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addition of a small quantity of another fluid) has attracted scientific attention, as when CO5 is mixed with fluids
with higher critical temperatures, the optimum operation moves to subcritical, providing COP increments in
relation to pure-CO» operation. This work, from a theoretical perspective, evaluates CO,-doping with the fluids
R-152a, R-1234yf, R-1234ze(E) and R-1233zd(E) considering the two most used CO; cycles: the base cycle with
an internal heat exchanger (IHX) and the cycle with parallel compression (PC), fractionation taking place. The
work analyses the COP improvements for an evaporating level of -10 °C and from 10 to 40 °C of environment
temperature. Predicted maximum COP increments reach up to 5.8% for the IHX cycle and 10.0% for the PC cycle.

1. Introduction

Refrigeration is crucial for society, but its high impact on the at-
mosphere makes it one of the most anthropogenic activities, responsible
for 20% of the world’s electricity consumption and 7.8% of greenhouse
emissions (International Institute of Refrigeration, 2017). International
regulations have forced the phase-out of artificial refrigerants towards
environmentally friendly solutions: new stand-alone refrigeration sys-
tems are based on hydrocarbons (R-600a and R-290), and centralized
refrigeration systems on COj;, whose advanced architectures have
allowed obtaining good energy efficiency levels. However, between
these segments of refrigeration appliances, with capacities between 4
and 40 kW, penetration of ultra-low GWP solutions is not a fact.

* Corresponding author.

Hydrocarbons do not allow reaching sufficient cooling capacity with the
current charge limits (Calleja-Anta et al., 2021; International Electro-
technical Commission, 2019) and complex CO; cycles do not result in
cost-effectiveness.

During the last decade, there has been a rising interest in extending
the use of COy to medium-capacity refrigeration systems, trying to
implement simple architectures by using refrigerant mixtures. Kim et al.
(2008) measured that blends of CO2 with propane were able to improve
the performance of an air-conditioning system through glide matching
in the heat exchangers, reporting that the mixture CO2/R-290 [85/15%]
offered 8% higher COP than pure CO». It was observed that doping CO5
with small quantities of other fluids also allowed for the reduction of
optimum working pressures, though the capacity of the plants was
reduced and the blend introduced a large glide in the phase change
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Nomenclature

BP back-pressure valve

COP coefficient of performance

COMP  compressor

COND  condenser

CR compression ratio

EVAP evaporator

EXV expansion valve

F binary-specific multiplier

GC gas-cooler

Glide,  Effective glide in the evaporator, K
h specific enthalpy, kJ-kg™*

THX refers to the internal heat exchanger
LT low temperature level

m refrigerant mass flow rate, kg-s~!
MT medium temperature level

P pressure, bar

PC refers to parallel compressor

P¢ power consumption, W

Pc critical pressure, bar

Di vessel pressure, bar

Q cooling capacity, W

RU degree of superheat in the evaporator, K

t temperature, °C
critical temperature, °C

VCC volumetric cooling capacity, kJ-m 3

Ws specific isentropic compression work, kJ ~kg*1
X quality or vapour title

Z mass fraction of components

Zy mass fraction of components of saturated vapour
7 mass fraction of components of saturated liquid
Greek symbols

a, p Refprop fitting coefficients

€ thermal effectiveness

N overall efficiency of the compressor

p) latent heat of vaporization, kJ-kg*

v specific suction volume, m3-kg~!

Subscripts

aux refers to the auxiliary compressor

dis compressor discharge

env environment

in inlet

k condenser

| saturated liquid

main refers to the main compressor

0 refers to evaporator

out outlet

sub subcooling

suc compressor suction

trans refers to transcritical operation

v saturated vapour

processes. Similar results were obtained with a similar mixture by
Zhang et al. (2013). In light of these studies, several works in the last
years have focused on the analysis of CO5-doped blends in refrigeration
systems, the doping agents of which are detailed in Table 1.

From a theoretical perspective, Wang et al. (2017) considered R-41
as a doping agent for its use in a refrigerated MT cabinet, concluding that
CO2/R-41 [50/50%] blend could increase the COP by 28.62%. Kumar
and Kumar (2019) evaluated the blend with R-290 for chiller applica-
tions, reporting that 15% of R-290 allowed the cycle to operate in
subcritical conditions due to a high pressure reduction, but they did not
report COP increments. Zhao et al. (2022) evaluated the use of butane,
isobutane and two pure HFOs as CO2 doping agents for application in
single-stage and two-stage cycles with IHX for LT applications. All the
combinations offered COP increments in relation to COy and they
selected the ternary mixture R744/R1234ze(E)/R1234ze(Z) as best
mixture. Xie et al. (2022) extended the analysis considering R-152a and
R-161 for its application in a single-stage cycle. At the evaluation con-
ditions, they predicted a huge COP increment of 26%. Li et al. (2022)
studied CO2/R-32, CO2/R-41, COy/R-152a, COy/R-134a and
CO2/R-1234yf mixtures for a heat pump application at ambient tem-
perature and predicted COP improvements with CO2/R-32 [50/50%].
Finally, Vaccaro et al., 2022 extended the analysis with three hydro-
carbons (R-600a, R-600 and R-290) and three hydrofluoroolefins
(R-1234ze(E), R-1234ze(Z) and R-1233zd(E)). This is the widest theo-
retical evaluation to date, as it covers the application of COz-doped
blends in the single-stage cycle with an IHX, a flash-gas separator, and
an ejector. For an application at an evaporation temperature of —15 °C
and a gas-cooler exit temperature of 40 °C, they concluded that
CO2/R1234yf and CO2/R-290 were the best blends, reaching COP in-
crements up to 12.8% with R-1234yf and 7.9% with R-290 (base cycle
with IHX).

Using an experimental approach, some authors verified that CO,-
doped mixtures could definitively enhance the COP in real apparatus.
Tobaly et al. (2018) used a single-stage test rig with IHX and a scroll
compressor and measured COP increments up to 19.7% using the
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mixture CO2/R-290 [90/10%] at air-conditioning conditions. They re-
ported working pressure reductions but warned that the flammability
classification of this mixture is not clear. Later, Yu et al. (2018) extended
the analysis of CO2/R-290 mixtures to a mobile air conditioning system.
Again, they measured COP increments up to 22%. Finally, Sanchez et al.
(2019, 2020) evaluated R-290, R-1270 and R-32 as doping agents of CO»
in a beverage cooler for positive temperature applications. In this case,
under fixed climatic chamber conditions, they measured energy con-
sumption reductions in relation to pure-CO3 up to 17.2% at an envi-
ronment temperature of 25 °C and up to 12.2% at 30 °C.

Literature reveals, from a theoretical perspective and with experi-
mental confirmation, that CO»-doping is a method to enhance the per-
formance of CO refrigeration systems, which application could favour
the extension of ultra-low GWP solutions to low and medium capacity
applications without the need to use complex advanced architectures.
This work broadens the analysis, focusing on the evaluation of R-152a,
R-1234yf, R-1234ze(E) and R-1233zd(E) as CO, doping agents, in the
two most simple and used CO5 architectures, the cycle with double-stage
expansion and internal heat exchanger and the cycle with parallel
compression. The work extends the evaluation conditions for an evap-
orating level of —10 °C and an environment temperature range from 10
to 40 °C, where all the optimum conditions (compositions, high and
intermediate pressures) are determined. Additionally, and for the first
time, the work considers the phenomenon of fractionation of the
refrigerant in the parallel compression system, which is another
parameter to focus on.

2. Properties of doped CO»

The benefits of using CO, as refrigerant contrast with its low critical
temperature, which hinders its ability to provide high cooling capacity
and good efficiency at high ambient temperatures, as well as its high
pressure, which increases the design challenge. By doping CO2 with
small proportions of other fluids, the thermodynamic properties can be
adjusted. Refprop is generally used to evaluate the thermophysical
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Theoretical and experimental works about the use of CO»-doped blends in refrigeration systems.
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properties (Lemmon E. W. et al., 2018). However, it should be noted that
mixture properties are estimated through mixing rules. Refprop employs
mixing rules based on four adjustable parameters to the Helmholtz en-
ergy (Brij, YT,ij> Bv,j> and y,;) and one binary-specific multiplier (F) (Bell
et al., 2021), which are fitted using published data (experimental or
molecular simulation results) by an automatic fitting procedure (Bell
and Lemmon, 2016). When experimental data is not available, the
interaction parameters are estimated using the Lemmon and McLinden
method (Lemmon and McLinden, 2001) or using interaction parameters
for ‘similar’ blends.

For the mixtures considered in this work, the interaction parameters
used by Refprop are detailed in Table 2, and for further details, it is
recommended to check the work of Bell et al. (2021).

Table 3 summarises some thermodynamic properties of different
refrigerant blends used in this work (evaluated with the interaction
parameters detailed in Table 2), which are calculated for a phase change
temperature of —10 °C. Calculated t¢ values are higher than CO, value
and p¢ always rises contrary to the hoped-for behaviour. This could be a
deviation caused by Refprop v.10 (see binary mixture Type 1, van
Konynenburg and Scott (1980)) or the correct experimental behaviour.
For example, experimental data of Juntarachat et al. (2014) reports for
the mixture CO,/R-1234yf (89/11% by mass) a p¢ of 73.55 bar against
78.41 bar evaluated by Refprop, while for COy/R-152a (87/13% by
mass) the p¢ evaluated by the database (75.53 bar) matches fine the
experimental measurement (74.75 £+ 0-006 bar) (Madani et al., 2008).
This indicates that when using Refprop to estimate the thermophysical
properties of the mixtures, some uncertainty is associated, which needs
to be considered until experimental validation of the simulations is
offered.

Table 3
Thermophysical properties evaluated with Refprop v.10.
Fluid tc Pc A% v Glide*
(o) (bar)  (kJkg™H (mikgH (K
CO, 30.978 73.77 258.61 0.01405 0
R-152a 113.26 45.17 316.98 0.17090 0
CO,/R-152a [90/10%] 41.58 78.82 284.61 0.01760 13.3
R-1234yf 94.70 33.82 169.46 0.07962 0
CO,/R-1234yf [90/10%] 37.85 77.61 259.45 0.01530 7.3
R-1234ze(E) 109.36  36.35 193.35 0.12301 0
CO,/R-1234ze(E) [90/ 39.62 78.78 270.38 0.01618 12.4
10%]
R-1233zd(E) 166.45  36.24  208.32 0.5423 0
CO,/R-1233zd(E) [90/ 43.025 83.42 283.08 0.0174 24.2

10%]

* Properties evaluated at t=—10 °C and for v as saturated vapour.

Fig. 1 depicts the pressure-enthalpy diagram of CO, and the mixtures
with 10% of mass proportion, as well as —10 °C and 30 °C isotherms. For
the same phase-change temperatures, the doped mixtures have lower
pressures than pure CO». Except for the blend CO5/R-1234yf, all blends
have larger latent heats of phase change than CO, and the specific
volume of saturated vapour increases (Table 3). However, an important
drawback of the mixtures is the presence of a large glide in the phase-
change process; in this case, for a temperature of —10 °C (pressure
evaluated for 50% of vapour quality), the glide varies between 7.3 K for
the mixture CO2/R-1234yf [90/10%] to 24.2 K for CO2/R-1233zd(E)
[90/10%].

Table 2

Method and interaction parameters used by Refprop v.10.
Binary par Method / mixing rule Data origin Br12 Y112 Br,12 Yy,12 Fy
COy/R-152a Bell and Lemon / XRO Experimental 1.0022 1.0065 1.0000 1.0000 0.0000
CO,/R-1234yf Bell and Lemon / KWO Simulation 1.0170 1.0000 1.0000 1.0150 —0.6570
CO4/R-1234ze(E) Bell and Lemon / KWO Simulation 1.0000 1.0230 1.0000 —0.0840 0.0000
CO4/R-1233zd(E) Identical to CO2/R-1234yf - 1.0170 1.0000 1.0000 1.0150 —0.6570
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Fig. 1. Pressure enthalpy diagram of selected refrigerant blends.

3. Modelling

To analyse the blends, two reference cycles for medium temperature
applications were considered: first, the base cycle used for CO; in cold
regions (Fig. 2) that incorporates a double stage expansion system and
an [HX; and second, the cycle with PC (Fig. 3), which is the reference
system in warm regions (Karampour and Sawalha, 2018).

3.1. General modelling considerations

Both architectures, using pure-CO; and blends, were simulated using
a first-law approach at the same operating conditions, neglecting heat
losses, pressure drops, and avoiding the modelling of the heat ex-
changers. For a given evaporating temperature (t,), the low working
pressure (p,) was computed considering the mean enthalpy in the
evaporator to consider the glide effects of the blends, Eq. (1).

ho.in + h\‘
Po :f(tm—>

) (€8]

The heat rejection level was related to the environment temperature
(teny), differentiating between subcritical (BP providing a pressure drop

IHX GC/COND

ihx,out

BP

dis

EVAP COMP

Fig. 2. Base cycle with IHX.
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Fig. 3. Cycle with parallel compression.

to guarantee the subcooling degree generated by the IHX) and tran-
scritical operation. Cycles were simulated in subcritical conditions at
low heat rejection temperatures. Therefore, the temperature at the exit
of the condenser (tx..) was calculated considering an approach tem-
perature with the environment (Aty), Eq. (2). The condensing pressure
(px), fixed by the BP, was considered a degree of freedom and the cor-
responding condensing temperature () was evaluated for this pressure
and for a quality (x,) of 50%.

(2)

Tkout = Temy + Algyp

te = f(p, %, =0.5,2) 3

Cycles were computed in transcritical conditions at temperatures
close to or above the critical temperature. Therefore, the temperature at
the exit of the gas-cooler (t,..) wWas evaluated using a constant tem-
perature difference with the environment (At,q,), Eq. (4); and the heat
rejection pressure (p,) was a degree of freedom.

4

Temperature at the exit of the evaporator (t,,) was calculated

Locour = Lenv + Attran:
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considering a constant superheating degree (RU) taking the saturated
vapour temperature at the corresponding pressure (t,|, ) as reference,

Eq. (5).

=1|, +RU )

too = b,

The lamination process in the main expansion valve was considered
isenthalpic, with the enthalpy being identical to that of saturated liquid
at the vessel pressure (h \p!_), as shown in Eq. (6).

h().in = hl | (6)

Pi

The power consumption of the main compressor (Pcmain) Was
calculated considering the refrigerant mass flow (m,), the specific
isentropic compression work (Wsmqn), and the overall efficiency of the
compressor (;18), which was computed using Eq. (7). The overall effec-
tiveness of the main compressor was obtained with Eq. (8) from
manufacturer data (Nebot-Andrés et al., 2019) of a CO5 transcritical
compressor, with its coefficients detailed in Table 4.

()

Pc,mam = m()'w.\.main/rlg

ﬂg =ap+a-p, + azPec +asz 'ch/Po + as-Voue (8)

3.2. Specific considerations for the base cycle with IHX

The IHX was simulated using its thermal effectiveness, Eq. (9); thus,
through the energy balance in the IHX, Eq. (10); and considering isen-
thalpic lamination, its volumetric cooling capacity (VCC) is expressed by
Eq. (11) and the COP of this architecture by Eq. (12).

Toue — to,out

e= ©)]
tgc.uuz - ln.()ut
hgc,nur - hih)c.uul = h.\-uz: - hn,uuz (10)
hz) out — ho.m
Vee =2t an
Vsuc
Q0 hue—hgcou
COP = = . 12
PC.main W, main & ( )

The optimization parameter for this architecture is the heat rejection
pressure for both transcritical and subcritical with forced condensing
pressure conditions, since the back-pressure valve provides the neces-
sary pressure drop to ensure the subcooling degree of the IHX and to
guarantee the minimum compression ratio in the compressor.

3.3. Specific considerations for the parallel compression cycle

A simulation of the parallel compression architecture was conducted,
considering steady-state operation of the receiver. The auxiliary
compressor removed all the vapour coming from the back-pressure and
all the liquid was sent to the evaporator. In this case, the receiver
pressure (p;) was an additional degree of freedom for this cycle.

The quality at the inlet of the vessel (x,) was calculated considering
the enthalpy at the gas-cooler outlet and the selected pressure in the
vessel according to Eq. (13); thus, the vapour mass flow rate can be
quantified with Eq. (14) and the liquid flow rate with Eq. (15).

Table 4
Coefficients for overall efficiency of the
compressor.
0.76339328

a; —0.00209763

ap 0.00134440

as - 0.05713840

as 0.54246804
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Xy :f(pi-, hgr,ov Z) (13)
nm, = m, X, (14)
m, = n,-(1 —x,) 15)

Furthermore, a specific consideration for the parallel configuration
cycle is required when operating with zeotropic blends, which is the
fractionation of the mixture caused by the phase separation in the vessel.
For a given refrigerant composition Z of the refrigerant, when it is
fractionated in the vessel, the vapour will have a composition Z, richer
in the most volatile component and the liquid Z; richer in the least
volatile component. Fractionation was calculated using Bell and Deiters
(2018) correlations developed for closed systems, since to the knowl-
edge of the authors there are not specific studies about fractionation
dealing with steady flow devices such as the ones considered. The rules
for fractionation are available in Refprop (Lemmon et al., 2018); thus,
the mass compositions of saturated vapour and liquid are a function of
the vessel pressure, the enthalpy of the mixture at the exit of the
back-pressure, and of the initial composition of the refrigerant Z, as
detailed by Eq. (16). The same procedure was considered by Vaccaro
et al. (2022). Accordingly, all the thermodynamic properties from the
exit of the liquid of the vessel up to the joint of the two compressors in
Fig. 3 were evaluated with the fractionated liquid composition Z; and
those at the auxiliary compressor suction and discharge with the frac-
tionated vapour composition Z,.

[Zl7 Z\’] = f(pi7 hgc.out-, Z)

The volumetric cooling capacity provided by this architecture was
evaluated using Eq. (17) considering isenthalpic lamination and its COP
with Eq. (18). To evaluate the power consumption of the auxiliary
compressor, the same relation for the overall effectiveness was used, Eq.

(8.

1e)

ho.out - hn,in

Vsue

vee = a7)

cop = ) _ oo =il
= Pemain - Peame = Wsmain ERLRRTY
k g 1=Xy Mg aux

18

Ng.main

The optimization parameters for this architecture are the heat
rejection pressure (taking into account forced condensation in subcrit-
ical conditions) and the vessel pressure.

3.4. Boundary conditions and component limitations

For the simulations the following parameters were assumed to be
constant. They are consistent with experimental data or suggested by
other scientists in theoretical studies about CO, refrigeration systems:

Approach temperature in gas-cooler/condenser: the approach tem-
perature, in transcritical and forced condensation conditions, was
fixed to 2 K due to the high heat transfer rates (Kim et al., 2004),
corroborated in an experimental test bench by Llopis et al. (2021); in
subcritical conditions increased to 4 K for all the refrigerants
(Sharma et al., 2014).

Superheating degree in evaporator: it was fixed for all the conditions
at 5 K (Purohit et al., 2018; Vaccaro et al., 2022).

e Minimum compression ratio: in subcritical conditions at low heat
rejection temperatures, a minimum compression ratio of 1.5 was
fixed to guarantee the operation of the compressor (Catalan-Gil et al.,
2019). For the PC compressor the minimum compression ratio was of
1.5 and maximum suction pressure of 55 bar.

Minimum pressure drop in the expansion valve of the evaporator: a
minimum pressure difference of 3 bar to guarantee the proper
operation of this expansion valve (Catalan-Gil et al., 2019).
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e Thermal effectiveness of the IHX was fixed to 50% (Torrella et al.,
2011).

e Heat losses to the environment and pressure drops in the components
were neglected.

Finally, it needs to be mentioned that all the thermodynamic prop-
erties were evaluated using Refprop v.10 (Lemmon E. W. et al., 2018),
employing the mixing rules for the blends described in Section 2.

3.5. Model validation

As mentioned, there are no experimental results dealing with the
evaluation of CO,-doped mixtures in transcritical plants yet, therefore,
we have validated the model using the data provided by Vaccaro et al.
(2022) for the IHX architecture with two different mixtures. Vaccaro’s
simulation conditions are established for a plant working at an outlet
temperature of the cooled fluid of —10 °C, with a pinch point with the
inlet temperature of the refrigerant of 5 K, and for a gas-cooler outlet
temperature of 40 °C. This simulation condition fits within the operating
range of the model considered in this work. Table 5 summarizes the
validation of the model against Vaccaro’s results at an inlet temperature
of the refrigerant to the evaporator of —15 °C, gas-cooler outlet tem-
perature of 40 °C, 5 K of superheating degree in the evaporator, and at
the optimum gas-cooler pressure maximizing the COP. Table 6 sum-
marizes the deviations of the COP for two cases: First, the model has
been simulated considering an overall efficiency of the compressor (17,)
of 80% and a thermal effectiveness of the IHX of 80%, as stablished by
Vaccaro et al. (2022). Second, COPs have been calculated using our
model, with the overall efficiency of the compressor of Eq. (8) and for a
thermal effectiveness of the IHX of 80%. Table 5 also presents the op-
timum heat rejection pressures, the average evaporating temperatures,
and the effective glide in the evaporator. Discrepancies from Vaccaro’s
COPs are below 1% for mixtures with R-1234yf and R-1234ze(E)
(Table 6) and the ACOP discrepancies are also below 1% (Table 6).
There is also agreement in the effective glide in the evaporator, as
Vaccaro et al. select the mixture compositions with a limit of 10 K in the
effective glide in the evaporator. The optimum heat rejection pressures
reflect a deviation, which could be caused by the superheating degree in
the evaporator (the value is not provided in the work of Vaccaro’s et al.)
We conclude that the proposed model fits well with Vaccaro’s results,
indicating that it is consistent with previous theoretical works. Results
presented in Table 5 indicate that the mean evaporating temperature
with the mixtures rises in relation to that of COj. Obviously, this
increment in temperature would require larger heat transfer areas in the
evaporator. Nonetheless, Vaccaro’s et al. do not deepen in this aspect.

4. Results

This section synthesizes the simulation results for CO, and its doped
blends. Section 4.1 focuses on the results using the cycle with IHX
(Fig. 2), while Section 4.2 evaluates the mixtures in the cycle with PC
(Fig. 3) where the phenomenon of mixtures fractionation occurs.
Finally, Section 4.3 contrasts the improvements offered by the blends in
both architectures.

International Journal of Refrigeration 151 (2023) 50-62

4.1. Cycle with internal heat exchanger

For a given operating condition, the energetic performance of the
base cycle when doping CO5 with another fluid tends to enhance the
COP. Fig. 4 depicts the evolution of this parameter (at t,=—10 °C,
teny=30 °C) in transcritical conditions. It has been observed that it in-
creases up to a maximum, beyond which the addition of more additive
results in detriments. For low additive proportions, the cycle operates in
transcritical conditions and with proportions around 5%, the cycle
performs at best conditions in subcritical with forced condensing pres-
sure. The authors have not found any clear relation that explains the
optimum mass fraction of the additive, not about the energy improve-
ment. Nonetheless, it is clearly observed that CO, doping with a small
quantity of another fluid (between 10 and 15% for this condition) is a
method to enhance the performance of CO, refrigeration plants. Opti-
mum mass proportion calculation was extended to a wide range of
operating conditions for the pair CO/R-152a, the results of which are
presented in Fig. 5. As it can be observed, the optimum composition of
additive refrigerant (Z) is practically a function of the heat rejection
level, whereas the evaporating temperature has little influence. Only
when evaporating at high evaporating temperatures and low heat
rejection levels does an optimum composition appears, but it is caused
by the consideration of a minimum compression ratio in the compressor.
Anyway, from Fig. 5, it can be affirmed that the use of CO-doped
mixtures is beneficial at high heat rejection temperatures, especially for
environment temperatures higher than 20 °C, whereas for low heat
rejection levels, the use of blends could be even detrimental.

To understand the cycle modifications when using a blended mixture
(with a fluid having higher critical temperature than CO5), we focus on
the operation of the cycle at t,=—10 °C, t,,,=30 °C when blending with
R-152a (see white point in Fig. 5). For this condition, the optimum
proportion of R-152a is approximately 10%. Fig. 6 depicts the operating
cycle of the base system in a p-h diagram at the best performing con-
ditions (heat rejection pressure optimized). As can be observed, the CO4
cycle operates in transcritical conditions, where the back-pressure reg-
ulates the heat rejection pressure. When adding 10% of R-152a, the p.
and t. and the cycle move, and the cycle moves to subcritical operation.
In this case, in order to maintain the subcooling degree of the internal
heat exchanger, the back-pressure forces the condensing level, which is
the condition that maximizes the COP. According to the results of
Table 7, the COP achieved with the blend is 6.9% higher than with CO,.
However, the use of the blend causes a reduction in the VCC of 25.5%
because R-152a has lower volumetric capacity than CO,. In addition, it
is important to note the reduction of the operating pressures with the
blend. The optimum high pressure is reduced by 10.2 bar and the
evaporating level by 5.2 bar. In evaporation, the glide effect can be
observed (Fig. 6), which is a disadvantage for the heat transfer process in
the evaporator. For an evaporating temperature of —10 °C (see Section
3.1), the inlet temperature at the evaporator is —13.20 °C and that of
saturated vapour of —1.08 °C, what means that the evaporator operates
with an effective temperature glide of 12.2 K. Obviously, this large glide
will require higher heat transfer surfaces in comparison to the operation
with CO». Finally, another important modification perceived is a high
increase of the compressor discharge temperature, in this case of 12.7 K.
However, this difference has been calculated considering that the
compressor overall efficiency does not depend on the fluid, so the

Table 5
Model validation against Vaccaro et al. (2022) results at t,;=—15 °C, tg o, = 40 °C, SH= 5 K and at optimum high pressure.
Vacear al. (2022 THX model IHX model
accaro et al. ( ) (1, = 80%, & — 80%) (1, = Eq. (8), & = 80%)
COP Dec,opt (bar) CcOP Dgc,opt (bar) L (°C) Glideo (K) CcoP Dec,opt (bar) t (°C) Glideo (K)
CO, 1.6 94.0 1.603 101.0 -15.0 0.0 1.227 98.6 -15.0 0.0
CO,/R-1234yf [85/15%] 1.8 83.5 1.802 84.7 -12.5 10.0 1.378 82.9 —-12.5 9.9
CO2/R-1234ze(E) [92/8%] 1.72 90.5 1.735 91.3 -13.1 9.9 1.327 89.5 —-13.1 9.9
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Model deviations from Vaccaro et al. (2022) results at t, ;;=—15 °C, t,,, = 40 °C, SH= 5 K and at optimum high pressure.

Vaccaro et al. (2022)

Fluid COP — COPco, ()

IHX model (7, = 80%, & = 80%)

COP — COPco,

COP Discrepancy from Vaccaro et al.

IHX model (1, = Eq. (8), £ = 80%)

COP — COPco, ©% ACOP Discrepancy from Vaccaro et al.

COPco, COPco, (2022) (%) COPco, ) (2022) %)
CO,/R-1234yf [85/ 12,5 12.4 ~0.19 12.3 -0.1
15%]
CO4,/R-1234ze(E) 7.5 8.2 -0.11 8.1 -0.1
[92/8%]

COP

1.9

) } E —R-152a
: : —— R-1234yf
} ; —— R-1234z¢(E)
! ! —— R-1233zd(E)
T T T -
0 5 10 15 20

Mass fraction of additive component (%)

Fig. 4. COP of cycle with IHX at t,=—10 °C, t.,,=30 °C (dotted line in transcritical; continuous line in subcritical with forced condensing pressure).
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Fig. 5. Optimum proportion of R-152a in CO, with the IHX cycle at different operating levels.

experimental behaviour could be different.

Finally, Fig. 7 summarizes the COP deviation of the considered
blends (with 5 and 10% proportion) in relation to the operation of the

cycle with THX and CO3. As mentioned, doping is not advisable for low
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heat rejection temperatures, as all blends present COP reductions. CO2
cycle works in subcritical with high efficiency at low temperatures the,
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Table 7

Optimum conditions of 5% and 10% CO, doped at t,=—10 °C and te,,=20, 30 and 40 °C for the base cycle with IHX.
Fluid 1 Fluid 2 Z, Zs copP ACOP VCC AVCC Pge / Pk (bar) Apgc Po Apo Glideo Mode

(%) (%) (%) (kJ-m~3) (%) (bar) (bar) (bar) X)

Environment temperature = 40°C
CO2 - 100 - 1.317 - 10,442 - 104.4 - 26.5 - 0 Transcritical
CO2 R-152a 95 5 1.328 0.8 9449 -9.5 96.5 -7.9 23.7 —-2.8 6.4 Transcritical
CO2 R-152a 90 10 1.329 0.8 8499 —18.6 88.2 -16.2 21.0 -5.5 11.8 Transcritical
Co2 R-1234yf 95 5 1.328 0.8 9816 —6.0 99.2 -5.1 24.9 -15 3.2 Transcritical
CO2 R-1234yf 90 10 1.335 1.3 9209 -11.8 94.2 -10.2 23.4 -3.1 6.4 Transcritical
CO2 R-1234ze(E) 95 5 1.327 0.7 9614 -7.9 98.5 -5.9 24.5 -2.0 6.2 Transcritical
Co2 R-1234ze(E) 90 10 1.321 0.3 8814 —-15.6 92.5 -11.9 22.3 —4.2 11.3 Transcritical
CO2 R-1233zd(E) 95 5 1.340 1.7 9361 -10.4 97.5 -6.9 24.4 -2.1 12.2 Transcritical
CO2 R-1233zd(E) 90 10 1.354* 2.7 8424 -19.3 90.2 —-14.2 22.1 —-4.4 24.1 Transcritical
Environment temperature = 30°C
Cco2 - 100 - 1.973 - 11,455 - 79.8 - 26.5 - 0 Transcritical
CO2 R-152a 95 2.058 4.3 10,358 -9.6 71.4 —8.4 23.9 —2.6 6.5 Sub. Forced Pk
CO2 R-152a 90 10 2.109 6.9 8529 —25.5 69.6 —10.2 21.3 —5.2 12.2 Sub. Forced Pk
Cco2 R-1234yf 95 5 2.023 2.5 10,725 —6.4 74.4 -5.3 25.0 -1.5 3.3 Sub. Forced Pk
CO2 R-1234yf 90 10 2.078 5.3 9102 —20.5 69.7 -10.0 23.5 -3.0 6.6 Sub. Forced Pk
CO2 R-1234ze(E) 95 5 2.033 3.0 10,564 -7.8 77.5 —-2.3 24.6 -1.9 6.3 Transcritical
Co2 R-1234ze(E) 90 10 2.081 5.5 9089 —-20.7 69.1 -10.6 22.7 -3.8 11.5 Sub. Forced Pk
CO2 R-1233zd(E) 95 5 2.069 4.8 10,291 -10.2 73.6 —6.2 24.5 -2.0 12.3 Transcritical
CO2 R-1233zd(E) 90 10 2.125* 7.7 9292 -18.9 69.2 -10.6 22.6 -3.9 24.2 Sub. Forced Pk
Environment temperature = 20°C
CO2 - 100 - 3.381 - 13,365 - 60.2 - 26.5 - 0 Sub. Forced Pk
CO2 R-152a 95 5 3.363 -0.5 12,380 -7.4 57.0 -3.2 24.1 —-2.3 6.7 Sub. Forced Pk
CO2 R-152a 90 10 3.281 -3.0 11,416 —-14.6 54.2 —6.0 21.9 —4.6 12.6 Sub. Forced Pk
Co2 R-1234yf 95 5 3.374 -0.2 12,747 —4.6 58.2 -1.9 25.2 -1.3 3.4 Sub. Forced Pk
CO2 R-1234yf 90 10 3.347 -1.0 12,110 -9.4 56.3 -3.9 23.8 —-2.7 6.9 Sub. Forced Pk
CO2 R-1234ze(E) 95 5 3.364 -0.5 12,560 —6.0 58.1 -2.1 24.8 -1.6 6.5 Sub. Forced Pk
CO2 R-1234ze(E) 90 10 3.309 -2.1 11,788 -11.8 56.0 —4.2 23.1 -34 119 Sub. Forced Pk
CO2 R-1233zd(E) 95 5 3.369 -0.3 12,278 -8.1 58.1 -2.1 24.8 -1.7 12.4 Sub. Forced Pk
CO2 R-1233zd(E) 90 10 3.302* -2.3 11,329 —-15.2 56.1 —-4.0 23.1 -3.4 24.3 Sub. Forced Pk

* QOperation at this condition could be difficult, as the effective glide in the evaporator is higher than 20 K. This can be associated with uncertainties of the ther-

mophysical properties calculation.

thus, these blends cause efficiency reductions. Then, at medium heat
rejection levels, the COP modification is neutral, coinciding with the
transition regime of CO; operation. But at high heat rejection levels (25
to 35 °C), the COP of the system is enhanced using the mixtures, as the
doped fluids still operate in subcritical conditions. For the considered
fluids, the predicted COP gains at t,=—10 °C reach between 3.16% at
27 °C (CO2/R-1234yf [95/5%]) to 7.70% at 31 °C (CO2/R1233ze(E)
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[90/10%]).

Authors want to mention that the application of CO,-doped mixtures
could be an opportunity to improve the performance of cycles based on
COo, particularly at high heat rejection temperatures. Although COP
improvements have been predicted, these results need to be validated
experimentally. In addition, it needs to be mentioned that the analysed
mixtures present a large effective glide in the evaporator (see Table 7)
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Fig. 7. COP percentage difference from pure CO, with base cycle with IHX at t,
= -10"°C.

reaching values higher than 10 K for a 10% of mass proportion of the
doping agent, especially for the fluid R-1233zd(E). Obviously, this large
glide will require larger heat transfer surface areas and will limit the
application range of the fluids, i.e., the inlet temperature of the sec-
ondary fluid to the evaporator must be higher than that at the exit of the
evaporator [for CO/R-1233zd/(E) (90/10%) it must be higher than
14.1 °Cl.

4.2. Cycle with parallel compression

As mentioned, the state-of-the-art cycle for medium and high heat
rejection level corresponds to the cycle with parallel compression,
wherein the auxiliary compressor’s function is to remove the vapour
generated in the vessel, increasing the specific cooling capacity and thus
enhancing cycle’s energy efficiency. More details on its performance can
be found in the work of Karampour and Sawalha (2018) and
Nebot-Andrés et al. (2021). When blends are used as refrigerants, this
architecture has special features, as the vessel will experience fraction-
ation. Phase-separation in the vessel will provide two currents with
different compositions: the saturated vapour will contain a higher pro-
portion of the most volatile component, and the saturated liquid will
contain a higher proportion of the least volatile component. Fraction-
ation, first suggested by (Vaccaro et al., 2022) but not deeply studied,
could introduce new ways of improvement, which will be discussed in
this section.

To illustrate the use of blends in the parallel compression architec-
ture, we focus on the operation of the cycle at t,=—10 °C and t,,,=30 °C.
Fig. 8 represents the p-h diagram at optimum conditions for COy and
Fig. 9 for the mixture COy/R-1233zd(E) [90/10%]. Contrasting the
operation in both figures, it is observed that, as with the IHX cycle, CO5
doping moves the cycle from transcritical (Fig. 8) to subcritical opera-
tion (Fig. 9), introducing the positive effects mentioned in SubSection
4.1. In addition, the fractionation produces two different currents:
saturated vapour extracted from the vessel has a composition of CO,/R-
1233zd(E) (97.71/2.29%) and saturated liquid of CO,/R-1233zd(E)
(86.39/13.61%). These numbers reveal that, thanks to the fractionation,
two different refrigerants are generated, whose properties can enhance
or decrease the performance of the cycle. It would be desirable for the
vapour to contain more of fluid with less slope in the isentropic lines;
and it would be desirable to for the liquid to present higher volumetric
cooling capacity, to increase the cooling effect in the evaporator. These
effects, which are clear when considered separately, cannot be isolated

58

International Journal of Refrigeration 151 (2023) 50-62

Absolute pressure (bar)

T T T
200 300 400 500 600

Specific enthalpy (kJ-kg™)

Fig. 8. P-h diagram at optimum conditions PC cycle with CO3 (t, = —10 °C, teny
= 30 °Q).

100 4 PR s ' A '
80 3 2
E \ T~ N -
60 T T 3
5 )
L
@ ] |
5 40 - -
(7]
(7]
o
o
g
=
S —
o 20 4 S -
< t=-10°C
\
——7,= [86.39/ 13.61%]
\\
] Z‘,=[97.77/2.29%]—\‘y> 7= [90/10%]
10 T T T
200 300 400 500 600

Specific enthalpy (kJ-kg™)
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in the considered cycle; thus, a complete evaluation at optimum con-
ditions is needed. For the considered case (Fig. 9), the use of the blend
theoretically enhances the COP of the cycle by 1.8% at these conditions
(7.7% in IHX cycle), so it appears that the improvements of doping are
lower for this architecture. However, as discussed later, the region of
improvement changes. For the operation at t,=—10 °C and t,,,=30 °C, a
reduction of 11.1% in the volumetric cooling capacity (18.9% in IHX
cycle) and a decrease of 7.5 bar in the optimum heat rejection pressure
(10.6 in IHX cycle) are predicted. Also, the effective glide in the evap-
orator rises due to the fractionation, going from 24.2 K for this mixture
in the IHX cycle to 24.8 K in the PC cycle; thus, the use mixtures with
high proportion of doping agent in refrigeration applications can be
difficult from the point of view of heat transfer, even, their application
range can be reduced to high exit temperatures at the exit of the
evaporator.

Fig. 10 summarizes the COP deviation of the considered blends (with
5 and 10% proportion) in relation to the operation with CO5. The trends
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Fig. 10. COP percentage difference from pure CO, with PC cycle at t, = —10 °C.

are quite different from the operation with the base cycle. First, at low
heat rejection levels (up to tgn, = 13 °C) the auxiliary compressor does
not operate because the compression ratio is below 1.5. In this region, as
well as in the IHX cycle, doping results not to be convenient. From this
temperature up to 27 °C approximately, the auxiliary compressor
operates and there is fractionation in the cycle (see Fig. 11). In this re-
gion there is a clear trend of COP improvement when using CO»-doped
blends. When the auxiliary compressor starts, the vapour line (the one
that compresses the auxiliary compressor) contains a higher proportion
of the most volatile component, in this case CO,, and the liquid line
higher proportion of the least volatile component. Calculations predict
COP improvements up to 11.98% [CO2/R1233zd(E) (95/5%)] at te, =
27 °C. In this region all the blends offer COP improvements. From 27 to
32 °C approximately, there is a big reduction in the enhancement. In this
region, while the doped-CO blends are operating in subcritical condi-
tions with forced heat rejection pressure (see Table 8), CO5 operates in
transcritical conditions, where it has a quick improvement of the COP,
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Fig. 11. CO, mass proportion in currents after fractionation for mixtures CO5/
R-152a and CO4/R-1234yf with PC cycle at t, = —10 °C.

thus the percentage is reduced. Finally, from temperatures above 32 °C
the COP enhancement stabilises, from 2% approximately for COy/
R1234yf (95/5%) to 8% approximately with CO2/R1233ze(E) (95/5%).
Detailed data can be checked in Table 8. Again, the authors highlight
that these results are based on simulations and an experimental vali-
dation is needed. Results related to the use of the fluid R-1233zd(E), as
detailed in the tables, may vary from the experimental behaviour since
there is no validated specific information about the interaction co-
efficients used to compute the thermophysical properties. Therefore, the
energy parameters are subjected to an unknown degree of uncertainty.
In addition, if the results are consistent, the use of the mixture COy/R-
1233zd(E) (90/10%) could result very difficult in practice due to a large
effective glide in the evaporator.

4.3. Performance comparison

This section summarizes the COP improvements when using CO»-
doped blends with the two considered architectures. Fig. 12 represents
the predicted COP values for both technologies with CO, (black sym-
bols) and with the considered mixtures, the data of which is detailed in
Table 9.

It is clearly observed that the energy improvements at t.;,=25 and 35
°C using the mixtures is moderate, specifically, the model estimates COP
improvements from 1.6% [CO3/R1234ze(E) (90/10%) at 25 °C] up to
5.8% [CO2/R1233zd(E) (90/10%) at 35 °C]. However, the use of the
parallel compression architecture with the mixtures predicts larger COP
improvements, which could be related to the fractionation of the blends
in the cycle. In this case, the COP improvements range from 0.8% [COy/
R1233zd(E) (90/10%) at 35 °C] to 10% [CO2/R1233zd(E) (95/5%) at
25 °C].

5. Conclusions

This work addresses, using a theoretical approach, the use of CO»-
doped blends as a possible improvement of two classical CO5 cycles, the
internal heat exchanger and parallel compression ones. Here, R-152a, R-
1234yf, R-1234ze(E) and R-1233zd(E) have been considered as doping
agents to modify the performance of the selected architectures. Results
have been based on the use of a comprehensive and simplified model
using Refprop v.10 and its mixing rules as reference.

It has been predicted that 5-10% CO, doping tends to enhance the
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Table 8

Optimum conditions of 5% and 10% CO, doped at t,=—10 °C and te,,=20, 30 and 40 °C for the cycle with parallel compression.
Fluid 1 Fluid 2 7 Zy Zyy Zys Zn Zip cop ACOP vCce AVCC Pge / Pk Apge Po Apo Glideo Pdep Operation

(%) (%) (%) (%) (%) (%) (%) (kJ-m~3) (%) (bar) (bar) (bar) (bar) x) (bar)

Environment temperature = 40 °C
CcOo2 - 100.0 - 100.0 - 100.0 - 1.82 - 13,361 - 93.8 - 26.5 - 0 51.4 Transcritical
CO2 R-152a 95.0 5.0 97.5 2.5 92.1 7.9 1.88 3.3 11,960 -10.5 88.1 -5.8 22.9 -3.6 6.9 49.8 Transcritical
COo2 R-152a 90.0 10.0 95.2 4.8 85.2 14.8 1.86 2.3 10,419 —-22.0 81.7 —-12.2 19.7 —6.8 13.0 48.6 Sub. Forced Pk
CcOo2 R-1234yf 95.0 5.0 97.4 2.6 92.0 8.0 1.86 2.1 12,544 —-6.1 90.0 -3.8 24.4 —-2.1 3.5 50.3 Transcritical
CO2 R-1234yf 90.0 10.0 94.7 5.3 84.7 15.3 1.86 2.5 11,397 —-14.7 85.6 -8.2 22.3 —4.1 7.0 49.8 Transcritical
CO2 R-1234ze(E) 95.0 5.0 97.7 2.3 91.0 9.0 1.93 6.3 12,144 -9.1 86.1 -7.7 23.5 -3.0 6.6 50.5 Transcritical
COo2 R-1234ze(E) 90.0 10.0 95.9 4.1 84.5 15.5 1.88 3.2 10,965 -17.9 85.5 —8.4 21.1 —5.4 12.2 50.0 Transcritical
CcOo2 R-1233zd(E) 95.0 5.0 98.5 1.5 91.1 8.9 1.97 8.3 12,078 —-9.6 89.4 —4.4 23.5 -2.9 12.9 50.6 Transcritical
CO2 R-1233zd(E) 90.0 10.0 97.1 2.9 85.6 14.5 1.80* -1.1 10,417 —22.0 87.6 —6.2 21.2 -5.3 25.1 55.0 Transcritical
Environment temperature = 30 °C
CcOo2 - 100.0 - 100.0 - 100.0 - 2.44 - 13,395 - 76.7 - 26.5 - 0 51.1 Transcritical
CO2 R-152a 95.0 5.0 98.1 1.9 93.9 6.1 2.40 -1.5 12,395 -7.5 74.7 -2.0 23.7 —-2.8 6.8 49.8 Sub. Forced Pk
COo2 R-152a 90.0 10.0 96.5 3.5 87.4 12.6 2.44 0.1 11,788 -12.0 66.8 -9.8 20.9 -5.6 12.3 43.0 Sub. Forced Pk
COo2 R-1234yf 95.0 5.0 98.0 2.0 93.8 6.2 2.41 -1.1 12,840 —4.1 75.6 -1.0 24.9 -1.6 3.5 50.4 Sub. Forced Pk
CcOo2 R-1234yf 90.0 10.0 96.0 4.0 87.3 12.7 2.38 —-2.2 12,357 -7.7 69.7 —-6.9 23.2 -3.3 7.0 46.5 Sub. Forced Pk
COo2 R-1234ze(E) 95.0 5.0 98.4 1.6 93.7 6.3 2.44 0.0 12,654 -5.5 75.7 -0.9 245 -2.0 6.6 50.5 Sub. Forced Pk
COo2 R-1234ze(E) 90.0 10.0 97.0 3.0 87.0 13.0 2.44 0.1 12,139 —-9.4 69.1 -7.5 22.3 —4.2 12.1 45.5 Sub. Forced Pk
CcOo2 R-1233zd(E) 95.0 5.0 99.0 1.1 93.5 6.5 2.55 4.6 12,528 —6.5 75.8 -0.9 24.4 -2.1 12.6 50.5 Sub. Forced Pk
CO2 R-1233zd(E) 90.0 10.0 98.1 1.9 86.9 13.1 2.48* 1.8 11,902 -11.1 69.2 -7.5 22.2 —4.3 24.8 46.1 Sub. Forced Pk
Environment temperature = 20 °C
COo2 - 100.0 - 100.0 - 100.0 - 3.47 - 15,287 - 60.0 - 26.5 - 0 40.0 Sub. Forced Pk
CO2 R-152a 95.0 5.0 98.6 1.4 94.0 6.0 3.57 2.9 14,288 —6.5 56.9 -3.1 24.0 —-25 7.0 37.9 Sub. Forced Pk
COo2 R-152a 90.0 10.0 97.3 2.7 88.3 11.8 3.57 2.8 13,073 —-14.5 54.1 —6.0 21.6 —4.9 13.1 36.0 Sub. Forced Pk
COo2 R-1234yf 95.0 5.0 98.5 1.5 94.0 6.0 3.70 6.6 14,742 -3.6 56.2 -39 25.1 -1.4 3.6 37.4 Sub. Forced Pk
CO2 R-1234yf 90.0 10.0 97.0 3.0 88.2 11.8 3.54 2.1 13,944 -8.8 56.3 -3.8 23.6 —-2.8 7.2 37.5 Sub. Forced Pk
COo2 R-1234ze(E) 95.0 5.0 99.0 1.0 93.9 6.1 3.59 3.3 14,589 —4.6 57.9 -2.1 24.7 -1.7 6.7 38.6 Sub. Forced Pk
Co2 R-1234ze(E) 90.0 10.0 97.9 2.1 88.0 12.0 3.61 3.9 13,649 -10.7 55.9 —4.2 22.9 -3.6 12.3 36.8 Sub. Forced Pk
CO2 R-1233zd(E) 95.0 5.0 99.4 0.6 93.4 6.6 3.73 7.5 14,397 -5.8 58.0 -2.0 24.8 -1.7 12.6 38.7 Sub. Forced Pk
CO2 R-1233zd(E) 90.0 10.0 98.8 1.3 87.9 12.1 3.63* 4.5 13,368 -12.6 56.0 —-4.0 22.9 -3.6 24.7 37.4 Sub. Forced Pk

* Operation at this condition could be difficult, as the effective glide in the evaporator is higher than 20 K. This can be associated with uncertainties of the thermophysical properties calculation.
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Fig. 12. COP vs. tyy, (t, = —10 °C) for IHX cycle and PC cycle (filled symbol 5%
by mass doping, empty symbol 10% doping).

COP of the architectures, but this is accompanied by a reduction of the
volumetric cooling capacity. The optimum mass proportion of additive
is independent on the evaporating level, being only dependant and
positive for environment temperatures above 20 °C. CO, doping with
pure fluids which have higher critical temperature than CO; allows the
optimum condition of the cycle to go to subcritical operation, causing a
reduction of the operating pressures in all the cycles.

Considering the IHX architecture, COP improvements are predicted
in environment temperatures higher than 25 °C, reaching maximum
improvement around 30 °C and being attenuated at 40 °C. For the
analysed blends, the COP gains at ty=—10 °C reach between 3.16% at 27
°C [CO2/R-1234yf (95/5%)] to 7.70% at 31 °C [CO2/R1233ze(E) (90/
10%)].

In relation to the PC layout, the use of refrigerant blends deals with
the fractionation of the refrigerant in the phase-separation vessel, where
two currents with different compositions are generated. The saturated
vapour contains a higher proportion of the most volatile component
(CO3 in this work), and the saturated liquid is enriched with the least
volatile component (doping agents in this work). This fractionation in-
troduces modifications to the cycle, which can be considered as another
mechanism to enhance the performance. For the PC cycle, CO5-doped
has wider range of benefit, approximately from ¢.,,=13 °C to 27 °C and
from 32 to 40 °C. Also, the COP enhancement is higher with this ar-
chitecture. Enhancements up to 11.98% were predicted with the mixture
[CO»/R1233zd(E) (95/5%)] at ton, = 27 °C.

Finally, the authors want to mention that CO3 doping, which has only
been considered theoretically up to this point, could represent a new
way of improving the energy performance of low-GWP refrigeration
systems. The authors want to emphasize that the results are based on the
thermophysical properties of the fluids calculated using the most recent
interaction parameters and but an experimental validation is required to
confirm this hypothesis.
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Table 9
COP comparison at t,,,=25 and 35 °C for t,=—10 °C.
Fluid COPx (COPyx — COPp¢ COPpc — COPpc —
COPpx, COPyp, COPpyx,
co2)/ co2)/ co2)/
COPyyix,co2 COPp¢,co2 COPyx,co2
(%) (%) (%)
Environment
temperature
=25°C

COy 2.59 - 2.78 7.3

CO,/R-152a 2.66 2.4 2.92 4.9 12.6
[95/5%]

COy/R-152a 2.64 1.7 2.94 5.7 13.4
[90/10%]

CO2/R-1234yf 2.64 1.8 2.98 7.2 15.0
[95/5%]

CO2/R-1234yf 2.65 2.2 2.90 4.3 11.9
[90/10%]

CO4y/R-1234ze 2.65 1.9 2.92 5.0 12.6
(E) [95/5%]

CO,/R-1234ze 2.64 1.6 2.96 6.4 14.2
(E) [90/10%]

CO,/R-1233zd 2.66 2.6 3.06 10.0 17.9
(E) [95/5%]

CO2/R-1233zd 2.65* 2.2% 2.99% 7.5% 15.3*
(E) [90/10%]

Environment
temperature
=35°C

CO, 1.59 - 2.09 31.5

CO,/R-152a 1.62 2.1 2.18 4.5 37.4
[95/5%]

COy/R-152a 1.65 4.3 2.17 4.1 37.0
[90/10%]

CO2/R-1234yf 1.61 1.6 2.14 2.5 34.9
[95/5%]

CO,/R-1234yf 1.63 2.9 2.17 4.1 36.9
[90/10%]

CO4/R-1234ze 1.61 1.6 2.18 4.7 37.7
(E) [95/5%]

CO,/R-1234ze 1.63 2.6 2.20 5.3 38.5
(E) [90/10%]

CO2/R-1233zd 1.63 3.0 2.29 9.7 44.3
(E) [95/5%]

CO,/R-1233zd 1.68* 5.8* 2.10% 0.8* 32.6%

(E) [90/10%)]

* Operation at this condition could be difficult, as the effective glide in the
evaporator is higher than 20 K. This can be associated with uncertainties of the
thermophysical properties calculation.
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