalpy in state point 5.
Heating COP:

 cQCOP
P

=  (4)

where Qc [kW] is heating capacity and P [kW] is power input.
From eqs. (2)-(3) we can see that:
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 – First, calculate the uncertainty of each parameter, uc, um, ut8, ut9, uh3, uh4, uh5, uP.
 – Second, calculate the combined standard uncertainty:
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 (6)

 – Third, calculate the related expanded uncertainties (expanded factor = 2).

 COP
rel

uU
COP

=  (7)

Table 1 shows the specifications of the compressor, the specifications and uncertain-
ties of each sensor for measuring data was shown in tab. 2. When the prototype was steadily 

Figure 4. Photo of the actual 
breadboard system
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running more than 1 hour under the selected operating mode, the all measured data were record-
ed only if their fluctuation was within 2%. 

Table 1. Specific performance of compressor (for experiment)

Normal power  
input [HP]

Vapor discharge 
mass [m3h–1]

ARI working condition  
7.2/54.4 ℃ Weight  

[kg]
High  
[mm]Cooling  

Capacity [W]
Power input 

[W]
5 8.61 8900 2680 28 406

Notes: ARI, American Air-Conditioning and Refrigeration Institute.

Table 2. Uncertainties of experimental parameters
Sensor Accuracy Full scale Model

Temperature ±0.15 ℃ – Pt100
Pressure transducer ±0.5% of full scale 4.5 MPa Huba
Flow meter ±0.2% of full scale 10 m3/h LZB-50
Power acquisition unit ±0.5% of full scale 10 kW DZFC-1
Data logger ±0.2% of full scale – HP34972A
Heating capacity 2.1%
Heating COP 3.4%

The test conditions were condensing temperatures, tk, of 45 ℃ and a suction superheat of 
1-10 ℃, a degree of liquid sub cooling of 5 ℃. The evaporating temperature to was set to –20-0℃. 

Results and discussions

Comparison of different refrigerants 

The comparison of different refrigerant, including R32, R410A, R22, R134a, and 
R1234yf of the single stage (SS) system are shown in figs. 5-7, under the condition of evaporat-
ing temperature was set to –10 ℃ and condensing temperature was set to 45 ℃. For all the five 
refrigerants, the overall variations of the temperature are very similar, R1234yf owns the lowest 
temperature. For example, the discharge pressure, t2 was about 67 ℃ and the highest of R32 
were 118 ℃, respectively. If the discharge temperature continues to increase (the evaporating 
temperature is lower than –10 ℃ or the vapor suction temperature increases), the compressor 
may stop running. 

Figures 6 and 7 show the heating capacity and heat COP with the five kinds of re-
frigerants using the same compressor. From fig. 6. we can see that R32 and R410A own the 
highest heating capacity value among the five refrigerants while R1234yf owns the lowest. The 
R1234yf was lower by 28% and 3.9% relative to those of the R22 system and R134a system. 

From fig. 7 we can see that, R134a owns the highest heating COP value, it can reach 
up to 4.04 while R32 and R410A only own 2.5, and R1234yf was 5.9% lower than R134a. The 
reason is that on one hand, the R1234yf has the smallest condensation latent heat under the same 
vapor suction volume, one the other hand, the discharge refrigerant enthalpy for compression 
R1234yf is even less, so R1234yf gets the highest heating COP among the other refrigerants.

Effect of vapor suction superheat

For the R1234yf system, in order to analyze the influence of the vapor suction super-
heat on the compressor’s performance, two tests were performed at the conditions (to = –20 ℃ 
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and –10 ℃, tk = 45 ℃). In these tests, the vapor suction superheat from 1 ℃ to 13 ℃. The results 
are presented on fig. 8. From fig. 8 we can see that the discharge temperature increases with the 
rise of ts, but it is not higher than 95 ℃ even under the evaporating temperature of –20 ℃.

The variations of the heating performance, including power input, heating capacity 
and heating COP with vapor suction superheat, ts are shown in fig. 9.

As shown in fig. 9. the power input decreases with the rise of ts, but the decrease ratio 
is very little. For example, under the evaporating temperature is –20 ℃, when ts is 1 ℃, the 
power input is 2.37 kW, and when ts increases to 13 ℃, the power input decreases to 2.34 kW, 
so the decrease ratio is only 1.26%. The heating capacity increases firstly, and then decreases 
with the increase of ts, and heating capacity obtains the highest value. The reason is that with 
the increase of ts, on one hand, it leads to the increase of the discharge temperature degree 
(also, it can be seen as the increase of the inlet enthalpy of the condenser), on the other hand, 
the increase of ts leads to the decrease of vapor discharge mass out of the compressor, and this 
leads to the decrease of the condenser’s heating capacity. The tendencies of the impact of the 
two factors on the heating character are different, the combined impact leads to a heating COP 
increase firstly, and then a decrease with the rise of the ts. If aiming at the highest heating COP, 
the favourable value of ts should be about 7 ℃. These results are fundamental for designing and 
operating the R1234yf system with vapour injection.
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In prior studies, the power input was observed to decrease very little as the ts was in-
creased from 1 ℃ to 13 ℃. When ts is about 7 ℃, the heating COP also obtains the highest val-
ue. For example, under the evaporating temperature is –10 ℃, the highest value of the heating 
COP is 3.83, and under the evaporating temperature is –20 ℃, heating COP can reach to 2.54.

Effect of vapor injection

Figure 10 shows the heating performance comparison of R1234yf vapor injection 
system (VI system) and SS compression system. From fig. 10 we can see that for evaporating 
temperature from –20 ℃ to –10 ℃, the power input P was 4-17% higher than that of the SS 
system, respectively. Switching from a SS to VI mode, there was a 6.2-14.3% increase in the 
capacity of the system, which is a big advantage in meeting the required heating demand. As 
shown in fig. 10. Compared with the SS system, the heating COP can increase in range from 
4.8% to 11.7%. 

Figure 9. The variation of heating performance 
with ts

Figure 10. Comparison of heating 
performance with to
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Conclusions

In this research, an R1234yf heat pump at low ambient temperature was designed, 
constructed and tested, and it was also compared with other commonly used refrigerants. Based 
on the experimental results, the following conclusions were drawn.

 y Compared with other commonly used refrigerants, the R1234yf system presents the lowest 
heating capacity and lowest discharge temperature when using the same compressor under 
the same conditions, the discharge temperature of R1234yf can be significantly lower, by 
10-20 °C, and the system can run safely for a long time even under an evaporating tempera-
ture of −20 °C.

 y Running under the same conditions, the heating capacity of R1234yf is 28% and 3.9% lower 
than the R22 and R134a systems, for heating COP, R1234yf is 5.9% lower than R134a.

 y Discharge temperature is always increasing in R1234yf, since the vapor suction superheat 
increases, but it does not go higher than 95 °C, even when the vapor suction superheat in-
creases to 13 °C under an evaporating temperature of −20 °C. Vapor suction superheat also 
influences the heating capacity and heating COP, in this study, the optimal vapor suction 
superheat parameter is ts = 7 °C.

 y Compared with a SS R1234yf system, the heating capacity is 14.3% higher and the heating 
COP is 11.7% higher for a VI R1234yf system.
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Nomenclature
c – specific heat of water, [kJkg–1℃–1]
h – enthalpy, [kJkg–1]
ṁ – mass-flow rate of water, [kgs–1]
k – factor of vapor injection pressure
P – power input, [kW]
p – pressure, [MPa]
pc – condensing pressure, [MPa]
pe – evaporating pressure, [MPa]
pm – vapor injection pressure, [MPa]
Qc – heating capacity, [kW]
qmf – refrigerant mass-flow rate, [kgs–1]
t – temperature, [℃]

tk – condensing temperature, [℃]
to – evaporating temperature, [℃]
ts – vapor suction temperature, [℃]
u – uncertainty

Acronyms

COP – coefficient of performance
GWP – global warming potential 
ODP – ozone depletion potential 
SS – single stage compression system
VI – vapor injection system
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