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Abstract

At high ambient temperatures, transcritical carbon dioxide loses COP rapidly. Zeotropic blends, 

which may offer a helpful solution for sustainable cooling while maintaining efficiency, have 

been studied largely in temperate climates with 25 to 35 °C, while there is an absence of studies 

under  harsh  Gulf  summer  climate  conditions.  The  method  used  in  this  investigation  was 

modelling the performance of carbon dioxide/R-1270 at zero to 15% R-1270 from 40 to 48 °C. 

The model uses a published pressure-ratio-dependent isentropic efficiency correlation, along with 

energy, exergy, and TEWI analysis. The blend lowered COP at every composition and ambient  

temperature,  by  −5.2%  at  15%  R-1270  and  40  °C.  At  15%  R-1270,  the  mixture's  critical 

temperature increases by 6.2 K, against the 14 K required to bring the gas cooler outlet below the 

critical  temperature.  The  internal  heat  exchanger  (IHX)  helped  recover  COP,  with  recovery 

increasing  as  ambient  temperatures  increased,  from +7.7% at  40  °C to  +13.0% at  48  °C.  A 

takeaway from this investigation is that effort on improving internal heat exchange and expansion 

recovery systems in refrigeration may offer benefits over zeotropic blends in harsh Gulf climates.

Highlights

• R-1270 blending lowers transcritical CO2 COP at all Gulf-summer conditions

• 15% R-1270 raises mixture Tcrit by 6.2 K; 14 K needed to leave transcritical regime

• Blend COP penalty shrinks with ambient, −5.2% at 40 °C to −4.0% at 48 °C

• IHX recovers 7.7–13.0% COP but never offsets the blend penalty

• Compressor and valve destroy ~60% of exergy; prioritize IHX and expansion recovery
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1. Introduction

Transcritical CO2 is a leading natural-refrigerant option, as it excels in multiple factors. Its GWP 

is 1, and it is non-flammable while having zero ODP. However, its COP decreases rapidly at  

higher ambient temperatures because heat rejection happens at a higher temperature, which leads 

to the fluid entering the valve having a higher enthalpy and the loss due to throttling growing. The 

COP falls quickly with an increase in ambient temperature [1,2]. This penalty is most severe in  

warm  and  hot  climates,  where  single-stage  CO2 systems  lose  efficiency  unless  the  cycle  is 

modified [3–5]. In the Arabian Gulf, daytime summer temperatures of 40–48 °C coincide with the  

peak of air-conditioning demand [4,5].

Several approaches to the problem have been studied: internal heat exchange, ejectors, parallel 

compression, mechanical subcooling and zeotropic blends [6–13]. The internal heat exchanger 

(IHX) recovers COP by exchanging heat between the gas-cooler outlet and the evaporator outlet, 

so that the stream entering the expansion valve is subcooled; experiments have confirmed this 

gain in transcritical CO2 plants [10,14,15] and its value in warm climates [16]. Ejectors are a 

solution in which high-pressure gas from the gas cooler outlet is used to entrain low-pressure gas 

out of the evaporator, theoretically decreasing the work required for the same job [11]. Parallel  

compression bypasses the main compressor by rerouting flash gas from an intermediate-pressure 

receiver to a dedicated parallel compressor, which uses a high suction pressure that may save 

energy in warm climates [12,13]. Lastly, mechanical subcooling uses a secondary refrigeration 

system to cool the refrigerant leaving the gas cooler before it reaches the expansion valve [8].

A second route modifies the working fluid rather than the cycle. Zeotropic blends are composed 

of multiple refrigerants, so that they condense and change phase over a range of temperatures. 

Adding  a  less  volatile  component  to  CO2 offers  three  potential  benefits:  the  mixture  critical 

temperature rises, so that heat rejection may approach or fall below the critical point; the optimal 

high-side pressure falls; and the temperature glide during phase change can be matched to the 

temperature profile of a secondary fluid, which reduces heat-transfer irreversibility.

Theoretical and laboratory studies have explored these benefits for several CO2 blends. Kim et al. 

[9] showed that CO2/propane mixtures improve cooling performance when the glide is matched to 

the secondary heat-transfer fluid. Dai et al. [17] evaluated blends of CO2 with ten low-GWP fluids 

in a heat pump water heater and found that good thermal matching in the heat exchangers raised  

the COP, while the blends lowered the high-side pressure relative to pure CO2. Yu et al. [18] 

reported performance improvements with a CO2/propane mixture in automobile air conditioning, 

and Yelishala et al. [19,20] attributed the gains of hydrocarbon/CO2 blends to temperature-glide 

matching in the heat exchangers. Dai et al.  [8] placed a zeotropic mixture in the mechanical-
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subcooling loop of a transcritical CO2 cycle rather than in the main circuit. In all of these studies, 

the benefit relies on matching the glide to a secondary fluid.

For CO2/R-1270 specifically, a series of experimental studies has been published. Sánchez et al.  

[6] selected CO2/R-1270 and CO2/R-32 blends that are theoretically non-flammable with a GWP 

below 150 and, in a vertical display cooler, measured energy-consumption reductions of up to 

17.2% at 25 °C ambient and 12.2% at 30 °C relative to pure CO 2. Sánchez et al. [7] then tested 

CO2/R-32, CO2/R-1234yf and CO2/R-1270 in a transcritical refrigerating plant with and without 

an IHX, and developed an empirical model of a semihermetic reciprocating compressor operating 

with different CO2-based mixtures [21]. Vidan-Falomir et al. [22] tested CO2/R-1270 at 97/3, 94/6 

and 91/9 by mass over heat-rejection temperatures of 20–34 °C and reported COP improvements 

of up to 12.2%, with the heat-rejection pressure reduced by 14.9 bar at 34 °C. Larrondo-Sancho et 

al. [23] tested 4% and 6% R-1270 and R-290 in a single-stage plant with an IHX at heat-rejection 

temperatures of 20, 27 and 34 °C; COP improved by up to 9.7% with 4% R-1270, and compressor 

power fell by 1.2–7.4%, which the authors attributed mainly to improved compressor efficiency 

with the mixtures. Table 3 summarises these studies. All of these gains were measured at heat-

rejection temperatures of 34 °C or below.

The vast majority of studies regarding zeotropic blends are fitted for temperate environments with 

European ambient temperatures of 25–35 °C, while few have tested the benefits and trade-offs at  

higher  ambient  temperatures  consistent  with  Gulf  summer  climates.  No  study  has  evaluated 

CO2/R-1270 at 40–48 °C ambient, where the gas-cooler outlet (45–53 °C) lies well above the 

mixture critical temperature, and none combines energy, exergy and TEWI analysis for this blend. 

This  paper  simulates  CO2/R-1270  zeotropic  blends  from  0–15%  R-1270  across  a  range  of 

temperatures (40–48 °C) and analyses energy, exergy and TEWI, to determine whether the blend 

still raises the COP under Gulf summer conditions and, if not, why. In summary, the blend does 

not confer any benefit, and the reason for that is the gap in critical temperature, which is 6.2 K  

gained against 14 K needed to reach the gas cooler outlet.

2. Methods

2.1 Cycle configuration

A vapour-compression cycle was modelled in which the refrigerant passes through six different 

state points. There are two different versions of the cycle, one with an internal heat exchanger  

(IHX) and one without. The working fluid is transcritical CO2, chosen for its GWP of 1, non-

toxicity,  non-flammability,  and  zero  ODP.  A  zeotropic  blend  of  CO2 and  R-1270  was  also 

modelled, with the aim of recouping efficiency losses due to CO2 being in a transcritical state. The 
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IHX allows for heat exchange between the high-pressure and low-pressure streams. Fig. 1 shows 

the layout and Fig. 2 the corresponding T–s diagram. The six state points the refrigerant passes  

through are:

State 1: evaporator outlet / IHX cold-stream inlet

State 1b: IHX cold-stream outlet / compressor inlet

State 2: compressor outlet / gas cooler inlet

State 3: gas cooler outlet / IHX hot-stream inlet

State 3b: IHX hot-stream outlet / expansion valve inlet

State 4: expansion valve outlet / evaporator inlet

Without the IHX, states 1 and 1b, and 3 and 3b, coincide.

Heat absorbed at the evaporator is rejected at the gas cooler. Heat is also exchanged internally 

from the high-pressure stream to the suction stream. The coefficient of performance (COP) is

(1)

where h denotes specific enthalpy. When the IHX is active, the gas-cooler outlet (hot stream) is  

cooled  by  the  evaporator  outlet  (cold  stream)  through  heat  exchange,  thereby  increasing  the 

refrigerating effect.
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Fig. 1. Process scheme of the transcritical CO2/R-1270 cycle with internal heat exchanger (IHX), drawn with 

conventional engineering symbols (ISO 10628-2): compressor, air-cooled gas cooler and evaporator with fans, 

counter-flow IHX and expansion valve. High-pressure side: states 2, 3 and 3b; low-pressure side: states 4, 1 and 

1b. Without the IHX, states 1 ≡ 1b and 3 ≡ 3b.
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Fig. 2. Temperature–entropy diagram of the IHX cycle for pure CO2 at Tamb = 40 °C and ε = 0.70, computed with 

the present model. State 2s is the isentropic discharge state; dashed lines show the irreversible compression (1b–

2) and throttling (3b–4); the grey dashed horizontal line marks the CO2 critical temperature.

2.2 Thermodynamic properties

All substances, including pure and mixture substances, were evaluated in CoolProp 8.0.0 [24] 

through a  Helmholtz-energy backend (HEOS).  Mixture compositions are  specified as  R-1270 

mass fractions. Pure CO2 was described by the equation of state of Span and Wagner (1996) [25]. 

Pure R-1270 was described by the equation of state of Lemmon et al. [26,27]. The binary mixture 

was described by a multi-fluid Helmholtz model [28], with reducing parameters of R-1270 and 

CO2 fitted  by  Bell  and  Lemmon (2016)  [29]  (βT =  0.98798,  γT =  0.93465,  βV =  γV =  1,  as 

published). Excess Helmholtz contributions beyond the reducing-parameter fit are neglected. This 

is a recognized limitation of the method.

2.3 Operating conditions and assumptions

The  evaporating  (dew-point)  temperature  was  set  to  5  °C.  This  was  done  to  cater  to  the 

application of the cycle, which is space cooling. The gas-cooler outlet temperature is the ambient 

temperature increased by 5 K, which is justified by limited gas cooler area and by air-cooled gas  

coolers  operating slightly above ambient  in real  conditions.  The baseline effectiveness of  the 

internal  heat  exchanger  is  0.70,  which is  a  representative  value  of  the  0–0.9  range swept  in 

increments of 0.1 (see Section 2.8). In the exergy analysis, the dead-state pressure is 1.013 bar.  

The high-side pressure search window is 78–165 bar. All parameters are listed in Table 1.

Operating assumptions:
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• Helmholtz contributions beyond the reducing parameters of Bell and Lemmon (2016) were not 

accounted for. This was because the departure function for the R-1270 and CO2 pair is absent 

from CoolProp's database. This limits the accuracy of the blend and resulting calculations.

• Heat transfer to the surroundings was neglected in the adiabatic compressor and valve (states 

1b→2 and 3b→4, respectively). This was because casing heat loss is small compared with the 

work input, and because the valve has negligible surface area and residence time.

•  Chemical  exergy  was  neglected  throughout  the  cycle.  The  refrigerant's  composition  stays 

constant throughout and no reaction occurs, so every component carries the same chemical exergy 

and the term cancels.

• Steady-state operation; no pressure drop in any component or line; fixed circulating composition 

(no fractionation).

2.4 Compressor model

The compressor's isentropic efficiency is obtained from Okasha and Müller's performance data for 

a commercial semi-hermetic CO2 compressor [30] as a cubic polynomial in pressure ratio:

(2)

with b0 = 0.7191, b1 = −0.1358, b2 = 0.0455 and b3 = −0.0048, as published [30]. The 0 °C row 

was used because its fitted pressure-ratio range (2.15–4.02) covers the present pressure ratios with 

and without the IHX (no IHX: 2.94–4.01; IHX: 2.78–3.73). The resulting isentropic efficiency is 

0.59–0.60. Compression is modelled as adiabatic, so the discharge enthalpy follows from

(3)

where h2s is the enthalpy at the discharge pressure and the suction entropy. Because no shell heat  

loss is modelled, the computed discharge temperatures (144–175 °C with the IHX) are an upper  

bound on those of a real machine.

2.5 High-side pressure optimization

As pressure increases, throttling loss reduces but the work required increases, so the high-side 

pressure of a transcritical cycle has a COP-maximizing value [31,32]. The range 78–165 bar was 

searched to find the optimum of this trade-off. A coarse 4-bar scan bracketed the maximum COP, 

and a golden-section search then refined the optimum value. This was done for every case, and the 

optimum pressure ranged from 93.8 to 143.5 bar. The pure CO2 case at 48 °C sat just above 

Okasha and Müller's [30] 140 bar gas-cooler pressure validity limit, at 143.5 bar. The optimal 

pressure was re-determined independently for every case, including every ε in Section 2.8.
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2.6 Exergy analysis

Exergy destruction in each component was obtained from the Gouy–Stodola relation [33,34], as in 

previous second-law analyses of transcritical CO2 cycles [35,36]:

(4)

where sgen is the entropy generated by the refrigerant stream together with any thermal reservoir it  

exchanges heat with, and T0 = Tamb. Exergy destroyed is proportional to the ambient temperature 

multiplied by the entropy generated by the process. The exergy supplied as compressor work 

becomes useful cooling if it is not destroyed by the components or rejected with the heat leaving 

the gas cooler. All three parts sum back to the compressor work, and the balance closes to within 

numerical round-off in every case. The second-law efficiency is

(5)

with temperatures in kelvin. The exergy results reported in Section 3.5 are for the IHX cycle. 

Because  T0 varies  with  ambient  temperature,  absolute  destructions  at  different  ambient 

temperatures are referenced to different dead states; component shares are directly comparable.

2.7 Total equivalent warming impact

To find the TEWI of the blend and compare it with pure CO2, both direct contributions to global 

warming (refrigerant leakage and end-of-life release) and indirect contributions from electricity 

consumption were added, following the established TEWI method [37–39]. The TEWI is given by

(6)

where the global warming potential of the blend is

(7)

and the annual electricity consumption is

(8)

The COP used is that of the IHX cycle. Parameter values are given in Table 2. The 100-year GWP 

values are taken from the IPCC Sixth Assessment Report for CO2 [40] and from [41,42] for R-

1270. The grid emission factor is the IEA value for Saudi Arabia [43]; the lower official factor of 

0.568 kg CO2 kWh−1 for 2021 [44] would reduce the indirect contribution proportionally.
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2.8 IHX sensitivity analysis

The IHX effectiveness ε was varied from 0 to 0.9 in steps of 0.1. This was done for both the 40 °C 

and 48 °C cases, including both pure CO2 and the 10% zeotropic blend. At every ε step, the high-

side pressure was optimized again.

3. Results

3.1 Baseline COP

Plotted  against  R-1270  mass  fraction,  baseline  COP  falls  with  both  increases  in  ambient 

temperature and increases in R-1270. At 40 °C, pure CO2 has a COP of 1.53, while it has a COP 

of 1.15 at 48 °C. This is a 25% drop in COP, and all curves slope similarly (Fig. 3).

Fig. 3. Baseline (no-IHX) COP against R-1270 mass fraction at each ambient temperature.

3.2 Blend penalty

The change in COP relative to that  of pure CO2 is  negative at  all  compositions and ambient 

temperatures. At 15% R-1270, it was −5.2% at 40 °C and −4.0% at 48 °C. The COP penalty  

grows as the fraction of R-1270 increases, but decreases as ambient temperature increases (Fig. 

4).
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Fig. 4. Change in baseline COP relative to pure CO2 against ambient temperature for each R-1270 mass fraction.

3.3 Optimal high-side pressure

The optimal high-side pressure increased as the ambient temperature increased, but decreased as 

the fraction of R-1270 in the blend increased. With internal heat exchange, the optimal pressure 

fell. The optimal pressure ranged from 98.1 to 143.5 bar without the IHX and from 93.8 to 130.6  

bar with it (Fig. 5).

Fig. 5. COP-optimal high-side pressure against ambient temperature. Solid lines, filled markers: baseline cycle; 

dashed lines, open markers: with IHX (ε = 0.70).



Preprint — not peer reviewed. Submitted to the International Journal of Refrigeration (Elsevier), November 2026.

3.4 Effect of the IHX

In all cases, the IHX raised the COP. For pure CO2, the COP increased by 7.7% at 40 °C and by 

13.0% at 48 °C. The COP gain increases with ambient temperature, and the blend penalty still 

lowers the COP with the IHX (Fig. 6).

Fig. 6. COP with and without the IHX against R-1270 mass fraction at (a) 40 °C and (b) 48 °C ambient. Solid  

lines, filled markers: baseline; dashed lines, open markers: with IHX (ε = 0.70).

3.5 Exergy destruction

The compressor is the largest destroyer of exergy in the IHX cycle (39–42%), followed by the gas 

cooler (32–35%), the valve (19–20%), the IHX (4–5%), and lastly the evaporator (0–4%). The 

second-law efficiency ηII of the IHX cycle was 0.19–0.21 (Fig. 7).

Fig. 7. Component exergy destruction in the IHX cycle at 40, 44 and 48 °C ambient for 0, 7.5 and 15% R-1270.
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3.6 TEWI

Over  the  15-year  lifetime,  the  TEWI was  between  38.0  and  50.8  t  CO2-eq.  As  the  ambient 

temperature increased, the emissions also increased. Direct emissions were below 0.01% of total  

emissions (Fig. 8).

Fig. 8. (a) TEWI of the IHX cycle against R-1270 mass fraction at each ambient temperature; (b) direct and 

indirect contributions at 48 °C. The direct contribution (below 0.01%) is not visible at this scale.

3.7 IHX sensitivity

Across all ε values (0–0.9), the 10% R-1270 blend penalty lies between −2.0% and −3.1%, and it  

never crossed zero. The pure-CO2 COP rose by 9.4% and 15.7% at 40 and 48 °C, respectively, as 

ε rose from 0 to 0.9 (Fig. 9).

Fig. 9.  (a)  COP  of  pure  CO2 and  the  10%  blend  against  IHX  effectiveness  ε  at  40  and  48  °C;  (b)  the 

corresponding blend penalty. The high-side pressure is re-optimized at every ε. Solid lines, filled circles: pure 

CO2; dotted lines, open squares: 10% R-1270.
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4. Discussion

4.1 Why the blend does not help

The zeotropic blend's critical temperature is very important when analysing the results: adding R-

1270 raises the mixture's critical temperature compared with pure CO2. The critical temperature 

was  31.0  °C for  pure  CO2 and  increased  to  37.2  °C at  15% R-1270,  an  increase  of  6.2  K. 

However, the gas cooler outlet is between 45 and 53 °C, and this requires a rise of at least 14 K 

for the outlet to drop below the critical point of the mixture. It follows that the thermodynamic  

cycle stays transcritical at every composition, and the benefit of condensation is never realized 

with R-1270. Volumetric capacity drops because the lower evaporator pressure means a lower 

vapour density; the evaporator pressure goes from 39.7 to 29.9 bar, and the glide reaches 6.4 K. 

Fig. 10 shows the mixture critical locus against the gas-cooler outlet band.

Fig. 10. Critical temperature of the CO2/R-1270 mixture against R-1270 mass fraction (CoolProp 8.0.0 [24,29]). 

The  shaded  band  is  the  gas-cooler  outlet  temperature  for  40–48  °C  ambient.  At  15% R-1270  the  critical 

temperature rises 6.2 K; at least 14 K would be required.

4.2 Why the penalty shrinks with ambient temperature

The absolute COP gap shrinks from 0.08 at 40 °C to 0.05 at 48 °C, a drop of about 40%, whereas 

the COP of pure CO2 falls by 25%. The blend's optimal pressure is lower than that of pure CO2 at 

both ends: 98.1 bar against 116.6 bar at 40 °C (−15.9%), and 119.8 bar against 143.5 bar at 48 °C 

(−16.5%). The gap widens slightly, from 18.6 bar to 23.7 bar. In the IHX cycle, the 15% blend 

requires more compressor work than pure CO2: 102.2 against 88.7 kJ kg−1 at 40 °C (+15.2%), and 

123.2  against  109.1  kJ  kg−1 at  48  °C  (+13.0%),  so  the  extra  work  shrinks  as  the  ambient 

temperature rises. The blend's refrigerating effect is also higher: 158.8 against 146.4 kJ kg−1 at 40 

°C (+8.5%), and 151.9 against 141.4 kJ kg−1 at 48 °C (+7.5%). In all cases, the zeotropic blend 
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needs more extra work than it gains in cooling effect, and this is why the COP drops. However, 

the extra work falls by about 2.2 percentage points between 40 and 48 °C, while the extra cooling 

effect falls by only about 1.1. Therefore, the work penalty of the zeotropic blend shrinks faster  

than its cooling advantage. This is not caused by the pressure ratio, whose penalty for the blend 

grows slightly from 12.9% to 13.5%, nor by the compressor efficiency, which differs by the same 

0.4% at both temperatures. Instead, because the dew point is fixed at 5 °C, the blend's evaporator 

pressure stays at 29.9 bar against 39.7 bar for pure CO2 at every ambient temperature, so the blend 

pays a  nearly constant  extra  work of  13.5–14.1 kJ  kg−1 to  compress  from this  lower suction 

pressure. As the total compressor work rises with ambient temperature, this nearly fixed extra 

work becomes a smaller fraction of the total.

4.3 Why the IHX gain grows with ambient temperature

At  high  ambient  temperatures,  there  is  a  much  larger  gap  between  the  gas  cooler  outlet 

temperature T3 and the evaporator outlet temperature T1. This increases the amount of heat that 

the internal heat exchanger can transfer. Consequently, the throttling loss that it helps offset grows 

with the ambient temperature.

4.4 Design implication

In harsh Gulf summer conditions, effort should be put into optimizing the internal heat exchanger 

and expansion-work recovery [35] rather than zeotropic blends. The split in exergy supports this, 

as the compressor and valve together destroy 60% of the exergy.

4.5 Flammability

R-1270 is ASHRAE safety class A3 [45]. Sánchez et al. [6] derived CO2/R-1270 compositions 

that are theoretically non-flammable at low R-1270 fractions, but the flammability of the higher  

fractions  studied  here,  up  to  15%,  has  not  been  established,  so  they  should  be  treated  as 

potentially flammable. The refrigerant charge would then be limited by ISO 5149-1 [46] and IEC 

60335-2-89 [47], which raises questions about the practical viability of installing a 15% blend.

4.6 Limitations and comparison with experiments

The limitations associated with the model  include the absence of  a  departure function in the  

mixture model. The results were checked against simulations and not against experiments. The 

model runs at only one evaporating temperature. The discharge temperatures are an upper bound 

because of the adiabatic compressor model. The approach temperature is fixed and there are no 

pressure drops. The model cannot represent glide matching, which is how published blend studies 

obtain their gains [9,19].
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Under the mean and bubble-point conventions for the evaporating temperature, the change in COP 

at 15% R-1270 and 40 °C becomes +3.1% and +11.8%, respectively. Under these conventions the 

blend's evaporator is warmer than that of pure CO2: fixing the bubble point at 5 °C puts the dew 

point of the 15% blend at 11.4 °C. These conventions therefore compare a zeotropic blend cooling 

a space to 11 °C against pure CO2 cooling it to 5 °C, and the blend is favoured because it does less 

work than its counterpart. When the dew point is fixed, the coldest useful outlet state and the  

compressor suction temperature are controlled across all compositions in the investigation.

Larrondo-Sancho et al. [23] reported +9.7% COP at 4% R-1270, while the present model gives 

−0.9%  at  that  composition.  Three  differences  may  explain  this.  First,  their  heat-rejection 

temperatures  (20–34 °C) lie  close to  the mixture critical  temperature,  whereas the gas-cooler 

outlet here (45–53 °C) lies 8–22 K above it at every composition. Second, they attribute most of 

the  gain  to  improved  compressor  efficiency  with  the  mixtures,  and  compressor  behaviour  is 

known to  change  with  CO2-based  mixtures  [21];  the  present  model  applies  the  same ηis(PR) 

correlation  to  pure  CO2 and  the  blend,  so  it  cannot  reproduce  this  effect.  Third,  their  heat 

exchangers and evaporator convention allow glide matching, which the fixed-approach, fixed-

dew-point model excludes. The experimental results remain important because they come from a 

real transcritical rig with an IHX; testing the blend in such a rig at 40–48 °C ambient is the natural  

next step.

5. Conclusions

1.  The  blend  penalty  associated  with  R-1270  exists  at  every  composition  and  ambient  

temperature, with a change in COP of −5.2% at 15% R-1270 and 40 °C.

2. The critical temperature rises 6.2 K while 14 K is required to bring the system below the critical 

point. Therefore, the cycle stays transcritical throughout the investigation.

3. As the ambient temperature increases, the blend penalty decreases from −5.2% at 40 °C to  

−4.0% at 48 °C. This was attributed to the blend's work penalty shrinking faster than its cooling 

advantage, because the extra work needed to compress from the blend's lower suction pressure 

stays nearly constant while the total compressor work rises with ambient temperature.

4. The internal heat exchanger proved helpful in recovering COP, recovering 7.7% to 13.0%, but 

never rescued the blend at any ε.

5. To make designs more efficient, the internal heat exchanger and the recovery of expansion  

work should remain a priority over zeotropic blending. The compressor and the valve together 

destroy 60% of the exergy.
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Nomenclature

COP coefficient of performance (–)

Eannual annual electricity consumption (kWh yr−1)

GWP global warming potential (–)

h specific enthalpy (kJ kg−1)

I specific exergy destruction (kJ kg−1)

Lannual annual leakage rate (yr−1)

m refrigerant charge (kg)

n system lifetime (yr)

p pressure (bar)

PR compressor pressure ratio phigh/pevap (–)

q specific heat transfer (kJ kg−1)

Qref reference cooling duty (kW)

s specific entropy (kJ kg−1 K−1)

T temperature (°C; K in Eqs. (4)–(5))

w specific work (kJ kg−1)

x R-1270 mass fraction (–)

Greek

αrec end-of-life recovery fraction (–)

β grid emission factor (kg CO2 kWh−1)

βT, γT, βV, γV mixture reducing parameters (–)

ΔTapp gas-cooler approach temperature (K)

ε IHX temperature effectiveness (–)

ηis compressor isentropic efficiency (–)

ηII second-law efficiency (–)

τ annual full-load operating hours (h yr−1)
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Subscripts

0 dead state

1, 1b, 2, 2s, 3, 3b, 4 cycle state points (Fig. 1)

amb ambient

comp compressor

evap evaporator

gc gas cooler

gen generated

high high-pressure side

ihx internal heat exchanger

Abbreviations

GWP global warming potential

HEOS Helmholtz-energy equation of state

IHX internal heat exchanger

ODP ozone depletion potential

TEWI total equivalent warming impact

VCC volumetric cooling capacity
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Tables

Table 1. Operating conditions and model parameters.

Parameter Symbol Value Justification

Evaporating temperature 
(dew point)

Tevap 5 °C Representative of space-
cooling duty; dew point 
fixed so the evaporator 
outlet state is identical for 
every composition

Gas-cooler approach 
temperature

ΔTapp 5 K Finite gas-cooler area; air-
cooled gas coolers operate 
slightly above ambient

Gas-cooler outlet 
temperature

T3 Tamb + 5 K Follows from the 
approach temperature

Compressor isentropic 
efficiency

ηis 0.59–0.60 Pressure-ratio correlation 
of Okasha and Müller 
[30], Section 2.4

Baseline IHX 
effectiveness

ε 0.70 Mid-range value 
representative of the 0–0.9 
sweep in Section 2.8

IHX effectiveness sweep ε 0–0.9, step 0.1 Sensitivity analysis, 
Section 2.8

Dead-state temperature T0 Tamb (40–48 °C) Reference environment is 
the ambient air; varies by 
case

Dead-state pressure p0 1.013 bar Atmospheric

High-side pressure search 
window

phigh 78–165 bar Brackets all optima (93.8–
143.5 bar, Section 2.5)

Ambient temperatures Tamb 40, 42, 44, 46, 48 °C Daytime Gulf summer 
conditions, when air-
conditioning demand is at 
its peak [4,5]

R-1270 mass fractions x 0, 2.5, 5, 7.5, 10, 12.5, 
15%

Conventional zeotropic 
fraction range over which 
the ecological benefit of 
CO2 is retained

Table 2. TEWI parameters.

Symbol Value Description Source

m 2.0 kg Refrigerant charge assumed

Lannual 0.02 yr−1 Annual leakage rate [37]

n 15 yr System lifetime [37]

αrec 0.70 End-of-life recovery 
fraction

[37]

GWPCO2 1 100-yr GWP of CO2 [40]

GWPR-1270 3.3 100-yr GWP of R-1270 [41,42]

Qref 3.5 kW Reference cooling duty assumed
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τ 2000 h yr−1 Annual full-load operating 
hours

assumed

β 0.597 kg CO2 kWh−1 Saudi grid emission factor 
(2023 data)

[43]

Table 3. Published CO2/R-1270 blend studies compared with the present study.

Study Blend (mass %) Heat rejection Configuration Method Reported 
change vs pure 
CO2

Sánchez et al. 
[6]

CO2/R-1270, 
CO2/R-32

25 and 30 °C 
ambient

Vertical display 
cooler

Experiment Energy use 
−17.2% (25 °C), 
−12.2% (30 °C)

Vidan-Falomir 
et al. [22]

CO2/R-1270 
97/3, 94/6, 91/9

20–34 °C Transcritical 
plant, MT

Experiment COP up to 
+12.2%

Larrondo-
Sancho et al. 
[23]

CO2/R-1270 
96/4, 94/6; 
CO2/R-290 96/4, 
94/6

20, 27, 34 °C Single stage 
with IHX

Experiment COP up to 
+9.7% (4% R-
1270)

Present study CO2/R-1270, 0–
15% R-1270

45–53 °C (gas-
cooler outlet; 
40–48 °C 
ambient)

Single stage, 
with and without 
IHX

Model COP −0.4% to 
−5.2% 
(baseline)


