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ABSTRACT

The increasing environmental concerns and regulations are forcing the HVAC&R sector to shift towards low-GWP
refrigerants. Hence, research is actively exploring sustainable alternatives to traditional HFC-based systems.
This study provides a numerical drop-in analysis of CO, (R744) - hydrocarbon blends in a two-stage vapor
compression cycle designed for a mid-sized refrigerated truck. By simulating blends of R744 with small amounts
(up to 10%) of R290, R600a, R1270, and RE170 under various ambient conditions, this research identifies
the options that could match or enhance the performance with respect to pure R744. Seasonal simulations,
accounting for typical thermal loads in two Italian cities, i.e., Milan and Palermo, reveal that R744 blends with
R290 and R1270 achieve comparable or improved seasonal COP (SCOP), especially in colder climates where
the system performance benefits from temperature glide. The optimal blend, 92 % R744 and 8 % R290, provides
SCOP increases of 2.96 % in Milan and 2.13% in Palermo, while blends with R600a or RE170 show reduced
efficiency. These findings suggest the R744 - R290 and R744 - R1270 blends as a promising low-GWP option for

refrigerated transport.

1. Introduction

Refrigerated transport is crucial in the supply chains of various indus-
tries, particularly in the food and pharmaceutical sectors, as it enables
the safe transportation of goods that require temperature-controlled en-
vironments. According to European market projections (IMARC, 2023),
this sector is expected to grow by 4% per year up to 2050. Most ve-
hicles in this sector rely on vapor compression systems, operated with
Hydro-Fluoro-Carbons (HFC) refrigerants, which are characterized by
a high Global Warming Potential (GWP). Regulations like (EU, 2024)
envisage a gradual phase-out of high-GWP refrigerants, pushing the in-
dustry towards natural alternatives with a lower environmental impact.
As highlighted in the review by Minetto et al. (2023), R744 (CO,) has
emerged as a promising natural refrigerant for this sector, being both
non-toxic and non-flammable, and having both a zero Ozone Depletion
Potential (ODP) and a GWP of 1.

Several studies have focused on the simulation of refrigeration vehi-
cles with R744-based vapor compression cycles operated with different
system configurations. In their study, Artuso et al. (2020) conducted a
theoretical evaluation of a R744 vapor compression system designed for
refrigerated transport, focusing on three distinct configurations: a stan-
dard layout with a low-pressure receiver and two different setups that in-
corporated a two-phase ejector, one of which also included an auxiliary
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evaporator. They found that the adoption of an ejector is more advanta-
geous in hot climates, with a maximum benefit of approximately 16 % at
an ambient temperature of 42 w°C. In an analogous study, Fabris et al.
(2021) analyzed the same three configurations previously mentioned
through dynamic simulations, modeling a typical long-distance deliv-
ery scenario in Athens in August. In their study they showed that the
adoption of an ejector improves mostly the system’s performance at high
environmental temperatures, confirming their previous findings. Even-
tually, Fabris et al. (2024) performed a numerical analysis of a R744 va-
por compression system operating at two different evaporation levels.
They compared a simple configuration with an ejector cycle, demon-
strating that the ejector configuration has a higher COP but the standard
system provides greater flexibility in cooling capacity production.
Previously mentioned studies have demonstrated that vapor com-
pression systems operating with R744 require higher technical com-
plexity, including components such as the above-mentioned ejectors or
multi-level pressure configurations. These enhancements are mandatory
to address the inherent inefficiencies of the transcritical vapor compres-
sion cycle (Kim, 2004), often employed due to the low critical tempera-
ture of R744 (i.e., 30.98 °C). Moreover, R744 has a high critical pressure
(i.e., 7380 kPa) which leads to high operating pressures, increasing con-
sequently the constraints on the mechanical design of system. To over-
come these issues and enhance performance, researchers are currently
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Nomenclature

Acronyms

HP High Pressure

HX Heat Exchanger

LP Low pressure

NTU Number of transfer units

a Absorptivity —

¢ Specific heat at constant pressure JK~!' kg™!
e Emissivity —

f Inverter frequency Hz

G Irradiance W m~2

h Enthalpy Jkg™!

k Thermal conductivity Wm™! K~!
Lc Characteristic length m

M Molar mass gmol™!

i Mass flow rate kgs~!

n Number of air volume changes per hour h~!
Nu Nusselt number —

p Pressure Pa

0 Heat transfer rate W

RPM Rotations per minute rpm

RH Relative humidity %

s Thickness m

T Temperature K

AT Temperature difference K

\ Volume m?

14 Volumetric flow rate m3 s~!

W Mechanical power W

Vp Compressor displacement m?

X Vapor quality —

y Mass fraction of secondary fluid in mixture—
Greek symbols

a Convective heat transfer coefficent Wm=2K~!

p Pressure ratio —

€ Heat exchanger effectiveness —
n Efficiency —

0 Solar altitude angle rad
) Density kgm™>

c Stefan-Boltzmann constant Wm~2 K4
Subscripts

AIR Air

C Cooling

COMP  Compressor

CRIT Critical

(9% Convection

EVA Evaporator

EXT External

FC Forced convection
FT Flash tank

HP High pressure

IN Inlet

INS Insulation material
INT Internal

IRR Radiative

K Conduction

MIN Minimum

NC Natural convection
ouT Outlet

REF Refrigerant

S Isentropic

SAT Saturation

SH Superheat

SKY Sky

Vv Saturated vapor
VOL Volumetric

w Wall

exploring the potential of R744-based blends and exploit their tailored
thermo-physical properties. First, the temperature glide, which appears
during phase change phenomena, can be leveraged to optimize the sys-
tem performance. Specifically, it allows the refrigerant to better follow
the temperature profile of the secondary fluid, consequently minimiz-
ing the heat transfer losses (Cao et al., 2017). Secondly, the working
fluid’s critical pressure can be decreased, enabling operation in subcrit-
ical mode at higher ambient temperatures and reducing the operating
pressure, which, in turn, leads to a reduction of the system weight, cost
and control complexity.

On this topic, major effort is put on the analysis of R744 blends
with hydrocarbons (HCs), thanks to their low environmental impact (0
ODP, low GWP, PFAS-free) and suited thermo-physical properties (high
critical temperature, low critical pressure). However, they have high
flammability, which consistently reduces their applicability as stand-
alone fluids in large capacity systems. Most of the research on the subject
has focused on the performance of traditional systems configurations op-
erated with this innovative blends, mainly made by small quantities of
HC in order to limit the fluid flammability. Tobaly et al. (2018) experi-
mentally evaluated the use of R744-propane blends (5%, 10 % and 15 %
molar R290) in a refrigeration system equipped with an Internal Heat
Exchanger (IHX). The study showed that the operating pressure is con-
sistently reduced, with variations ranging approximately from -5.5%
to -21.5%, depending on the propane concentration and the operating
conditions. Additionally, the COP can be increased by up to 20 %.

Sanchez et al. (2024) experimentally studied mixtures of R744 with
R32, R1270, and R1234yf in a transcritical refrigeration system in a
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drop-in analysis and evaluated the presence of the IHX in the system. The
results show a COP improvement of up to 15.3 % with R744/R32 com-
pared to R744 without IHX, and a COP improvement up to 22 % with
R744/R32 compared to R744 with IHX. Furthermore, each R744-based
mixture studied exhibited a reduction in heat rejection pressure, ranging
from 250 to 1620 kPa, with no significant differences between configu-
rations with or without the IHX. Sanchez et al. (2019), also showed that
a reduction in energy consumption of up to 10.3 % can be achieved by
using a mixture of R744/R1270 (91/9 %w) instead of pure R744 in a
beverage cooler system.

From a modeling perspective, Xie et al. (2021) developed a nu-
merical investigation of R744 mixtures to enhance the performance of
pure R744 in a trans-critical refrigeration system. The results show that
the optimized mixtures of R744/R152a (0.875/0.125) and R744/R161
(0.85/0.15) can achieve a COP improvement of about 30 % with a reduc-
tion in discharge pressure compared to R744 of 1600 kPa and 1800 kPa,
respectively. Moreover, Vaccaro et al. (2023) modeled various R744
blends and concluded that R744/R1234yf offered the best COP improve-
ment, while R744/propane blends also showed performance enhance-
ments and lower gas cooler pressures. Eventually, Sanchez et al. (2023)
further investigated R744-based blends with a focus on refrigerants with
GWP values below 150 and non-flammability criteria. Their research
identified R744/R32 (81/19 % by mass) and R744/R1270 (92.5/7.5%
by mass) as the most promising options for new systems, achieving
COP improvements of 21.39% and 8.66 %, respectively. When blend-
ing R744 with hydrocarbons, flammability becomes a key considera-
tion. Several studies have aimed to establish criteria for classifying the
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Fig. 1. Plant layout.

flammability of such mixtures. Kondo et al. (2006) extended Le Chate-
lier’s formula to show that the flammability limits of various compounds
can be described using common parameters. Linteris et al. (2019) pro-
posed the evaluation of the adiabatic flame temperature and fluorine
substitution ratio, introducing a flammability index (IT) to capture both
variables and distinguish between Al and A2L refrigerants. Calleja-Anta
et al. (2022) later applied this approach to define the A2-A3 boundary,
finding that mixtures exceeding a 67.37° flammability index fall under
the A3 classification. They used this methodology to identify hydrocar-
bon blends that meet A2 safety standards with a GWP below 150.
Despite an increasing number of studies have been carried out in last
years, the knowledge on the topic is still limited both from experimental
and numerical point of view. On the latter, most of the analysis focus on
system design in a single operating point rather than a drop-in analysis
on seasonal perspective, which may lead to inappropriate conclusions.

This research aims at numerically investigate the performance of
R744-hydrocarbon blends for refrigerated transport applications and
compare it against that of a pure R744 cycle. Specifically, this work
presents a drop-in analysis of different mixtures in a two-stage vapor
compression cycle designed for pure R744. Blends of R744 and al-
ternatively propane (R290), isobutane (R600a), propylene (R270) and
dimethyl-ether (RE170) at different concentrations are considered. The
simulations are performed using a semi-analytical model, with each
component modeled separately through specific sub-model, then inte-
grated into the simulation structure. Both heat exchangers are simulated
using an analytical approach, allowing for a detailed description of the
heat transfer process in such particular mixtures, representing an ad-
vancement over previous studies. A mid-sized refrigerated truck is used
as a reference for cooling load computations. The cycle operating param-
eters are optimized for each ambient temperature over a typical year of
two Italian cities, i.e., Milan and Palermo. Ultimately, the seasonal coef-
ficient of performance is the quantity used to compare the performance
of the various fluids.

2. Refrigeration system

Fig. 1 shows the layout of the simulated refrigeration cycle, which
consists of an air to air two-stage compression plant.
The main components of the refrigerant loop are:

o A fixed speed semi-hermetic reciprocating low pressure (LP) com-
pressor (1-2).
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¢ A variable speed semi-hermetic reciprocating high pressure (HP)
compressor (3-4).

e A fin-and-tube heat exchanger (high pressure heat exchanger (HP-
HX)) (4-5).

¢ A high pressure electronic expansion valve (5-6).

o A flash tank (6-7).

o A low pressure electronic expansion valve (7-8).

¢ A fin-and-tube heat exchanger (evaporator) (8-1).

It has to be noted that the HP-HX can act as a condenser, when the
operating pressure is below the critical pressure, or as a gas cooler, when
the operating pressure is above the critical pressure.

2.1. Refrigeration system model

In this work, a semi-analytical model able to simulate the steady-
state operations of the refrigeration system is developed. Each com-
ponent is modeled individually through specific sub-models, and then
integrated into the simulation structure of an in-house developed algo-
rithm.

2.1.1. Heat exchangers

The models adopted for both heat exchangers were previously de-
veloped and validated by the authors against experimental data Joppolo
et al. (2015) and Ferretto et al. (2025), showing satisfactory agreement.
They have been suitably modified to account for different fluids and op-
erating conditions, as reported below. The fin-and-tube heat exchangers
are modeled according to the elemental volume approach. Each heat
exchanger is subdivided into a series of elemental volumes, which are
sufficiently small to provide good computational accuracy (discrepancy
error between air and refrigerant energy balances lower than 0.1 %).
The following assumptions are made:

¢ Negligible superheated condensation.

¢ Negligible subcooled boiling.

¢ Negligible kinetic and potential energy.
¢ Adiabatic tube bends.

Mass, momentum and energy equations are solved inside each elemental
volume, which is composed of a refrigerant stream, tube, fins, and air
stream, as shown in Fig. 2.

The volume is treated as a cross-flow heat exchanger, with the air
stream identified as the unmixed stream and the refrigerant stream as
the mixed one. The heat transfer Q(i) is computed through the e-NTU
method:

0G) = (i) - (hey)pr i - (Trer@ = Tagr() M
OG) = rigpp(i) - (hreppli+1) = hggp() 2
OG) = ritg (D) - (harr() = hppp(+ 1)) (&)

Egs. (1)—(3) are solved to provide the heat transfer on a generic ele-
mental volume i. The heat exchange effectiveness ¢ is provided by spe-
cific formulation reported in ESDU (2014). The correlations used for
the description of heat transfer and pressure drop of both refrigerant
and airare reported in Table 1. The heat transfer correlations are not
used directly with mixtures but are modified using the well-established
correction proposed by Bell and Ghaly (1972) which relates the tem-
perature glide of the mixture to a penalization in both condensation
and evaporation, whereas for pressure drop the influence of the mixture
was not considered as there is no established procedure in literature for
these mixtures. On the air side, the flow rate is computed through the
fluid-dynamic match between the heat exchanger and the correspond-
ing fan. For simplicity, frost and dehumidification on the evaporator are
not considered.

2.1.2. Compressor
LP and HP compressors are sized according to the mass flow rate
requested to satisfy the design cooling load. The main characteristic are
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Mger(i+1), prer(i+1), Trer(i+1), hrer(i+1)

|
l
| | |
mair(i) mar(i+1)
par(i) par(i+1)
Tar(i) Tar(i+1)
har(i) har(i+1)
meer(i), prer(i), Trer(i), hrer(i)
Fig. 2. Schematic of a generic elemental volume.
Table 1
Refrigerant and air-side heat-transfer and pressure-drop correlations.
Single phase Two-phase Air
Sub-critical Trans-critical Condensation Evaporation

Heat transfer
Pressure drop

Gnielinski (1976)
Blasius (1913)

Pitla et al. (2002)
Blasius (1913)

Cavallini et al. (2006)
Kim and Mudawar (2012)

Kim and Mudawar (2013)
Zhang and Webb (2001)

Wang et al. (1999)
Wang et al. (1999)

retrieved from a pure R744 selection software, which provides also isen-
tropic and volumetric efficiency. The following equations are used to
model the two compressors:

RPM

60

hoyr,s = Pin
s

(C))

mREF,COMP =piNyMvorL Vo

Weomp = MRreF.comp (5)
Note that the compressor rotational speed is fixed for the LP compres-
sor, whereas it changes according to the inverter frequency in the HP
compressor.

The volumetric and isentropic efficiencies (1, and ng) are modeled
through the following equations:

Nyor =by+ by - ATgy +by- B (6)

s =co+cp - ATgy + ¢y - exples - f) + ¢4 - exp(cs - f) @

The selection software of a manufacturer is employed to fit 5, and
1. Specifically, several T ,, and T,,nq are considered to compute 7z and
W under reference conditions. Subsequently, the Dabiri and Rice (1981)
correction is applied to account for deviations of the superheat from the
reference value. Finally, both efficiencies are expressed as functions of
the compressor superheat and pressure ratio. The residual minimiza-
tion procedure indicates that the best-fitting model for the volumetric
efficiency is linear with pressure ratio and superheat, whereas the isen-
tropic efficiency is best described by a linear dependence on superheat
and an exponential one on pressure ratio. The resulting models, shown
in Egs. (6) and (7), which include the best fit coefficients b, — b, and
¢y — ¢s, are subsequently used in Eqgs. (4) and (5) to compute the re-
quired quantities for all different fluids. It has to be noted that limited
data on isentropic and volumetric efficiencies is available in open litera-
ture for compressors operating with R744-HCs mixtures. Therefore, the
coefficients are fitted on pure R744 data and used for R744-HCs mix-
tures, which is acknowledged as a limitation of this work. The inverter
frequency of the HP compressor is adjusted to suck the refrigerant flow
rate coming from the LP compressor and that at the outlet of the flash
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tank according to:

_ MREF3
fecomp = ——
McomP,50

.50 [Hz] (8)
The rotational frequency froup can vary between 30-70 Hz. In the
system simulations, the frequency is free to vary outside the operative
range while the analysis of the results consider only simulation data in
which the frequency stays in the 30-70 Hz range.

2.1.3. Flash tank and expansion valves

The optimization of flash tank pressure aims at maximizing COP.
Although a COP-capacity trade-off may be relevant in applications like
refrigerated trucks, this study focuses on energy efficiency with the final
target of reducing the overall energy consumption and environmental
impact of the truck. Once the flash tank pressure is set, the refriger-
ant quality and temperature are computed as function of both pressure
and enthalpy, which are evaluated at the HP-HX outlet. Then, the com-
position of both liquid and vapor streams is computed, capturing the
composition shift through the flash tank. The mass flow rate of vapor
and liquid are computed and fed to the corresponding nodes as reported
in Fig. 1. The following equations summarize the flash tank resolution.
First, the saturation temperature at which the flash tank operates Ty is
computed provided the operating pressure py; and the enthalpy at the
outlet of the high-pressure heat exchanger hyp oy7:

€©)

then, the compositions of the liquid (7) and vapor (9) streams are com-
puted as the bubble and dew compositions at the operating conditions
of the flash tank respectively:

{

finally, the liquid and vapor mass flow rates are computed according to
the vapor quality at the outlet of the back-pressure valve:

{

Tpr =T(ppr> hypour)

y7 =Y TEr,x7 =0)

(10$)
Yo = Y7 Tpr,xg = 1)

peprg = —Xe) - Mppre an

MREF9 = X6 " MREF 6
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Fig. 3. Machine resolution algorithm.

Eventually, the expansion valves are assumed to be adiabatic, hence the
processes 5-6 and 7-8 in Fig. 1 are isenthalpic.

2.1.4. Resolution algorithm

The components previously described are simulated together accord-
ing to the resolution algorithm, shown in Fig. 3. The simulation is initial-
ized and fed with the required data, including heat exchanger geometry
and parameters, compressor and fan characteristic curves, then, it starts
from the inlet of LP compressor, and all the components till the evap-
orator outlet are solved sequentially. Subsequently, the LP compressor
superheat is compared with the required superheat ATgy ppgron, set
to 5 K. If the two are different, evaporating pressure is adjusted and
the whole cycle is simulated from the beginning. Specifically, pgy 4 is
increased to reduce the simulated superheat, or viceversa decreased to
increase the simulated superheat. Eventually, the bisection method is
used to reach the desired value.

2.2. Simulation space

The plant is simulated changing the following variables:

e Working fluids.

¢ Blend compositions.

e Flash tank pressure.

e HP-HX pressure.

e HP-HX inlet air temperatures.

2.2.1. Working fluids

As reported in the Introduction, binary mixtures of R744 with R290
or R600a or R1270 or R-E170 (DME) are considered. The main proper-
ties of the 5 refrigerants are shown in Table 2. It can be highlighted that
the three HCs and the ether have all good environmental characteristics
(low GWP and low toxicity), a lower critical pressure, a higher critical
temperature and a significantly lower density with respect to pure CO,.
Hence, owing to the volumetric nature of the compressor, the mass flow
rate will be reduced with respect to the reference case (i.e., pure R744).
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Table 2
Refrigerants properties (Safety Code and GWP,,, according to UNI (2021)).
Refrigerant M pecrrr . Terir py(@ —25°C)  Safety Code =~ GWP,
[g mol™'] [kPa] [°C] [kg m~3]
R744 44.01 7380 31.10 43.88 Al 1
R290 44.10 4250 96.70 4.63 A3 3
R600a 58.12 3640 13470 1.69 A3 3
R1270 42.08 4670 92.40 5.59 A3 2
RE170 46.07 5337 127.23 2.33 A3 1
dirRr dqcv
dK

Fig. 4. Energy balance on the surface of the tuck envelope.

In this work, the fluid properties are evaluated using REFPROP v.

10.0 (Lemmon et al., 2018), with default interaction parameters for mix-
tures characterization.
According to Calleja-Anta et al. (2022), the nominal composition limits
required to ensure an A2 safety classification are as follows: R290/R744
at 4.6 %/95.4 %, R600a/R744 at 0.9%,/99.1%, and R1270/R744 at
4.2%/95.8% by mass. No corresponding composition is provided for
RE170/R744 mixture.

2.2.2. Other variables and simulation ranges

Concerning the fluid composition, 6 equally spaced points are con-
sidered, i.e., y = 0% (pure R744), 2%, 4%, 6 %, 8% and 10 %. Flash
tank pressure pp; and and HP heat exchanger pressure pyp are opti-
mized according to the operating temperature. Specifically, as explained
before, py p could represent a subcritical or a transcritical pressure ac-
cording to the best performing operating condition at each ambient tem-
perature.

The ambient air temperature T, ranges from 0 to 40 °C, which is
a sufficiently large range to include the temperature distribution of the
chosen locations across a year.

2.3. Thermal loss

The thermal loss of the truck, i.e., the capacity the refrigeration sys-
tem has to compensate for, is computed through an energy balance at
truck envelope surface, as shown in Fig. 4.

On each surface, the energy balance is the combination of three dif-
ferent contributions, namely conductive, convective and radiative:

4k +dcv = diRrr 12)

It is assumed that the external surfaces are plane walls. The front
wall, which is typically covered by the cabin, is considered adiabatic.
The insulation material is considered to be isotropic and uniform, and
the three dimensional effects on conduction are considered negligible.
Hence, the conductive heat flux is computed as follows:

T,-Ty _T,—Tinr
T = 13
K SINS SINS a3
kins kins

It is assumed that the interior fans provide a very high heat transfer con-
vective coefficient, hence the temperature of surfaces inside the refriger-
ated truck Ty, is set at the temperature of the cooled air. The convective
heat flux is computed through the Newton’s law:

dey = acy - (T; = Tgxr) 14)
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Table 3
Insulation material
thickness.

Side Thickness

[mm]

Roof 105

Floor 100

Rear 70

Front 105

Side 45

The heat transfer coefficient is computed according to plane wall corre-
lations (Incropera et al., 2006) for both natural and forced convection,
which are then combined according to the following equation:

kA[R 3.2

3. 3.2 32

L_ . ‘\/NMFC+NMNC
C

If the truck is moving, it is assumed that the air velocity is the truck
velocity.
The net radiative heat flux, is composed of the solar irradiation and
the radiative emission from the surface to the sky, and is computed as
follows:

acy = (15)

sinf® for horizontal wall

drrr=G-a- o (TH -
IRR { cos@ for vertical wall !

Tiey)  (16)
The incoming radiation is considered only in its normal component
through the solar altitude angle 0, computed according to Reda and
Andreas (2008). It is assumed that the truck is always perfectly oriented
with the solar azimuth. Absorbed radiation is neglected on the tailgate
wall while the total radiative heat flux is zero for the floor wall. The
sky temperature is computed according to Berdahl and Martin (1984),
assuming a constant relative humidity of 50 %.

Lastly, a heat loss representative of door openings is added as follows:

Op = parrTyNn7) - VinT 1> [hA]R(TEXT’RHEXT)

—hurrTiNT RHINT)] a7
The relative humidity of internal and external air is considered to be
50 %, and the number of air volume changes n is set at 1 [1/h]. Although
no specific reference was found, it is believed to be realistic that a mid-
sized refrigerated truck could open the door once every hour for enough
time to change the air volume of the truck. For simplicity, it is assumed
that the view factor between the side and rear walls and the ground is
zero.

3. Case study description
3.1. Refrigerated truck

As stated in the Introduction, the present work aims at the steady
state simulation of a refrigerated truck with different fluids, hence, a
reference mid-size truck is considered. The truck internal volume is
19.73 m? (4020 mm x 2394 mm x 2050 mm) and it is insulated by XPS
panels with different thickness, as reported in Table 3. The XPS thermal
conductivity is assumed to be 0.024 W/(m-K). The external surfaces are
considered to be grey diffuse bodies having an emissivity and an absorp-
tivity of 0.7.

3.2. Refrigeration plant sizing

The characteristics of the main components of the facility showed in
Fig. 1 are collected in Table 4. All the components are sized for a pure
CO, operating plant, so that if CO,-HC blends are simulated, a drop-in
analysis is performed.
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Table 4
Main characteristics of the components the experimental facility consists
of.

Component Parameter Range
LP Compressor Swept volume @ 50 Hz 1.88 m*/h
HP Compressor Swept volume @ 50 Hz 1.82 m?/h
Shaft rotational frequency ~ 30-70 Hz
HP-HX Height x Width x Depth 360 x 810 x 32mm
Number of tubes 20
Number of rows 2
Tube diameter 7 mm
Transverse tube pitch 18 mm
Longitudinal tube pitch 15.6 mm
Fin pitch 1.4mm
Fin type Louvered
Evaporator Height x Width x Depth 360 x 610 x 32mm
Number of tubes 20
Number of rows 2
Tube diameter 7 mm
Transverse tube pitch 18 mm
Longitudinal tube pitch 15.6mm
Fin pitch 1.4mm
Fin type Louvered
HP-HX Fan Model ebm-papst W3G300-CK13-32
Nominal rotational speed 1650 rpm
Nominal flow rate 2300m3/h
Evaporator Fan Model ebm-papst W3G300-CK13-32
Nominal rotational speed 1300 rpm
Nominal flow rate 1650 m3/h
Table 5
Design operating parameters.
Parameter Value
Internal air temperature -18°C
External air temperature 45°C

Predicted maximum cooling load ~ 2.1kW
Design cooling load 3kW
Design LP compressor superheat 5K
Design HP-HX pinch-point 2K

The HP-HX and evaporator are sized in order to satisfy the cooling
load at the conditions reported in Table 5. All the components are sized
starting from manufacturers’ selection software. A fine tuning of FNT
HX is done to perfectly match the design parameters. The heat exchang-
ers are built with louvered fins and smooth tubes. The fans are chosen to
guarantee at the design conditions a flow rate of ~ 2500 m? /h at the HP-
HX and ~ 1800 m? /h at the evaporator. Both fans are axial fans operating
at fixed speed. On the HP-HX, the air flow related to wind is not consid-
ered for the sake of simplicity. Since this work deals with a steady state
simulation of the plant, the flash tank volume, which dynamically affects
the LP compressor outlet pressure, is not sized. The flash tank pressure,
as explained in Section 2 is chosen with an optimizations process.

3.3. Weather data

Temperatures and solar irradiation data are provided on hour basis
by CTI (Comitato Termotecnico Italiano (CTI), 2016) at two different
Italian locations, namely Milan and Palermo, representative of a tem-
perate and hot European climate. For each hour throughout the year,
the temperature of each surface is computed to satisfy Eq. (12) and,
with the aim of considering the worst case scenario, the velocity of the
truck is set to maximize the heat loss, resulting in a pseudo-still truck
(i.e. speed below 1 km/h) during day and in a truck moving at the max-
imum speed during the night.

4. Results

The simulation campaign covers a comprehensive set of operat-
ing conditions, including one representative working point for each
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Fig. 5. COP vs pg; for R1270 (8 %) - R744 (92 %) blend at 30 °C at different

Pup-

combination of refrigerant fluid, mixture composition, and air tempera-
ture at HP-HX inlet. For each configuration, simulations were conducted
at five distinct flash tank pressures and across four HP-HX pressure lev-
els, resulting in a total of 7140 steady-state operating conditions.

4.1. Results reduction

In this section, all the figures are referred to a single fluid and a
single composition in order to create simple yet understandable charts.
Specifically, an 8 % Propylene (R1270) - 92 % R744 mixture is chosen
as the reference case for plots (Tcgyr = 35.72 °C, pepir = 7582kPa).
The methodology is then used to include all fluids and all compositions.
Simulations are run to compute the COP and, then, the results are further
reduced to find the SCOP as per:

(18)
(19)

COP = f(pyp>Prr>Targ, Fluid type, y)
SCOP = f(Fluid type, y, T distribution)

In each operating mode, the optimal HP-HX pressure py p and flash tank
pressure pp; are found. Indeed, a combination of different py p and ppy
values are considered for each temperature, composition and fluid and
then the corresponding COP is computed. Finally, (Eq. 18) is arranged
to provide the SCOP (Eq. 19). Fig. 5 shows the COP against p at each
simulated pgp.

In order to optimize the operating point, the pyp value that maxi-
mizes COP for each temperature, composition and fluid is determined
by comparing the areas under the COP vs pr curves computed through
trapezoidal integration. With reference to Fig. 5, the chosen py p that op-
timizes the system is 6785kPa. This value corresponds to a subcritical
operation, while the other simulated p,; p represent transcritical opera-
tions.

Once py p is optimized, ppy is chosen to optimize the system perfor-
mance. On Fig. 5, a spline curve is interpolated on py p = 6785kPa and
ppr that gives the optimal working point is chosen as the maximum of
this interpolant. With reference to Fig. 5, the optimal pp is 3020 kPa.

The described process is repeated for each air temperatures at HP-
HX inlet and the final result is reported in Fig. 6, in which each point
represents the steady state value of COP of the refrigerated truck.

Finally, to find the SCOP value in the different locations, the hour
distribution of the ambient temperature, which affects the thermal losses
of the truck as described in Section 2.3, is considered. To match the exact
value of the external temperature at each hour, the simulation results are
linearly interpolated on the temperature. As all the steady state points
do not match the required cooling load, the system operates with ON-
OFF cycling to match the amount of energy to be extracted from the
truck on 1 h basis. Cycling losses due to the dynamic behavior of the
system are considered through the formulae proposed in UNI (2022).
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The sCOP is then evaluated according to:

8760
=1 QcT))
SCOP = ZH# 20
3760 _QcT)
J=0 EERy,(T))
. . -
EERy,(T) = M . l1-025- <1 - M) 1)
Weomp(T)) OryaT)

4.2. COP behavior with ambient temperature

The behavior of COP with the air temperature at HP-HX inlet at each
tested composition is reported in Fig. 7.

Fig. 7 shows that the trend of R1270 mixtures is almost identical
to R290 ones while RE170 mixtures behave similarly to R600a ones.
The COP reduces with an increase in air temperature, demonstrating
the physical adherence of the model to the behaviour of a real system.
The higher the ambient temperature, the higher the HP-HX pressure in
order to achieve the requested heat rejection. On the other hand, the
evaporator pressure does not change that much as it is constrained by
the constant air temperature and the fixed superheat, therefore leading
to a pressure ratio increase that in turn leads to a efficiency reduction.
A sudden slope change is present in the range 20-30 °C in most of the
curves, indicating the switch from subcritical to transcritical operation.

For R290 (Fig. 7 (a)) and R1270 (Fig. 7 (c)) mixtures the COP be-
havior at all compositions follows the behavior of pure R744. At low air
inlet temperatures, the mixtures provide a slightly higher COP (max. +
3.8% @ Tpg = 0 °C). Indeed, the temperature glide allows for a high-
pressure reduction, hence lower compressor work and higher COP. At
high air inlet temperatures, the COP is almost identical due to transcrit-
ical operation. Here, the mixtures cannot exploit the temperature glide,
hence losing their main advantage.

On the other hand, for R600a (Fig. 7 (b)) and RE170 (Fig. 7 (d))
mixtures, all the curves shift to lower values of COP. For 2% of R600a
and RE170, the behavior is similar to pure R744, but it is clear that the
higher the amount of secondary fluid in the mixture, the lower the COP.
The degradation is mainly related to the great increase in the total pres-
sure ratio of the cycle, which can raise up to +170% for 90 % R744
- 10% R600a, Tp;g = 40°C. This phenomenon is a direct consequence
of the thermophysical properties of the secondary component (Table 2)
as, first, the higher critical temperature and the lower critical pressure
induce a higher pressure ratio between the same saturation temperature
levels and, then, the higher the glide of the blend, the lower is the LP
pressure to allow heat transfer on the evaporator. The COP penalization
is lower at low temperatures thanks to the exploitation of the tempera-
ture glide, which is not present at high temperatures due to transcritical
operation.
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Fig. 7. Behavior of COP against T, for (a) R290, (b) R600a, (c¢) R1270 and (d) RE170 mixtures.

4.3. pyp behavior with ambient temperature

The behavior of pyp with the air temperature at gas cooler/con-
denser inlet at each tested composition is reported in Fig. 8.

For all mixtures, the addition of hydrocarbon reduces the HP-HX
pressure with respect to that of R744. This gives an advantage in terms
of material saving on tubes and operative parts, i.e., capital cost. Never-
theless, operational cost, which depend on the plant consumption and,
consequently, on fuel price, must be accounted for and a trade-off anal-
ysis must be performed.

As pointed out previously, the transition temperature for most of the
curves from subcritical to transcritical operation is in the range 20-30
°C, as highlighted by the sudden increase in the HP-HX pressure in
Fig. 8. It is worth specifying that the lowest transcritical operating pres-
sure, which corresponds to the flat part of the curves in Fig. 8, is much
higher than the critical pressure.This is done in order to avoid possible
changes from transcritical to subcritical pressure inside the HP-HX due
to pressure drop, which in turn generate numerical convergence errors,
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and to avoid a worse estimation of physical properties near the criti-
cal point. The exact location of the temperature at which the transition
from subcritical to transcritical operation happens depends on the fluid
and the composition. Generally, the higher the amount of hydrocarbon,
the higher the critical temperature and the lower the critical pressure
and, consequently, the higher the temperature at which the transition
happens. This phenomenon leads to an advantage to mixtures instead
of pure R744, as there will be a higher range of ambient air working in
subcritcal mode.

4.4. Qgy, behavior with ambient temperature

The behavior of Qgy, with the air temperature at HP-HX inlet at
each tested composition is reported in Fig. 9.

The lower density of HCs with respect to R744 significantly reduces
the mixture density; since the compressor has a constant swept volume,
the mass flow rate is reduced from the baseline case. This phenomenon is
the main reason for the reduction of heat transfer by mixtures, as shown
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Fig. 8. Behavior of pyp against T, for (a) R290, (b) R600a, (¢) R1270 and (d) RE170 mixtures.

in Fig. 9. The mass flow rate reduction is lower for R290 and R1270
mixtures than for R600a and RE170 mixtures, in view of their higher
density (Table 2). Moreover, the mixture glide penalizes heat transfer
due to additional mass and heat transfer resistances (Bell and Ghaly,
1972). Consequently, R600a and RE170 mixtures get more penalized
than R290 and R1270 mixtures due to the higher glide.

All mixtures show a decreasing trend of heat transfer with the in-
crease in air ambient temperature. Higher air temperature leads to
higher HP-HX pressure and flash tank pressure, hence higher vapor
quality and lower mass flow rate feeding the evaporator. As the LP
compressor is a fixed speed compressor, to provide the required mass
flow rate with an increased discharge pressure, the suction pressure
(i.e. evaporating pressure) has to increase.This phenomenon increases
the compression suction density and, consequently, the mass flow rate,
but it reduces the available temperature difference on the evaporator
and, consequently, the heat transfer rate. As Fig. 9 suggests, the latter
is dominant over the increasing LP mass flow rate. It has to be noted
that for R600a and RE170 mixtures the LP mass flow rate stays constant
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or slightly reduces (according to the composition) since higher air tem-
peratures induce very high LP pressure ratios, hence lower compressor
volumetric efficiencies. This phenomenon is less relevant for R290 and
R1270 mixtures in view of their lower impact on pressure ratio. Conse-
quently, R600a and RE170 mixtures are more sensitive to an increase
in air temperature on Qgy,.

Above 20 °C ambient temperature, 6%, 8% and 10 % mixtures of
R744 and either R600a or RE170 cannot satisfy the cooling load in
their design points. The HP compressor operates at the maximum al-
lowed frequency; however, the swept volume is still insufficient to han-
dle the required flow rate. Nonetheless, to guarantee the required cool-
ing capacity, a greater swept volume would be necessary. This could be
achieved either by adding one or more compressors operating in par-
allel, by employing a larger compressor, or by increasing the shaft ro-
tational speed. In all cases, the compressors would operate under the
same thermodynamic conditions, resulting in comparable isentropic ef-
ficiencies and, consequently, similar COP values. Therefore, the same
considerations regarding their performance remain valid.
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4.5. Qpp behavior with ambient temperature

The behavior of Qyp with the air temperature at HP-HX inlet at each
tested composition is reported in Fig. 10.

R744, R290 and R600a mixtures exhibit a slightly increasing trend

of Qyp with ambient temperature up to a threshold value, usually coinci-
dent with the switch from subcritical to transcritical operation. Beyond
this point, a slightly decreasing trend is observed. Two separate expla-
nations for the two sets of mixtures can be considered.
For pure R744 and its mixtures with R290 and R1270, the mass flow
rate below the threshold is almost constant thanks to the action of
the inverter driven HP compressor whereas in transcritical operation,
the mass flow rate reduces with increasing air temperature as a con-
sequence of the higher pressure ratio. Simultaneously, the higher the
HP-HX pressure, the higher the HP-HX inlet temperature and available
enthalpy difference. This positive effect is dominant up to the thresh-
old, over which the decrease in mass flow rate overcomes the enthalpy
difference increase.
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In contrast, R600a and RE170 mixtures face the mass flow rate
decrease also in subcritical conditions due to their higher pres-
sure ratio, which penalizes heat Qup through the entire operating
range.

4.6. SCOpP

The SCOP for pure R744 and the relative deviation for each fluid and
composition for the two chosen locations are reported in Table 6.

The use of a mixture composed by R744 and either R1270 or R290
slightly modifies the performance of the system operated with pure
R744. A small addition (2 or 4 %) of HC reduces the SCOP value. The in-
duced glide is small, and its benefits are overwhelmed by the reduction
in the density and mass flow rate. Nevertheless, there exist optimal com-
positions for both R1270 (6 %) and R290 (8 %) mixtures that increase
the system performance. The most efficient fluid is a mixture of 92 %
R744 - 8% R290, which shows a 2.96 % and 2.13 % increase in SCOP in
Milan and Palermo respectively. On the other hand, the use of a mixture
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SCOP values for the simulated fluids at different compositions considering Milan and Palermo temperature distributions.

SCOP y
0% 2% 4% 6% 8% 10% 0% 2% 4% 6% 8% 10%
Milan Palermo
R1270-R744 1.69 —-0.36 % -0.30% 1.24% 0.59% 0.24% 1.536 —-0.95% -0.77 % 0.83% —0.06 % -0.77 %
Fluid R290-R744 1.69 -0.59% -0.41% 2.19% 2.96 % 2.01% 1.536 -1.12% -1.12% 1.54% 2.13% 1.18%
R600a-R744 1.69 -1.12% -8.22% —24.85% —-36.51% -43.91% 1.536 -1.72% -8.99% -23.85% -33.55% —39.94%
RE170-R744 1.69 -7.34% —20.00% -29.41% -35.15% —38.99% 1.536 -7.99% —19.05% -26.92% -31.83% -35.15%

composed by R744 and either R600a or RE170 drastically reduces the
system performance.

Generally, the SCOP values in Palermo are lower than those in Mi-
lan due to its hotter climate. This climatic difference also reduces the
SCOP improvement achieved by adding R290 or R1270. Specifically, the
use of a refrigerant mixture enhances cycle efficiency due to the tem-
perature glide during subcritical operation, which occurs at lower air
temperatures . As a result, the system operates more frequently under
subcritical conditions in Milan than in Palermo.
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Finally, as discussed in Section 4.4, the mixtures provide lower cool-
ing capacity than pure R744, resulting in longer duty cycles and, conse-
quently, reduced cycling losses. While this side effect contributes to an
increase in seasonal COP, it should not be interpreted as an intrinsic ad-
vantage of the refrigerant mixture. The system was originally designed
for pure R744, and the analysis is conducted as a drop-in, i.e., with-
out resizing the components. As a result, the lower density of the mix-
tures leads to a reduced refrigerant mass flow rate and cooling capacity,
which in turn makes the heat exchangers oversized. It is acknowledged
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that, if the system were to be resized accordingly, this effect could di-
minish; however, it would also enable the use of lighter and potentially
cheaper components. Such redesign falls outside the scope of this work.
Nonetheless, it should be emphasized that the primary contribution to
SCOP improvement for mixtures is their more favorable thermodynamic
behavior, particularly in subcritical operation, driven by reduced dis-
charge pressures and the exploitation of temperature glide. These as-
pects are independent of system sizing and constitute the main rationale
for further investigation of R744-based mixtures in future studies.

5. Conclusions

An investigation on the performance of a refrigerated truck oper-
ating with CO, doped with HC is conducted in this study. The goal is
to analyze the performance of R744 mixed with small quantities (up
to 10%) of R290, R600a, R1270 and RE170 in a two stage compres-
sion refrigeration cycle. A numerical model able to simulate the steady
state performance of the plant at different ambient air temperatures is
developed. In subcritical mode, the simulations are run with the aim
of optimizing the flash tank pressure while in transcritical mode, they
are performed to optimize simultaneously the gas cooler and flash tank
pressures at the different ambient air temperatures. It is found that mix-
tures of R744 and R290 or R1270 have similar COP to pure R744 at
different temperatures. On the other hand, mixtures of R744 and R600a
or RE170 significantly worsen the COP. For all the mixtures, since the
compressor swept volume is constant, the heat transfer rate is lower
than that of pure R744. For the seasonal COP, two Italian cities, Milan
and Palermo, are considered. An optimal composition that enhances the
system performance is found at 6 % and 8 % of R1270 and R290 respec-
tively, while R600a and RE170 mixtures always exhibit SCOP decrease.
The best performing fluid in this case study is the mixture of 92 % R744
- 8% R290, which improved the sCOP by 2.96 % and 2.13 % in Milan
and Palermo respectively, with colder climates that favor the mixtures
with respect to pure R744 thanks to the exploitation of the glide.

Future work will be focused on the experimental validation of the
simulation model, mainly on the compressor performance estimation
on R744-HCs mixtures. Moreover, an analysis of heat exchangers de-
sign and refrigerated truck parameters will be performed to compare
the fluids performance under different plant layouts.
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