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ARTICLE INFO ABSTRACT

Keywords: Regulations in the refrigeration sector are forcing the transition to low global warming potential fluids such
Refrigeration as carbon dioxide in order to decrease direct greenhouse gases emissions. Several technologies have arisen
Transcritical over the past years to compensate the low performance of the transcritical carbon dioxide vapour compression

Carbon dioxide
Thermoelectric subcooler
Internal heat exchanger
CoP

cycle at high ambient temperatures. For low—medium power units, the inclusion of a thermoelectric subcooler
or an internal heat exchanger have been proven as effective solutions for enhancing the coefficient of
performance. However, the combination of a thermoelectric subcooler and an internal heat exchanger working
simultaneously is yet to be explored theoretically or experimentally. This work presents, for the first time, an
experimental transcritical carbon dioxide refrigeration facility that works simultaneously with a thermoelectric
subcooler and with an internal heat exchanger in order to boost the cooling capacity and coefficient of
performance of the refrigeration system. The experimental tests report improvements at optimum working
conditions of 22.4% in the coefficient of performance and an enhancement in the cooling capacity of 22.5 %.
The 22.4 % increase in coefficient of performance would result in a decrease of energy consumption along a
reduction of the greenhouse gases emissions. The proposed combination of a thermoelectric subcooler and
an internal heat exchanger outperforms each of the technologies on their own and presents itself as a great
controllable solution to boost the performance and reduce the greenhouse gasses emissions of transcritical
carbon dioxide refrigeration cycles.

1. Introduction properly diminish the effect of the sector in global warming, important

reductions need to be achieved in both terms. The direct emissions are

The Physical Science Basis report from The Intergovernmental Panel related to the leakage of hydrofluorocarbon (HFC) refrigerants (37 %)

on Climate Change on 2021 describes thoroughly how climate change while the indirect emissions are linked to the electricity needed to
and extreme events can be attributed to the build-up of anthropogenic operate the systems (63 %) [3].

greenhouse gas (GHG) emissions in the atmosphere [1]. The report, Ratified by more than 120 countries, the Kigali Amendment to the

described as a code red for humanity by the United Nations Secretary- Montreal Protocol of 2016 focuses on reducing the direct emissions
General, states that unless immediate, rapid and large-scale reductions

in GHG emissions occur, global warming will surpass 2 °C by 2100 [2].
The refrigeration sector, including air conditioning, heat pumps and
cryogenics, consumes 20 % of the global electricity [3], is responsible
for 7.8% of the global GHG emissions and the energy consumption
of the sector is expected to more than double by 2050 [4]. These
data remark the impact of the refrigeration sector and its importance
in confronting global warming in the future decades. The emissions
of the sector are divided in two terms, direct and indirect, and to

of the refrigeration sector by limiting the production and use of HFC
refrigerants [5]. The fulfilment of the amendment would allow to avoid
an increase in global warming between 0.1 °C to 0.3°C by the end of
the century [4]. Nowadays, multiple regulations leaded by the F-Gas
Directive from the European Union, restrict or ban the use of HFC
fluids in refrigeration systems [6]. As a consequence, the use of natural
refrigerants such as carbon dioxide (CO,) with almost negligible direct
emissions has risen in popularity during the past few decades.
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Nomenclature
Variables
copP Coefficient of performance
¢ Specific heat capacity at constant pressure (Jkg=! K~1)
h Enthalpy (kJkg™")
i Mass flow rate (kgh™!)
N2 Number (#)
P Pressure (bar)
0 Heat flux (W)
q Specific cooling capacity (kJTkg™!)

RH Relative humidity (%)

ub Subcooling (K)

Temperature (°C)

Volumetric flow rate (m3h~!)

%

Power consumption (W)
Difference
Density (kgm™3)

ST

Subscripts and superscripts

amb Ambient

base Base cycle

block Subcooling block
CO, Carbon dioxide
cold Cold face/side

comp Compressor

crit Critical point

evap Evaporator

gc Gas-cooler

gly Water + glycol mixture
hot Hot face/side

THX Internal heat exchanger
N Thermoelectric subcooling block N
opt Optimal/optimum

TEM  Thermoelectric module
TEMs Thermoelectric modules
TESC Thermoelectric subcooler
tot Total

Other abbreviations and acronyms

DAQ Data acquisition system

GHG Greenhouse gas/gases
GW P  Global warming potential
HFC Hydrofluorocarbon

HX Heat exchanger
oDP Ozone depletion potential

Although the direct emissions produced by CO, refrigeration sys-
tems are virtually null, the indirect emissions related to the electric
consumption are still present and need to be properly addressed. The
use of CO, as a refrigerant for vapour compression refrigeration fa-
cilities was presented by professor Gustav Lorentzen in 1995 as an
alternative to artificial refrigerants due to its excellent properties [7].
CO, is a non-flammable, non-toxic refrigerant with zero Ozone Deple-
tion Potential (ODP) and an almost negligible direct Global Warming
Potential (GWP). As a consequence of its low critical temperature
(T¢rit co, = 30.89°C), CO, vapour compression plants are forced to
work under transcritical conditions when ambient temperature surpass
a certain threshold. The transcritical thermodynamic cycle, due to
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exergy losses, results in lower coefficients of performance of the facility
and therefore, an increase in its energy consumption [8]. In countries
with high ambient temperatures, like the south of Europe, the lower
coefficient of performance (COP) of the transcritical CO, refrigeration
cycle makes it less environmentally friendly, as the increase in energy
consumption also results in an increase in indirect GHG emissions.

In order to decrease the energy consumption of transcritical CO,
refrigeration facilities and consequently, reduce the indirect GHG emis-
sions of these refrigeration plants, many technologies have been the
focus of recent studies to improve the performance of CO, transcritical
vapour compression cycles. For high power installations the most stud-
ied and successful solutions are the following. Zhu et al. [9] performed
an experimental investigation of a transcritical CO, vapour compres-
sion refrigeration facility and reported a maximum improvement in the
COP of 11.3 % by utilizing an ejector and optimizing its mass balance.
Llopis et al. [10] evaluated the effect of including a dedicated mechan-
ical subcooling that used R1234yf as a refrigerant in a transcritical CO,
refrigeration system, the results reported an experimental enhancement
in the COP of 30.3 %. Sanchez et al. [11], evaluated a mechanical sub-
cooling system that used R600a and an internal heat exchanger to boost
the performance of a transcritical CO, vapour compression system, the
enhancement of the COP obtained with the mechanical subcooler was
of the 16.1% while the boost with the internal heat exchanger was
of the 6.2%. Through a theoretical study, Sarkar et al. [12] analysed
the optimum configuration for a parallel compression transcritical CO,
vapour compression cycle, the author reported computational data with
a maximum enhancement in the COP of 47.3% for the studied range.
Chesi et al. [13] performed a computational and experimental analysis
in a transcritical CO, parallel compression cycle. The computational
results by Chesi et al. reported a maximum enhancement in the COP
of 30% and regarding the experimental enhancements obtained the
author concludes that the values were lower than the computational
ones. Megdouli et al. [14] proposed a novel enhanced transcritical CO,
refrigeration cycle for power and cold generation, the configuration
includes two compressors, a gas-cooler, a condenser, a recirculation
pump, an eyector, two evaporators and a turbine generator. The pro-
posed configuration was theoretically modelled and the results reported
by Megdouli show an enhancement between the 50% to 110 % when
producing cold and heat. Catalan-Gil et al. [15] through a theoretical
analysis studied the effect of two-stage CO, systems to boost the
performance while covering the demand at two different thermal levels
for a medium size supermarket. Catalan stated that the basic booster
with economizer and additional compression stage reported the highest
reduction in the annual energy consumption between 3.5% to 8.5%
in different European cities. Although these solutions for high power
systems improve the performance of the refrigeration facility, they are
not well suited for low-medium power due to the increase in com-
plexity of the system, the inclusion of several compressors, or the high
economical cost. For this low-medium power range, two technologies
have been proven as viable solutions to increase the COP of transcritical
CO, refrigeration systems: the thermoelectric subcooler (TESC) and the
internal heat exchanger (IHX).

A thermoelectric subcooler (TESC) is based on the use of thermo-
electric modules (TEMs). Thanks to the Peltier effect, the TEMs are able
to force a heat flux using electrical power [16]. The TESC is located
at the outlet of the gas-cooler and subcools the refrigerant before the
expansion process. The main effect of this technology is an increase in
the specific cooling capacity that, if properly managed, compensates
the extra electrical consumption of the TEMs and increases both the
cooling capacity and the COP of the installation. The internal heat
exchanger (IHX) is a simple and low cost solution that can improve
the performance of vapour compression cycles significantly. It consists
of a heat exchanger that allows a natural heat flux between the low
pressure refrigerant at the outlet of the evaporator and the high pres-
sure refrigerant at the outlet of the gas-cooler. The effect of the IHX is
an increase in specific cooling capacity and specific compression work
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that depending on the refrigerant, the dimensions of the heat exchanger
or the working conditions of the cycle, can improve or worsen the
performance of the refrigeration system. Both of these two technologies
have been the focus of recent studies to boost the performance of
transcritical CO, refrigeration systems by increasing the specific cooling
capacity of the refrigeration cycle through a subcooling process at the
outlet of the gas-cooler.

The inclusion of a TESC in combination with an ejector was
theoretically analysed by Liu et al. in 2019 [17] for a transcritical
CO, vapour compression cycle, reporting theoretical improvements
in the COP of 39.34%. When including a TESC in an experimental
facility, Sanchez et al. [18] reported improvements in the COP of a
transcritical CO, refrigeration system of 9.9 %. Aranguren et al. [19] in
the most recent study on an experimental transcritical CO, refrigeration
plant with a TESC, reported improvements in the cooling capacity
and the COP of 15.3 % and 11.3 % respectively. Regarding internal heat
exchangers, Torrella et al. [20] reported experimental improvements
in the COP of a transcritical CO, refrigeration facility of 12 % through
the inclusion of an IHX. Sanchez et al. [21] managed to obtain an
enhancement in the COP of 13 % using two IHXs in a transcritical CO,
refrigeration plant.

Regarding the combination of an internal heat exchanger and ther-
moelectricity, the only study in the literature was performed by Kwan
et al. [22]. The proposed solution consisted of an internal heat ex-
changer with thermoelectric modules working in cooling mode to boost
the effect or the IHX or in generation mode to take advantage of
the heat flux at the internal heat exchanger. The theoretical study
concluded that the thermoelectric generation internal heat exchanger
enhanced the COP of the facility by 5% while the IHX assisted with
the thermoelectric modules reduced the performance of the cycle. It is
worth to remark that the analysis by Kwan et al. theoretically studied
an internal heat exchanger integrated with thermoelectric modules
and not the proposed solution on this work: a combined solution of
an internal heat exchanger and a thermoelectric subcooling system
to boost the performance of a transcritical CO, vapour compression
refrigeration facility.

The inclusion of a TESC or an IHX has been proven as a viable
solution to boost the performance of transcritical CO, refrigeration cy-
cles. However, the two technologies have always been tested separately
and the combination of a TESC and an IHX in a facility is yet to be
explored. Neither theoretical or experimental research is present in the
literature regarding the combination of a TESC and an IHX for a vapour
compression refrigeration facility. In this context, the authors propose
the novel combination of a TESC and an IHX working together to boost
the performance of a transcritical CO, vapour compression refrigeration
system. The combination of these two technologies could produce even
greater enhancements in the COP and cooling capacity of a transcrit-
ical CO, refrigeration cycles, reducing their energy consumption and
therefore, diminishing the indirect GHG emissions that they produce.

This paper presents, for the first time, the combination of a thermo-
electric subcooler (TESC) and an internal heat exchanger (IHX) for an
experimental transcritical CO, refrigeration facility. The TESC, being
a controllable and polyvalent system, is first analysed to comprehend
its working principles and understand how to successfully combine it
with the passive IHX in the transcritical CO, refrigeration cycle. The
results show that the inclusion of the TESC at the outlet of the gas-
cooler benefits the refrigeration system and therefore, the most suitable
combination of the TESC and the IHX corresponds to include the TESC
at the outlet of the gas-cooler and the IHX at the outlet of the TESC.
After that, both systems are experimentally tested together to measure
the improvements obtained with this combination of technologies in
terms of cooling capacity and COP. In addition, the results obtained
are compared with previous studies performed with each of the tech-
nologies. The experimental plant is described in Section 2 alongside the
TESC, the IHX and the monitoring system. In Section 3 the methods
followed during the experimental tests is described. Then, in Section 4,
the results obtained through the tests are presented and discussed.
Lastly, in Section 5 conclusions are drawn.
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Table 1
Commercial reference of the main elements of the refrigeration plant.

Designation Element Commercial reference

A Compressor SANDEN SHR17

B Oil filter TECNAC SAC 0-130 bar
C Gas-cooler ECO TKE351A2R.1620
F Coriolis flow meter ROTAMASS NANO

G Back-pressure valve CAREL E2V05CS100

H Refrigeration tank TECNAC RV-10

I Thermostatic valve CAREL E2V05CS100

J Evaporator SWEP B18Hx10/1P-SC-U
K Electromagnetic flow meter AXG ADMAG TI

2. Experimental plant

In this section the experimental refrigeration plant is thoroughly
described. The main elements and working principles of the transcrit-
ical vapour compression cycle are explained in Section 2.1. The TESC
and the IHX are explained in Section 2.2 and Section 2.3, respectively.
Lastly, the monitoring system is described in Section 2.4.

2.1. Refrigeration facility

Each of the main elements of the refrigeration facility is highlighted
with a letter in the schematic of Fig. 1. Additionally, the numbers in
the schematic refer to points of interest regarding the thermodynamic
cycle. The refrigeration facility consists of a transcritical CO, vapour
compression refrigeration cycle. It is provided with a two valve expan-
sion system that allows the control of the pressure of the gas-cooler and
the useful superheating at the evaporator at the same time. In addition,
the facility is able to work under multiple configurations thanks to a
bypass valve system that allows to connect and disconnect the thermo-
electric subcooler (D) and the internal heat exchanger (E), which are
described in detail in Section 2.2 and Section 2.3, respectively.

The system consists of: an hermetic compressor (A) that increases
the pressure from the evaporation level to the gas-cooler pressure;
a coalescent oil-filter (B) that separates the lubricant oil from the
refrigerant and periodically returns it to the compressor; an air finned
gas-cooler (C) where the heat from the refrigerant is rejected to the
ambient; a coriolis flow meter (F) that measures the refrigerant mass
flow rate that flows around the refrigeration facility; an electronic back-
pressure valve (G) used to maintain the pressure level of the gas-cooler
at a designated level; a tank (H) that accumulates CO, between the 2
electronic valves; an electronic thermostatic valve (I) used to maintain
the useful superheating at the evaporator constant; a brazed plate
evaporator (J) where the CO, evaporates at constant temperature while
extracting heat from a secondary fluid; and lastly, an electromagnetic
volumetric flow meter (K) that measures the volumetric flow rate of
the secondary fluid. The commercial references of the main elements
are collected in Table 1 and the experimental plant is shown in Fig. 2.

The secondary fluid consists of a water—glycol mixture (40 % glycol)
that is heated up in a controlled closed-loop circuit using an electri-
cal cartridge. In addition, the facility also includes secondary safety
elements that do no impact the thermodynamic cycle such as access
valves, security valves, filters, etc. Lastly, all the elements are connected
using copper K65 pipes and are insulated with foam to minimize heat
losses with the ambient.

2.2. Thermoelectric subcooler (TESC)

The main objective of the TESC is to increase the specific cooling
capacity of the facility by subcooling the refrigerant at the outlet of
the gas-cooler. For that, a TESC makes use of thermoelectric modules
(TEMs) that taking advantage of the Peltier effect extract heat from
the refrigerant. The TESC presented in this work is subdivided in 4
identical subcooling blocks, Fig. 3 shows an schematic of the complete
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Fig. 1. Schematic of the refrigeration facility with the main elements and thermodynamic points of interest.

Fig. 2. Experimental vapour compression refrigeration plant.

subcooler with the 4 subcooling blocks. Each of the subcooling blocks
consists of 2 cold side heat exchangers, 4 TEMs, and 4 hot side heat
exchangers. Taking advantage of a bypass valve system the subcooler
is able to work with 1, 2, 3 or 4 of the thermoelectric blocks at the
same time, which corresponds to 4, 8, 12 and 16 TEMs, respectively. A
detailed schematic of a block of the TESC is presented in Fig. 4 where
each element can be clearly identified. The cold side heat exchangers
(CO, HX) are represented in blue colour, the TEMs are highlighted in

green, and the hot side heat exchangers (Ambient HX) are represented
in red colour.

The refrigerant enters the subcooling block and passes through the
cold side heat exchangers. The cold side heat exchangers are self built
and each of them consists of a copper block of 56 x 56 x 12mm?
in which an internal channel for the CO, has been mechanized. The
length of the inner circuit is 336 mm with a circular cross section
of 3mm of diameter. The cold side heat exchanger is provided with
2 planar surfaces where the cold face of 2 TEMs are placed. The
TEMs used in the system are commercial modules manufactured by
Marlow Industries (RC12-6L) with 2 planar surfaces of 40 x 40 mm?,
127 thermocouples and a thickness of 3.9 mm. A thermoelectric module
(TEM) is a solid state refrigerator that when supplied with an electrical
current produces an increase in the temperature of its hot face and a
decrease the temperature of its cold face via the Peltier effect. This
thermal gradient between the faces of the TEM forces a heat flux that
goes from the cold face to the hot one. As stated before, the cold faces
of the TEMs are placed in contact with the heat exchangers of the
cold side, in order to extract heat from the refrigerant and increase the
specific cooling capacity of the cycle. The hot side heat exchangers are
commercial heat pipe heat exchangers with fins fabricated by Xigmatek
(Xigmatek HDT-S983 Nepartak). They are placed in contact with the
hot face of the TEMs and are used to reject heat into the ambient. The
heat exchangers are attached with 6 mm screws between each others to
secure the subcooler. In addition, 4 low consumption fans are used to
circulate air through the fins of the hot side heat exchangers. Lastly,
graphite sheets are located at both faces of the TEMs as interface
material to reduce the contact thermal resistances and increase the
performance of the TEMs.

The fundamental working principles of the TESC are the following:
refrigerant gets in and flows across the cold side heat exchangers while
heat is extracted from the refrigerant (Qc02)§ the heat flux is forced
by the electrical power supplied to the TEMs (Wyp,,) thanks to the
Peltier effect; lastly, heat is rejected into the ambient (Q,,;) by the
heat exchangers of the hot side. The heat and power fluxes are properly
highlighted in the schematic of Fig. 4, which represents one of the 4
identical blocks of the TESC. As the refrigerant passes across of the
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Fig. 3. Schematic of the thermoelectric subcooler (TESC).
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j Fig. 5. Schematic of the internal heat exchanger (IHX).
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Table 2
CO, HX Main characteristics of the measurement equipment.
Measuring device Unit Accuracy
-— -— Thermocouple T °C +0.5°C
TESC Pressure gauge bar +0.25% of full scale
BLOCK N Differential pressure sensor bar +0.055 % of reading
Voltmeter A% +0.5% of reading
Hall effect sensor A +0.2% of reading
Fig. 4. Schematic of one block of the thermoelectric subcooler (TESC). Network analyser w +0.5% of reading
Hygrometer % +2%
Electromagnetic volumetric meter m?h! +0.3% of reading
Coriolis flow meter kgh! +0.2% of reading

subcooler, its temperature decreases gradually, increasing the specific
cooling capacity at the evaporator and introducing the power supplied
to the TEMs as another consumption of the system. If properly designed
and operated, the increase in specific cooling capacity compensates the
extra consumption of the TEMs and as a consequence, the COP and
cooling capacity of the system are enhanced.

2.3. Internal heat exchanger (IHX)

The main objective of the IHX is to produce a subcooling at the
outlet of the gas-cooler in order to increase the specific cooling capacity
of the system. The IHX presented in this work consists of a concentric
tube heat exchanger built in stainless steal. The internal diameter of
the inner pipe is 10.4 mm with a thickness of 1.7mm and the internal
diameter of the outer pipe is 15.8 mm with a thickness of 2.8 mm. The
total length of the heat exchanger is 800 mm with an effective heat
exchange length of 750 mm. An schematic of the heat exchanger with
the main dimensions is shown in Fig. 5.

The high pressure refrigerant at the outlet of the gas-cooler flows
through the outer channel and the low pressure refrigerant from the
outlet of the evaporator flows in counter flow configuration across

the inner channel. A natural heat flow appears at the heat exchanger,
subcooling the refrigerant at the outlet of the gas-cooler and increasing
the temperature at the outlet of the evaporator. This produces an
increase in the specific cooling capacity and an increment in the specific
compression work at the compressor. In a transcritical CO, refrigeration
cycle the enhancement of the cooling capacity compensates the increase
in compression work and as a consequence the COP of the refrigeration
facility and the cooling capacity are enhanced.

2.4. Monitoring system

The experimental plant is monitored using temperature thermo-
couples, pressure gauges, a pressure difference probe, voltmeters, hall
effect sensors, a network analyser, an hygrometer, a volumetric flow
meter and a mass flow meter. The main characteristic of the measuring
equipment are collected in Table 2.

Thermocouples are located to monitor temperature across the re-
frigeration facility from points 1 to 10, covering the most important
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states of the thermodynamic cycle. Points 11 and 12, that correspond
to the inlet and outlet of the secondary fluid into the evaporator,
are monitored using immersion thermocouples. Temperature probes
are used between the blocks of the TESC in points 13, 14 and 15 to
measure the subcooling produced alongside the subcooler. In addition,
the temperature of both faces of one TEM in each subcooling block
(T.,;q v and T}, y, highlighted in Fig. 4) are monitored to calculate
the temperature difference between the faces of the TEMs. The last
temperature sensors are located in the climatic chamber to monitor
ambient temperature. Pressure gauges are located in points 1, 2, 3,
5, 6 and 8 of the refrigeration facility. Also, a differential pressure
sensor measures the pressure drop produced in the TESC between
points 3 and 4 of the thermodynamic cycle. The direct current and
voltage supplied to each block of the TESC is monitored using a digital
voltmeter and a hall effect sensor. A network analyser measures the
power consumption of the compressor. The humidity of the air inside
the climatic chamber is monitored using an hygrometer. The volumetric
flow rate of the secondary fluid (water + glycol mixture) is measured
with an electromagnetic flow meter before entering the evaporator.
And lastly, the mass flow rate of CO, is monitored using a coriolis mass
flow meter located at the inlet of the back pressure valve. The location
of the mentioned points can be clearly appreciated in Figs. 1, 3, 4 and
5.

To capture all the measurements a data acquisition system (DAQ)
from National Instruments is used. The DAQ is connected to a personal
computer using Labview and the data are stored and treated utilizing
Microsoft Excel. Lastly, to calculate the properties of the CO, and the
water + glycol mixture, Refprop v.10 and SecCool v1.33 are used.

3. Methods

The refrigeration facility is tested inside a climatic chamber where
ambient temperature and humidity are controlled. During the experi-
mental tests the refrigeration facility operates until steady state con-
ditions are achieved and then data is collected during 20 min of
continuous operation. The conditions at which the analysis of the
TESC is performed are collected in Section 3.1 and the conditions at
which the combination of the TESC and IHX is tested are described in
Section 3.2.

3.1. Conditions for the analysis of the TESC

To analyse the working principles of the TESC the refrigeration cycle
is tested at climatic class 3 conditions, ambient temperature (7,,,) at
25°C and ambient relative humidity (RH,,,) of 60 %, with an evap-
oration temperature (7,,,,) of —10°C. The evaporation temperature
is controlled with the auxiliary system and ambient conditions are
controlled using the climatic chamber. The TESC is tested with 1, 2,
3 and 4 subcooling blocks, which corresponds to 4, 8, 12 and 16 TEMs,
respectively. In addition, it includes a controllable variable on the form
of the voltage supplied to the TEMs which impacts the performance
of the system. For that, the voltage supplied to the TEMs is varied
from 0.5 to 6 V to obtain the optimum operation voltage for each
case. Lastly, the system is tested for different gas-cooler pressures to
obtain optimum working conditions for each configuration. Is worth
to remark the importance of analysing the number of TEMs and the
voltage supplied to the them to optimize the performance of the TESC.

3.2. Conditions for the cycle with the TESC and the IHX

The refrigeration cycle with the TESC and the IHX are tested at
climatic class 3, 4 and 7. The evaporation level (7,,,,), ambient tem-
perature (7,,,,) and ambient relative humidity (RH,,,) are collected for
each climatic class in Table 3. For all the tests performed with the TESC
in combination with the IHX, all 4 blocks of the subcooler (16 TEMs)
are utilized. Lastly, different gas-cooler pressures and voltages supplied
to the TEMs are tested to achieve optimum working conditions of the
combined system.
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Table 3
Climatic class 3, 4 and 7 conditions.
Climatic class Label for graphs Ty C) T, CC) RH,,, (%)
3 CC3 -10 25 60
4 CcC4 -10 30 55
7 cc7 -10 35 75

Q4 TEMs TESC CC3 @ 8 TEMs TESC CC3
@ 12 TEMs TESC CC3 @ 16 TEMs TESC CC3
OTESC +IHX CC3 <& TESC + IHX CC4
A TESC + IHX CC7
850
~750 -
z
a
[s>)
QU
]
S
<650 -
550 ;
550 650 50 850

7
Qevap CO, (W)

Fig. 6. Comparative of the calculated cooling capacity of the system between data
collected from the refrigeration cycle and data from the auxiliary system.

3.3. Experimental data validation

In order to probe the reliability of the experimental methodology
the cooling capacity of the refrigeration facility is compared between
data collected with the refrigeration cycle and data collected with the
auxiliary system. For that, Egs. (1) and (2) are used to calculated the
cooling capacity of the system and the comparative is presented in
Fig. 6. Regarding Eq. (1), the mass flow rate of the CO, is obtained
with the coriolis flow meter and the enthalpies of points 8 and 9 are
obtained using their thermodynamic properties using Refprop v.10. In
regard with Eq. (2), the volumetric mass flow rate of the water + glycol
mixture is measured with the electromagnetic flow meter, the density
and specific heat capacity are obtained through SecCool v1.33, and
lastly, the temperature of points 11 and 12 are collected with T' type
thermocouples.

Qevap CO, = mCOZ : (h9 - hs) (1)

Qevap gly = ‘gly'pgly'cp gly'(Tll =Ty (2)

The comparative graph of Fig. 6 clearly shows a great agreement
between the calculations performed with data from the refrigeration
cycle and the auxiliary cycle which proves the consistency of the
methodology. The data collected during the analysis of the TESC at cli-
matic class 3 conditions are labelled: 4 TEMs TESC CC3, 8 TEMs TESC
CC3, 12 TEMs TESC CC3 and 16 TEMs TESC CC3, which correspond
to 1, 2, 3 and 4 subcooling blocks, respectively. The tests performed
with the TESC + IHX correspond to TESC + IHX CC3, TESC + IHX
CC4 and TESC + IHX CC7, for climatic class conditions 3, 4 and 7,
respectively. The good agreement of the data, with deviations always
between the +5 % interval, proves the reliability and consistency of the
followed methodology during the experimental tests.
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Fig. 7. Pressure vs Enthalpy diagram for the transcritical CO, cycle with TESC.

4. Results and discussion

The results obtained with the TESC are analysed in Section 4.1 in
regard of the COP of the refrigeration system, the cooling capacity and
the performance of the subcooler. The results for the novel combination
of TESC + IHX for a transcritical CO, refrigeration facility are presented
in Section 4.2. In addition, the results are compared with previous
studies performed with the same methodology for the base transcritical
CO, refrigeration cycle, the transcritical CO, refrigeration cycle with
the TESC and the transcritical CO, refrigeration cycle with the THX.

4.1. Analysis of the thermoelectric subcooler (TESC)

In this section the performance of the TESC as part of the refrig-
eration facility is analysed. For that, the subcooler is tested with 4,
8, 12 and 16 TEMs (1, 2, 3 and 4 subcooling blocks, respectively)
for different gas-cooler pressures and different voltages supplied to the
TEMs at climatic class 3. A sample pressure vs enthalpy diagram of the
transcritical CO, cycle with TESC is presented in Fig. 7

4.1.1. Optimum gas-cooler pressure

The effect that the TESC has on the COP of the refrigeration facility
is analysed in Fig. 8 as a function of the pressure of the gas-cooler for
4, 8, 12 and 16 TEMs while supplied with 2 V. In addition, the COP of
the base cycle as a function of the pressure of the gas-cooler is plotted
for comparison. The COP of the refrigeration facility is calculated using
Eq. (3) and the percentage improvements obtained for the COP and the
cooling capacity are calculated in comparison with the optimum base
cycle using Eq. (4) where X is either the COP or the cooling capacity.

cop= Qe ____ Qo 3
VVtot I/Vcomp + WTEMS
X-X
AX = base . 100 4
Xbase

The optimum gas-cooler pressure for climatic class 3 conditions with
the TESC remains constant around 71.0 bar for 4, 8, 12 and 16 TEMs. At
this pressure, including the TESC improves the COP of the refrigeration
facility in comparison with the base cycle by 5.6 % with 4 TEMs, 6.3 %
with 8 TEMs, 8.5 % with 12 TEMs and 9.4 % with 16 TEMs. The values
are obtained with a voltage supplied to the TEMs of 2.0 V, the effect of
the voltage supplied to the TEMs is explained in detail in Section 4.1.2.
Regarding the cooling capacity of the facility, adding the TESC reports
enhancements at optimum operation conditions of 5.1, 7.3, 11.0 and
14.1 % with 4, 8, 12 and 16 TEMs at 2V, respectively.
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Fig. 8. COP vs P, for the transcritical cycle with TESC using 4, 8, 12 and 16 TEMs
(Vrem = 2V) and the base transcritical cycle at climatic class 3 conditions.

4.1.2. Optimum voltage supplied to the TEMs

The voltage supplied to the TEMs has a critical impact in the
performance of the subcooler and the whole refrigeration cycle. Fig. 9
depicts the percentage variations of the cooling capacity, the power
consumption and the COP of the facility in comparison with the base
cycle as a function of the voltage supplied to the TEMs. The data
presented in Fig. 9 corresponds to the optimum gas-cooler pressure
of 71.0 bar for climatic class 3 conditions and 16 TEMs. The per-
centage variations obtained for the power consumption in comparison
with the base cycle are obtained using Eq. (4) where X is the power
consumption.

As the voltage supplied to the TEMs increases, the cooling capacity
of the refrigeration facility is enhanced in an almost linear manner. For
higher voltages the power consumption of the facility rapidly increases
which turns into a lower COP of the facility.

The graph of Fig. 9 clearly depicts that an optimum value for the
COP of the facility is obtained between 1.5 and 2.0 V supplied to the
TEMs. Still, for higher voltages the COP rapidly drops due to the high
increase in consumption of the TEMs. The difference in COP between
1.5 to 2.0 V supplied to the TEMs is almost negligible and thus, both
working points would be close to optimal regarding the COP of the
system. However, in regard with the cooling capabilities of the system,
working at higher voltages presents clear advantages in cooling capac-
ity. Supplying the TEMs with 1.5 V corresponds to an increase in COP of
9.3% and an increase in cooling capacity of 11.0 %, whereas supplying
the TEMs with 2.0 V corresponds to an almost identical enhancement
in the COP of 9.4 % and a larger increase in cooling capacity of 14.1 %.
Therefore, working with 2.0 V presents greater benefits than with 1.5
V. This effect is also present when working with 4, 8 and 12 TEMs as it
can be properly appreciated in Table 4, where the COP remains close
for 1.5 and 2.0 V but starts decreasing for 2.5 V.

The table collects the data for 4, 8, 12 an 16 TEMs at an optimum
gas-cooler pressure of 71.0 bar and a voltage supplied to the TEMs of
1.5, 2.0 and 2.5 V. The following parameters are collected in Table 4:
cycle configuration, optimum gas-cooler pressure, voltage supplied to
the TEMs, COP of the TEMs, power consumption of the compressor,
power consumption of the TEMs, total power consumption, subcooling
produced with the TESC, pressure drop at the TESC, cooling capacity
at the evaporator, increase in cooling capacity in comparison with
the base cycle, COP of the cycle and improvements in the COP in
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Table 4
Results for the transcritical cycle with TESC using 4, 8, 12 and 16 TEMs and the base cycle at climatic class 3 conditions.
Cycle Poc o Vigws COPrpys Weomp Wrems Wi Sub APrpsc Quvap ilo cop Acop
configuration (bar) w) ) w) w) w) X) (mbar) w) (%) ) (%)
Base cycle 72.3 - - 385.0 - 385.0 - - 713.7 - 1.85 -
71.0 1.5 7.2 376.7 3.4 380.1 1.2 119 742.8 4.1 1.95 5.4
TESC with 4 TEMs 71.0 2.0 5.2 377.3 5.9 383.3 1.6 119 750.3 5.1 1.96 5.6
71.0 2.5 4.0 376.2 9.2 385.4 1.9 118 751.1 5.2 1.95 5.1
71.1 1.5 6.6 376.8 6.4 383.2 2.3 217 756.7 6.0 1.97 6.5
TESC with 8 TEMs 71.1 2.0 4.7 377.4 11.4 388.8 3.0 214 766.2 7.3 1.97 6.3
71.1 2.5 3.7 377.5 17.6 395.1 3.6 212 767.2 7.5 1.94 4.8
71.0 1.5 6.5 376.5 9.6 386.1 3.5 324 777.6 8.9 2.01 8.6
TESC with 12 TEMs 71.0 2.0 4.7 376.8 17.0 393.8 4.5 321 792.2 11.0 2.01 8.5
70.9 2.5 3.6 377.7 26.3 404.0 5.7 313 798.2 11.8 1.98 6.6
71.0 1.5 6.3 378.1 12.7 390.8 4.6 411 792.3 11.0 2.03 9.3
TESC with 16 TEMs 71.0 2.0 4.5 379.1 22.4 401.4 6.1 396 814.5 14.1 2.03 9.4
70.9 2.5 3.4 377.6 34.7 412.3 7.6 402 828.1 16.0 2.01 8.3
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Fig. 9. Percentage variations in the cooling capacity, power consumption and COP with
the TESC as a function of the voltage supplied to the TEMs for 16 TEMs, 71.0 bar and
climatic class 3 conditions.

comparison with the base cycle. The COP of the TEMs is calculated
by dividing the total heat extracted from the CO, in all the blocks of
the TESC by the total power consumption of the TEMs in all the blocks
of the TESC as in Eq. (5).

QCO TESC
COPrpyy = ———— (5)

WTEMS

4.1.3. Optimum number of TEMs

From the data obtained during the tests is clear to conclude that
the TESC performs better with 16 TEMs than any other of the cases
tested. The transcritical CO, refrigeration cycle working with 16 TEMs
in the TESC outperforms the base cycle in COP by 9.4 % and in cooling
capacity by 14.1 % at climatic class 3 conditions. The tendency of in-
creasing the number of TEMs is studied in Fig. 10 where the percentage
variations of the cooling capacity, the power consumption and the
COP of the facility in comparison with the optimum base cycle are
represented as a function of the numbers of TEMs. The data corresponds
to 2.0 V supplied to the TEMs and 71.0 bar of pressure at the gas-
cooler. In the graph, the increase in cooling capacity seems to increase
almost linearly with the number of TEMs. The power consumption
increases slowly when the number of TEMs is low but raises when that
number of TEMs goes up. Regarding the COP, it increases at first but
starts to flatten as the number of TEMs increases. The tendency of the

Fig. 10. Percentage variations in the cooling capacity, power consumption and COP
with the TESC as a function of the number of TEMs for 2.0 V supplied to the TEMs,
71.0 bar and climatic class 3 conditions.

experimental data suggests that the optimum number of TEMs might be
higher than 16 TEMs for climatic class 3 conditions, voltage supplied
to the TEMs of 2.0 V and 71.0 bar. However, it also depicts that as the
number of TEMs increases, a further increase in the number of TEMs
would result in smaller improvement in performance while increasing
the size and cost of the subcooler.

4.1.4. COP of the TEMs in each block

The performance of the TEMs is analysed in each block of the
subcooler at a gas-cooler pressure of 71.0 bar with the 4 blocks of the
subcooler (4 TEMs each block). In Fig. 11 the COP of the TEMs in each
block is represented for voltages supplied to the TEMs around to the
optimum (1.5, 2.0 and 2.5 V). The COP of the TEMs in a certain block
is calculated by dividing the heat extracted from the CO, in that block
by the power consumption of the TEMs in that block as in Eq. (6). In
addition, the measured temperature gradient between the faces of the
TEMs are presented for each block in the secondary vertical axis.

Qco, block N

(6)

COPrEMs block N = 5
WrEMs block N

Results show that the COP of the TEMs is always considerably
higher for the first block of the TESC and then decreases for the 2nd to
the 4th block. This effect is directly related to the temperature gradient
between the CO, and the ambient. For the first block the temperature
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a power supplied to the TEMs of 1.5, 2.0 and 2.5 V.

of the CO, is still higher than ambient temperature and therefore, the
TEMs are working in the same direction the natural heat flux occurs.
On the other side, for the rest of the blocks, the refrigerant is already
subcooled below ambient temperature and therefore the subcooler is
working against the natural heat flux, hence, the lower COP of the
TEMs.

In order to increase the performance of the TESC in the combined
system of TESC + IHX, the TESC should be the first subcooling system
to operate to take advantage of this boosted performance of the TEMs
at the beginning of the TESC. Therefore, to optimally boost the perfor-
mance of the system for the combination of the TESC + IHX, the TESC
should subcool the refrigerant at the outlet of the gas-cooler and the
IHX should be located at the outlet of the TESC as in Fig. 1. The results
for the combination of TESC + IHX are presented in Section 4.2.

4.1.5. Pressure drop at the TESC

The pressure drop at the TESC is collected in Table 4 when working
with 4, 8, 12 an 16 TEMs. The pressure drop that occurs at the
subcooler is negligible in comparison with the more than 70 bar of
pressure of the gas-cooler. The average pressure drop measured with
4, 8, 12 and 16 TEMs is 119, 214, 319 and 405 mbar, respectively.
This translates into a pressure drop between 100 to 120 mbar for
each subcooling block of the TESC, which does not represent an issue
in comparison with the high working pressures of the refrigeration
facility.

4.2. Refrigeration cycle with the TESC + IHX

The combination of TESC + IHX is tested for climatic class 3, 4
and 7 conditions, different gas-cooler pressures and different voltages
supplied to the TEMs. The TESC is included using the 4 subcooling
blocks (16 TEMs) due to the greater increase in COP obtained during
the analysis of the TESC. The results are compared with previous
studies in which the refrigeration facility has been tested under the base
transcritical CO, refrigeration cycle configuration, with only the TESC
and with only the IHX. A sample pressure vs enthalpy diagram for the
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Fig. 12. Pressure vs Enthalpy diagram for the transcritical CO, cycle with TESC +
THX.

transcritical CO, refrigeration cycle with the combination of TESC +
IHX is presented in Fig. 12.

When using the TESC + IHX, the refrigerant at the outlet of the gas-
cooler suffers 2 subcooling steps. First, the CO, is subcooled from point
3 to 4 by the TESC, taking advantage of the greater COP of the TEMs
when working with low temperature differences between their faces.
Secondly, the CO, gets subcooled from point 4 to 5 at the IHX while the
natural heat flux heats the refrigerant from point 9 to 10 at the outlet
of the evaporator. The combination of TESC + IHX produces a large
subcooling effect on the refrigeration cycle that increases the specific
cooling capacity of the system. At the same time, it also produces
an increase in the specific compression work due to the reheating of
the IHX and introduces the power consumption of the TEMs of the
TESC. The experimental results show that the COP of the refrigeration
facility increases and thus, the enhancement of specific cooling capacity
surpasses the negative effects of the TESC and the IHX in the COP of
the facility.

4.2.1. COP

In Fig. 13 the COP of the refrigeration facility is represented as
a function of the pressure of the gas-cooler for the cycle with TESC
+ IHX. Graphs 13.a, 13.b and 13.c correspond to climatic class 3, 4
and 7 conditions, respectively. The results are compared with data
for the base transcritical cycle, the cycle with IHX and the cycle with
TESC from previous work [23]. The COP of the refrigeration facility is
calculated using Eq. (3). Each represented point on Fig. 13 corresponds
to the optimum voltage supplied to the TEMs that maximizes the COP
of the facility for that gas-cooler pressure. Is worth to notice that the op-
timum COP of the refrigeration cycle with the TESC + IHX is obtained
for low gas-cooler working pressures, close to the minimal working
pressure at which the facility is able to work under stable conditions
at transcritical state. As the gas-cooler pressure increases, the COP of
the facility slowly decreases as depicted by Fig. 13. The maximum
experimental COP obtained for the cycle with TESC + IHX is 2.10,
1.73 and 1.40 for climatic class 3, 4 and 7 conditions, respectively. In
comparison with the base cycle, the TESC + IHX combination enhances
the COP by 13.4% for climatic class 3 conditions, 16.6 % for climatic
class 4 conditions and 22.4 % for climatic class 7 conditions.

The results for the TESC + IHX are summarized in Table 5. The
data collected in the table corresponds to the optimum gas-cooler
pressure and voltage supplied to the TEMs that maximize the COP
of the refrigeration facility. The table contains climatic class, cycle
configuration, optimal gas-cooler pressure, variation of the optimum
gas-cooler pressure in comparison with the base transcritical cycle,
optimum voltage supplied to the TEMs, COP of the TEMs, subcooling
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Fig. 13. COP vs P, for the TESC+IHX, TESC, IHX and Base cycle.

produced, power consumption of the compressor, power consumption
of the TEMs, total power consumption, cooling capacity of the refrigera-
tion facility, percentage improvement in the cooling capacity compared
with the base cycle, COP of the refrigeration facility and percentage
improvement in the COP compared with the base cycle.
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As detailed by Table 5, the combination of a TESC + IHX outper-
forms by a large margin any of the two technologies on their own in
terms of COP. These promising results remark that using simultaneously
a TESC and an IHX in a transcritical CO, refrigeration cycle presents it-
self as a viable solution to boost the performance of vapour compression
refrigeration systems.

4.2.2. Cooling capacity

The cooling capacity of the facility is obtained through Eq. (2) and
the results are collected in Table 5 for the working conditions that
maximize the COP of the facility. For all climatic class conditions, the
TESC + IHX enhances the cooling capacity of the refrigeration facility in
comparison with the base cycle. When maximizing the COP, the cooling
capacity of the facility is improved in comparison with the base cycle by
12.6 % at climatic class 3 conditions, 16.9 % at climatic class 4 conditions
and 22.5% at climatic class 7 conditions.

It is worth to notice that the cooling capacity of the facility can
be further increased when the TEMs are supplied with greater volt-
age while slightly decreasing the COP of the cycle. As an example,
at climatic class 7, the optimum voltage supplied to the TEMs that
maximizes the COP with the TESC + IHX is 2.0 V. At this conditions,
the improvement in COP is 22.4 % and the enhancement in the cooling
capacity is 22.5 %. However, when the voltage supplied to the TEMs is
increased to 2.5 V (0.5 V more), the improvement in COP decreases
slightly to 21.4 % but the cooling capacity rises to 24.4 %. This effect,
already addressed with the TESC in Section 4.1.2, is also present with
the TESC + IHX and shows the capability of the TESC to increase the
cooling capacity of the system while working with a lower COP. This
feature increases the flexibility of the refrigeration system with TESC
+ IHX and could result extremely relevant for the design of systems
that need to match a certain cooling capacity for short periods of time
during the year without over sizing the facility.

4.2.3. Gas-cooler pressure

The optimum gas-cooler pressure that maximize the COP of the
installation decreases when using the TESC + IHX in comparison with
the base cycle, only the IHX, or only the TESC. This effect is depicted
in Fig. 13 and the differences in comparison with the base cycle in
absolute values are collected in Table 5. The inclusion of the TESC
+ IHX reduces the optimum working pressure of the gas-cooler by
2.3bar for climatic class 3 and 4 conditions and by 4.8 bar for climatic
class 7 conditions. The optimum working pressure drop of the gas-
cooler represents a beneficial feature for refrigeration facilities as the
requirements for some components could be lower.

5. Conclusions

This work brings a novel experimental study of a transcritical
carbon dioxide refrigeration facility that works simultaneously with a
thermoelectric subcooler and an internal heat exchanger.

The performance of the thermoelectric subcooler is analysed in
terms of coefficient of performance and cooling capacity at climatic
class 3 conditions. The transcritical carbon dioxide refrigeration cycle
working with the thermoelectric subcooler reports improvements in the
coefficient of performance of 9.4% and enhancements in the cooling
capacity of 14.1 % for an optimum gas-cooler pressure of 71.0 bar and
an optimum voltage supplied to the thermoelectric modules of 2.0 V.
In addition, the analysis shows that the refrigeration facility benefits
when using the thermoelectric subcooler directly at the outlet of the
gas-cooler when the thermoelectric modules works in favour of the
natural heat flux, resulting in a greater coefficient of performance of
the modules.

The transcritical carbon dioxide refrigeration facility working si-
multaneously with the thermoelectric subcooler and the internal heat
exchanger is tested at climatic class 3, 4 and 7 conditions. The results
obtained report an increase in cooling capacity with the thermoelectric
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Table 5
Results for the transcritical base CO, cycle, with IHX, with TESC and with TESC + IHX for CC3, CC4 and CC7.
Climatic Cycle Pee opt APy o Vrems opt COPrpy, Sub I’Vcomp Wrens W, Qevap AQeuap cor acor
class configuration (bar) (bar) W) ) (K) W) w) w) W) (%) ) (%)
Base cycle 72.3 - - - - 385.0 - 385.0 713.7 - 1.85 -
cc3 IHX 72.2 -0.1 - - 4.7 378.2 - 378.2 748.6 4.9 1.98 6.8
TESC 71.0 -1.3 2 4.5 6.1 379.1 22.4 401.5 814.5 14.1 2.03 9.4
TESC + IHX 70.0 -2.3 1.5 6.4 9.3 369.7 12.8 382.5 803.8 12.6 2.10 13.4
Base cycle 80.2 - - - - 404.5 - 404.5 600.2 - 1.48 -
cca IHX 79.2 -1.0 - - 4.4 399.1 - 399.1 642.5 7.1 1.61 8.5
TESC 79.0 -1.2 2 4.5 5.3 402.4 21.8 424.2 707.1 17.8 1.67 12.3
TESC + IHX 77.9 -2.3 1.5 6.2 8.6 392.9 12.4 405.3 701.4 16.9 1.73 16.6
Base cycle 91.9 - - - - 442.6 - 442.6 504.5 - 1.14 -
ccr IHX 89.9 -2.0 - - 5.1 430.2 - 430.2 557.0 10.4 1.29 13.6
TESC 88.0 -3.9 2.5 3.6 6.0 426.7 33.3 460.0 609.2 20.8 1.32 16.2
TESC + IHX 87.1 —-4.8 2 4.6 10.3 421.6 21.6 443.1 618.2 22,5 1.40 22.4

subcooler plus the internal heat exchanger of 13.4 % for climatic class
3 conditions, 16.6% for climatic class 4 conditions and 22.4 % for
climatic class 7 conditions. Regarding the coefficient of performance,
the combination of thermoelectric subcooler plus internal heat ex-
changer enhances the coefficient of performance in comparison with
the base cycle by 12.6 %, 16.9% and 22.5 % for climatic class 3, 4 and 7
conditions, respectively. Lastly, the easy control of the thermoelectric
subcooler adds flexibility to the refrigeration system, being able to
increase the cooling capacity of the system for short periods of time
to match the cooling demands of the facility.

The novel combination of thermoelectric subcooler plus internal
heat exchanger presented in this work outperforms each of the tech-
nologies on their own and experimentally demonstrates that this com-
bination of technologies is a great solution to improve the coefficient
of performance of carbon dioxide refrigeration cycles. In addition, the
combination increases the cooling capacity and capabilities of trans-
critical carbon dioxide refrigeration cycles. Moreover, the increase in
coefficient of performance turns directly into a reduction of the energy
consumption of the system and a decrease in the indirect effect of
greenhouse gases emissions of the refrigeration facility. Lastly, the pro-
posed combination of technologies is presented as a robust, compact,
modular and promising novel solution suitable to boost the perfor-
mance of low-medium power transcritical carbon dioxide refrigeration
systems.
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