HIGHLIGHTS

e Transcritical R744 supermarket refrigeration systems are exhaustively reviewed

e Multi-ejector concept is the driving force behind their proliferation worldwide

e “All-in-one” concept will further promote their adoption worldwide

e Nowadays the adoption of these technologies can even be extended to warm locations
e Their potential of enhancement is still considerable
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Abstract:

Visible signs of climate change call for urgent actions on food retail industry, since such a sector is
characterized by an abundant carbon footprint. Being CO2 (or R744) recognised across the world as the most
promising working fluid for supermarket applications, commercial transcritical R744 refrigeration systems have
emerged as leading hydrofluorocarbon (HFC)-free technologies.

This study is intended to implement an in-depth review study covering the most important aspects related to
the state-of-the-art pure R744 refrigeration plants for food retail applications, including the evolution of system
architectures, some field measurements, the main available results from an energy, environmental and
economic perspective as well as the indispensable future investigations.

It could be concluded that, in spite of some persisting barriers which still prevent such technologies from a
wider adoption, the usage of R744 as the only refrigerant in supermarkets is no longer open to dispute, even
in warm locations.
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Nomenclature

Symbols, abbreviations and subscripts/superscripts

AC Air conditioning

CCHP Combined cooling, heating and power
CFC Chlorofluorocarbon

CFD Computational fluid dynamics

CHP Combined heat and power

CHRP Combined heating, refrigeration and power
Ccop Coefficient of Performance [-]

CTES Cold thermal energy storage

DHW Domestic hot water

GHG Greenhouse gas

GWP100years  Global Warming Potential over 100 years [kgco, equ kgr_elfrigerant]
HCFC Hydrochlorofluorocarbon

HFC Hydrofluorocarbon

HFO Hydrofluoroolefin

HP High pressure [bar]

HS High stage

HVAC Heating, ventilation and air conditioning
I[ESPC Integrated ejector supported parallel compression
HX Internal heat exchanger

1P Intermediate pressure [bar]

LCCA Life-Cycle Cost Analysis

LP Low pressure [bar]

LS Low stage

LT Low temperature [°C]

MP Medium pressure [bar]

MT Medium temperature [°C]

ODP Ozone Depletion Potential

p Pressure [bar]

PCM Phase change material

0 Cooling capacity [kW]

SEER Seasonal Energy Efficiency Ratio [-]

t Temperature [°C]

TEWI Total Equivalent Warming Impact [tonCOZequ]
tot Total

UA Heat exchanger conductance [W-K™!]
Greek symbols

A Difference
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1. Introduction

Supermarkets are dramatically energy-consuming applications accountable for between 3% and 4%
of the annual electricity consumption in industrialized countries (Reinholdt and Madsen, 2010;
Tassou et al., 2011). In relation to other commercial activities, food retail sector features a very high
specific energy demand (roughly between 300 kWh-m and 600 kWh-m™). As a term of comparison,
office buildings consume about between 150 kWh-m? and 200 kWh-m™ (Hafner et al., 2012).
Approximately between 35% and 50% of the electricity is required to run the refrigerating equipment
(Lundqgvist, 2000). Additionally to the refrigeration unit, lighting and heating, ventilation and air
conditioning (HVAC) plants also represent energy intensive applications in food retail industry. Such
an enormous need for electricity leads supermarkets to be responsible for great indirect contributions
to emissions of greenhouse gases. On the other hand, this typology of commercial buildings has
become one of the most vital service facilities of modern society. In fact, the total area of food retail
stores in both developed and developing countries has been going from strength to strength, being
galvanized by many factors, such as the rapid urbanization and the significant openness to foreign
investments recently occurred (Traill, 2006). According to EY et al. (2014), the average value of food
retail share over the total food market was equal to 44% in 2000 and to 62% in 2011, respectively.
Furthermore, the frozen food global market is estimated to grow in sale value by 30% comparing
predicted 2020’s sales with 2014°’s values (Persistence market research, 2014).

In spite of its enormous Global Warming Potential (GWP), R404A (GWP100 years = 3943 kgco, equ’

kgr_elfrigerant according to ARSY) is still widely used in the European food retail sector. Therefore, due

to the profound leakage rates of refrigerant into the atmosphere, an abundant direct contribution to
climate change is also ascribable to supermarket applications. The estimated average annual leak rate,
in fact, is around between 15% and 20% of the total charge (Hafner, 2015; Hafner et al., 2012, 2014a,
2014c, 2016; Schonenberger et al., 2014). According to Hafner (2015), Hafner et al. (2012, 2014a,
2014c, 2016) and Schonenberger et al. (2014), on a worldwide perspective R22 (GWP 100 years = 1760
kgCOZ,equ . kg;elfrigerant and ODP = 0.055 according to ARS5) is still the most employed working fluid

in commercial refrigerating units, featuring a refrigerant leakage rates approximately of 30%. Also,
according to SKM Enviros (2012) about 40% of greenhouse gas (GHG) refrigerant consumption in
2010 could be attributable to the food retail sector and, in particular, to large refrigeration plants
operating in supermarkets (about 85%). Furthermore, it was predicted that this figure is bound to
increase up to 46% in 2020 (SKM Enviros, 2012). In addition, the largest HFC market request in
2015 was owing to the commercial refrigeration sector (EPEE, 2015). However, it is worth remarking
that, although HFCs are today’s most massive source of greenhouse gases on global viewpoint, the
applications relying on such working fluids also feature an ever-growing availability of eco-friendlier
and more energy efficient replacements (Shecco, 2016a).

In 1990s the studies conducted by prof. Gustav Lorentzen (Lorentzen and Pettersen, 1993; Lorentzen,
1994, 1995) and the concomitant phase-out of ozone depleting refrigerants forced by the Montreal
Protocol promoted a renewed interest in R744. Initially researchers mainly paid attention to mobile
air conditioning (Lorentzen and Pettersen, 1993; Lorentzen, 1994) and heat pumping (Lorentzen,
1994, 1995; Neksa et al., 1998) units. On the other hand, first applications were mostly greeted with
scepticism by the scientific community. Despite this, a significant spread of CO: in heat pumping
water heaters, as well as a progressive shift from indirect to transcritical R744 booster refrigeration
configurations in supermarket applications took hold at a later time. The initial success, the following
decline and renew attention to such a refrigerant was in-depth summed up by Person (2005). The
rediscovery of R744 as the only refrigerant for food retail sector also occurred as a consequence of
the commencement of the EU F-Gas Regulation 517/2014 (European Commission, 2014). In fact,
the adoption of such a legislative act will imply that, in order to attain the expected HFC cut (see
Subsection 2.1), the average GWP of refrigerants will have to be brought from 2000 (evaluated in
2016) down to 400 kgCOz,equ . kgr_elfrigerant by 2030 through the entire refrigeration sector (Shecco,

2016a). Consequently, R744 will play a crucial role in supermarkets to accomplish this goal, as these
3
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applications feature a dramatic direct contribution to global warming. In fact, thanks to its negligible
GWP100 years (GWP100 years = 1 kgCOZequ . kgr_elfrigerant according to ARS) and the safety level

associated with its use (i.e. non-flammability and non-toxicity), R744 is not prone to be phased out.
Furthermore, this refrigerant is inexpensive and, in comparison with HFCs, shows higher latent heat,
specific heat, density and thermal conductivity and lower viscosity (Kim et al., 2004). Kim et al.
(2004), Cavallini and Zilio (2007) and Bansal (2012) provided a thorough overview of R744
properties, as well as of its usages in refrigeration systems. However, the adoption of “CO> only” (or
transcritical CO> or pure CO2) supermarket refrigerating units is still mainly observable in cold
climate countries, whereas these technologies have been replaced by either cascade/indirect
arrangements or R404A multiplex direct expansion configurations in warm areas. This has been due
to the frequent occurrence of transcritical operation conditions owing to the low critical temperature
of CO», which entails a substantial deterioration of CO; refrigerating plant performance operating in
such climate contexts. This peculiarity of carbon dioxide implies that transcritical R744 systems can
energetically compete with HFC-based systems at outdoor temperatures up to about 25 °C (Finckh et
al., 2011; Sawalha et al., 2017). On the other hand, the EU F-Gas Regulation 517/2014 has also
triggered a prominent innovation in “CO2 only” solutions for high ambient temperature countries,
making such HFC-free technologies mainstream for food retail sector worldwide. It is worth
remarking the investment risk related to the adoption of new synthetic working with low GWP100 years
(e.g. R1234ze(E), R448A, R449A), as future environmental regulations could impose further
restrictions on the use of such refrigerants, similarly to what occurred to chlorofluorocarbons (CFCs)
and hydrochlorofluorocarbons (HCFCs) and what has been happening to HFCs. Also, most of these
working fluids are not yet fully tested in supermarket applications. As regards ammonia (or R717)
and propane (or R290), some limitations could also affect their usage in the commercial refrigeration
sector due to toxicity and/or flammability hazards.

Despite the great interest drawn and to the best of the authors’ knowledge, no thorough state-of-the
art review on “CO; only” refrigeration plants for food retail applications has been noted. Therefore,
the focus of this investigation lies on bridging this knowledge gap. In Section 2 the most important
aspects related to the key markets are discussed, while in Section 3 the most relevant studies on
transcritical R744 refrigeration systems are summed up. The peculiarities of the state-of-the-art “CO>
only” technologies for supermarket applications are disclosed in detail in Section 4. In Section 5 the
most noteworthy investigations related to the high pressure (HP) control strategy, gas cooler
performance and heat recovery implementation are comprehensively described. The “all-in-one”
concept, representing one of the most innovative ideas as for these solutions, and the main findings
are presented in Section 6. The currently available outcomes on the energy, economic and
environmental analyses are summarized in Section 7. Finally, the main conclusions and future
developments are stated in Section 8 and Section 9, respectively.

2. Commercial refrigeration sector across the world

2.1. Europe

A massive increase by about 117% in the number of “CO> only” refrigerating systems was
experienced in the European commercial refrigeration sector between the end of 2011 and October
2013 (Shecco, 2014). However, the usage of these HFC-free technologies was still widespread in
Northern and Central Europe due to the aforementioned reason. In fact, only 21 installations were
running in Southern Europe (i.e. Spain, Italy) over the same period of time. The coming into force of
the EU F-Gas Regulation 517/2014 has been significantly fuelling the use of low-GWP working
fluids in the commercial refrigeration sector. As an example, one of the major European supermarket
chains recently announced the plan to convert all its food retail stores located in the UK into
transcritical CO; refrigerating systems by the end of 2018 (r744.com, 2017a). The aforementioned
legislative procedure aims at gradually decreasing HFC supply to the European market by 79% from
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2015 to 2030 compared to 2009-2012’s average levels. In addition, the use of HFCs characterized by
a value of GWP100 years above 150 kgco, equ’ kgr_elfrigeram will be forbidden since 2022 in:

e new multipack centralised refrigerating units with a cooling capacity above 40kW, except in
the primary circuit of cascade arrangements in which refrigerants with a GWP10¢ years below
1500 kgCOZ,equ . kgr_elfrigerant (e.g. R134a) can be employed;

e new refrigerators and freezers (hermetically sealed) for commercial use.

This ban was confirmed on the 4™ of the August 2017 due to the substantiating evidence regarding
the current availability of cost-effective, technically feasible, energy-efficient and reliable
alternatives to HFCs in food retail industry (European Commission, 2017).

Furthermore, the maintenance of stationary refrigerating systems employing virgin HFCs with a
GWP100 years above 2500 kgco, qu’ kgr_elfrigerarlt with will not be allowed since 2020, whereas this

will be prohibited for recycled high-GWP refrigerants as of 2030.

With respect to R134a-based arrangements, it is worth remarking that R134a features an atmospheric
lifetime of 13.4 years (ARS), as well as that its GWP over 20 years is 3710 kgco, equ kgL

refrigerant
(ARS), which is almost three times as high as the value which is usually indicated (i.e. GWP100 years).
Also, according to Alternative Fluorocarbons Environmental Acceptability Study (2006), more than
half of all R134a ever produced is still in the atmosphere. Consequently, it is possible to state that the
adoption of R134a/CO> cascade refrigeration systems has to be strongly discouraged, especially in
supermarket applications due to their substantial annual refrigerant leakages. In addition, the
remarkable HFC phase-down (by 37%) which will particularly occur by 2018 is expected to cause a
great rise in their price, as well as a dramatic reduction in the availability of such man-made
refrigerants. Shecco (2016a) claimed that a growth in the price of R404A by 15% and in that of
R407A, R410A, R407C and R134a by 10% were estimated in 2016.

The first effects of the commencement of the EU F-Gas Regulation 517/2014 in the refrigeration
sector were summarized by the European Environment Agency (2016):

e the F-gas imports decreased by about 40% compared to those estimated in 2014 (both by
weight and as CO2,equ);

e the F-gas production reduced by 5% (as CO2.equ) in 2015 in relation to 2014’s levels;

e the F-gas supply fell by roughly 24% (both by weight and as CO2 equ) as of 2014;

e the F-gas exports went down by 2% (by weight) or 1% (CO2,equ) since 2014.

In addition to the EU F-Gas Regulation 517/2014, many countries have introduced some taxes on
HFC purchase (e.g. the tax on R134a is 55.3 €-kg! in Norway, 26 €-kg"! in Spain, 28.8 € kg in
Denmark, 35 €-kg™! in Sweden, 6.5 €-kg! in Slovenia).

Thus, under the strong pressure of the EU F-Gas Regulation 517/2014 and an ever-growing concern
to the environment preservation, the need for the adoption of “CO; only” systems as long-term eco-
friendly technologies even in warm areas, such as Mediterranean Europe, has become compulsory.
In fact, in spite of the remarkable debate accompanying the usage of these technologies in high
ambient temperature countries, the great development triggered by the aforementioned legislative act
has led to highly performing solutions suitable for any European climate context (Shecco, 2016a).
This led to a noticeable growth in the number of pure CO; installations in Southern Europe by roughly
8 times from 2013 to 2016. Despite this, CO; supermarket refrigerating units still struggle to take root
in warm European locations. This lower penetration into high ambient temperature country market is
only due to some remaining non-technological barriers (e.g. shortage of trained installers and service
technicians, little confidence in transcritical R744 supermarket refrigeration systems, social and
political factors) (Minetto et al., 2018). Therefore, this has given rise to the fact that the re-positioning
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of the so-called “CO; efficiency equator” (Matthiesen et al., 2010) has become the most important
key research area with respect to the commercial pure R744 refrigeration systems. It is worth
remarking that this energy efficiency limit was presumed to pass through the northern shore of the
Mediterranean in 2013 (Shecco, 2016a). Also, it is possible to notice that the number of “CO2 only”
refrigerating plants in the EU, Norway and Switzerland in 2016 was about 3 times as great as that in
2013 (Shecco, 2016a). This entails that approximately 8% of the European supermarkets are based
on pure CO; technologies (Shecco, 2016a). In addition, it is important to highlight that there were
about 11000 stores employing transcritical R744 systems worldwide and approximately 8730 of them
were located in Europe (Shecco, 2016a). This means that the UE is the current leader when it comes
to commercial pure R744 technologies. With putting into effect of the EU F-Gas Regulation, the
move towards “CO- only” units is expected to intensify in the next few years. In fact, Shecco (2016b)
estimated that the total number of transcritical R744 supermarket refrigeration systems installed in
Europe will be equal to about 27000 in 2020 and 81000 in 2030, respectively.

To conclude, it is obvious that such a legislative act has been noticeably changing the global food
retail industry, as well as affecting markets beyond Europe’s borders by inspiring regulators from
various regions and countries.

2.2. North America

The enormous technological developments experienced by the European commercial refrigeration
sector have significantly promoted the adoption of “CO only” technologies in North America as
well. This can be highlighted by taking into account that only 2 transcritical R744 supermarket
systems could be counted in the USA in 2013, whereas these amounted to 68 in Canada. However,
the number of these HFC-free solutions respectively increased by about 96% and 100% in 2015,
being 20 installations located in California and 94 food retail stores run in Quebec. In particular, after
imposing a fall on fluorinated gas emissions by 80% by 2030 in new equipment, California has
become the current leader in North America with respect to regulations aimed at the environment
conservation. As regards Quebec, the policy based on incentivises for companies to employ R744 as
the only refrigerant has enormously encouraged the adoption of “COz only” refrigerating units in
supermarkets. Also, thanks to the favourable climate conditions, a negligible growth in CO>
secondary/cascade arrangements took place in Canada between 2013 and 2015. Furthermore, a raise
in such solutions by about 76% occurred in the USA over the same period of time. In addition, Shecco
(2015a) claimed that the American R744 market is supposed to grow by 100 times since 2015.

However, Shecco (2015a) also highlighted the need on the part of the American government to take
a more active role in providing strict regulations designed to massively propel to the usage of climate-
friendlier food retail applications. This is also promoted by the fact that natural refrigerant-based
technologies have been (widely) commercially available for the commercial sector and chillers in the
American market since 2017 (Shecco, 2015a).

Finally, it is worth pointing out that a conventional CO; booster system with flash-gas removal (see
Subsection 4.1) was installed for the first time ever in the USA in 2013. The unit presents three low
temperature (LT) and six medium temperature (MT) compressors, an air-cooled gas cooler/condenser
installed on the roof, various types of cases (i.e. LT reach-in cases, LT island cases, MT open cases,
MT reach-in cases) and an array of heat exchangers for heat recovery purpose (see Subsection 5.3)
connected to the system by means of HP stainless steel piping. In addition, such a solution features
the implementation of the hot-gas defrost technique and the use of stepper type electronic expansion
valves. In relation to a HFC-based configuration, this refrigeration unit revealed a lower
environmental impact as well as comparable electricity consumption and upkeep costs (Navigant
Consulting Inc., 2015).
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2.3. Japan

The Japanese market features a success story as for the adoption of transcritical R744 heat pumping
units for domestic water heating purposes. As regards the commercial refrigeration sector, a great
interest in R744 as the only refrigerant has emerged in the last few years with respect to the
applications for convenience stores (Shecco, 2016b). On the one hand, in fact, the number of “CO>
only” supermarket technologies increased from 190 to more than 1500 between March 2014 and 2016
(Shecco, 2016b). On the other hand, this involved almost exclusively small applications, as the High
Pressure Gas Safety Act represented a dramatic barrier to the adoption of this refrigerant in large
supermarkets (Shecco, 2016b). Such a restriction on the usage of R744 was removed on the 25" of
July 2017 (r744.com, 2017b). Also, Japan's Ministry of Environment recently announced the
implementation of natural refrigerant subsidies for food retail and food manufacturing sectors since
the beginning of the 2018 financial year (r744.com, 2017c). As a consequence, it is supposed that
commercial R744 refrigeration equipment will take hold in the entire Japanese food retail sector as
well as that its cost will significantly decrease in the next few years.

2.4. China

The implementation of transcritical CO; systems in the Chinese food retail industry is currently in its
infancy, as nowadays R744 is mostly employed as a secondary coolant in cascade/indirect
arrangements in this sector. However, being China the world’s largest HFC producer and a signatory
to the Montreal Protocol, the government recently decided to take action against the enormous usage
of fluorinated gases. As a consequence, it is expected that the aforementioned HFC-free technologies
will gain momentum in the next few years (Shecco, 2015b). According to Shecco (2015b), this will
also be strongly related to both the efficiency gains showed by the European installations and the
performance of the current only one solution installed in a Chinese supermarket. Finally, it was
recently announced the installation of the first Chinese transcritical R744 unit in a store located in the
northern part of Beijing (1744.com, 2018a).

2.5. Other areas

Middle East’s first transcritical R744 refrigeration unit was recently installed in a food retail store
(2000 m?) located in Al-Salam (Jordan). This solution, featuring the adoption of the multi-ejector
concept (see Subsection 4.2.3.1.), heat recovery implementation (see Subsection 5.3), tur =-2 °C and
tur = -25 °C, was defined as a test for “CO2 only” supermarket refrigeration plants operating in high
ambient temperature countries (r744.com, 2018c¢).

Also, the number of commercial transcritical CO» refrigeration systems running in South Africa (63

up to 2016) is bound to significantly increase as a consequence of their global growth (Shecco,
2016a).

3. Relevant investigations related to transcritical R744
refrigeration systems

Sienel and Finckh (2010) provided a thorough overview on the facilities and the test stands which
permitted the development of commercial CO; refrigeration systems. The evaluation took into
account the compressors, gas cooler, development of evaporators and display counters and
optimization of their cost, valves, control system and the whole refrigeration unit.

Finckh and Sienel (2010) comprehensively described the methodologies for the circulation and
management of the oil, the solution to the potential CO; relieves and the management of the possible
occurrence of oil traps, as well as the control system of R744 refrigerating plants.

7

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Cecchinato et al. (2007) proposed a control strategy aimed at having a smooth shift from subcritical
to transcritical running modes. This was based on a linear variation with respect to the outdoor
temperature within an operating range circumscribed by an upper and lower limit. These constraints
were defined by a couple of values of heat rejection pressure and gas cooler/condenser outlet
temperature.

Two transition outdoor temperatures (i.e. 16 °C and 21 °C) for a commercial pure R744 unit for a
MT application located in Glasgow (UK) were investigated by Ge and Tassou (2009). The outcomes
obtained showed that an energy conservation by about 18% could be achieved by selecting 21 °C as
the transition temperature rather than 16 °C.

Cecchinato et al. (2009) showed that, unlike conventional refrigerants, the energy benefits associated
with the adoption of an inter-stage heat exchanger (or intercooler or de-superheater) are greater than
those related to the usage of staged throttling when it comes to “CO> only” technologies. Additional
noteworthy energy savings could be achieved with the aid of an internal heat exchanger (IHX). The
researchers also estimated that, compared to a one-stage pure CO; refrigerating unit, such
configurations are capable of attaining average enhancements in Coefficient of Performance (COP)
by about 29.3% and 28.7% at evaporating temperatures respectively of -10 °C and at -30°C. On the
other hand, the authors pointed out that the control of these systems could be rather challenging to be
implemented.

The experimental campaign conducted by Sanchez et al. (2010) was aimed at evaluating the effect of
the superheating undergone by R744 due to the electric motor cooling. The analysis considered three
different evaporating temperatures (0 °C, -10 °C, -17 °C), four compressor speed values (1150 rpm,
1300 rpm, 1450 rpm, 1600 rpm) and discharge pressures between 74.2 bar and 104.9 bar. The
outcomes brought to light a maximum reduction in cooling capacity and COP respectively equal to
20% and 23%, as well as an increase in power input and discharge temperature respectively up to 5%
and 28% were also measured.

Torrella et al. (2011) experimentally evaluated the energy benefits associated with the usage of an
IHX on the part of a “CO> only” refrigerating unit at three different evaporating temperatures (i.e. -5
°C, -10 °C, -15 °C), two different gas cooler outlet temperatures (i.e. 31 °C, 34 °C) and heat rejection
pressures between 74.5 bar and 105.9 bar. In comparison with the same system with no IHX, the
results showed that a negligible increase in power input is obtained, whereas COP and cooling
capacity can be increased up to 12%. Also, the compressor discharge temperature was raised up to
10 °C over the investigated running modes, as well as the thermal effectiveness of IHX was found to
be mainly depending on both the evaporating temperature and the gas cooler pressure.

Hafner et al. (2011) suggested the use of oil-free compressors as a means of enhancing both the energy
efficiency and cost-effectiveness of transcritical R744 systems. However, the authors highlighted that
new maximum discharge temperatures need to be identified, as well as the compressor design has to
be adapted with respect to the selected application.

Chesi et al. (2012) developed an experimental apparatus enabling the investigation various
thermodynamic cycles as well as the performance evaluation of specific components (i.e.
compressors, heat exchangers and expansion valves) related to transcritical R744 systems. In
particular, the authors studied the effect of the usage of IHX on both the COP and the cooling capacity
at two different suction pressures (i.e. 26 bar and 33 bar) and three different gas cooler exit
temperatures (i.e. 20 °C, 30 °C and 40 °C). The results revealed that, although such a heat exchanger
is particularly advantageous with rise in temperature lift (i.e. increases up to 30% and 20%,
respectively), its use can lead to undesirable discharge temperatures (up to 180 °C).

Cabello et al. (2012) experimentally compared the advantages of the vapour injection technique into
three different points (i.e. before IHX, after IHX and before the suction line of the compressor) over
a basic single-stage unit. The measurements revealed that similar enhancements are achieved by these
configurations with a maximum increase in cooling capacity and COP equal to 9.8% and 7%,

8

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



respectively. The researchers also assessed a maximum drop in the discharge temperature by 14.7 °C,
as well as they suggested the adoption of such solutions in warm/hot climates.

The experimental campaign implemented by Sanchez et al. (2014a) showed that at the heat rejection
temperature of about 15 °C, a one-stage CO» system performs better in subcritical than in transcritical
running mode. On the other hand, at the temperatures of about 20 °C and 25 °C, the opposite result
was assessed. The authors claimed that these outcomes were due to the poor effectiveness of the
selected condenser. The consequent installation of an inverter in the compressor led to noteworthy
enhancements in COP and cooling capacity in both subcritical and transcritical operating conditions
for low compressor speeds.

Sanchez et al. (2014b) collected some experimental data in order to assess the advantageous related
to the use of IHX in two different positions. The results obtained disclosed that the adoption of the
configuration with IHX at the gas cooler exit and that with dual IHX are beneficial over all the
investigated conditions. These expedients respectively lead to a maximum increment in COP by
10.6% and 13% compared to the basic solution with no IHX. Furthermore, the presence of such a
heat exchanger at the liquid receiver exit is not always favourable. Also, the usage of IHXs permits
decrementing the optimal heat rejection pressure, whereas increase in discharge temperature up to 20
°C can be reached.

According to Llopis et al. (2015b), high-GWP refrigerating systems for LT applications can be more
successfully replaced with cascade/indirect arrangements using climate-friendly working fluids rather
than with “COz only” configurations.

4. Evolution of transcritical R744 refrigeration systems for
supermarket applications

Many architectures as early transcritical R744 refrigeration plants for food retail applications have
been suggested (Dispenza et al., 2005; Cecchinato et al., 2012b; Kaiser and Froschle, 2010; Sawalha,
S., 2008b, 2013; Girotto et al., 2004; Tassou et al., 2011; Matthiesen et al., 2010; Sienel and Finckh,
2010; Finckh and Sienel, 2010).

The R744 refrigerating layout proposed by Girotto et al. (2004) was found to consume 10% more
energy than a R404A multiplex system in the North of Italy. In order to enhance the system
performance, the authors suggested the usage of a double-stage compression for the MT unit, suction
of the vapour in the liquid receiver and reduction of the gas cooler approach temperature (or ATapproach,
i.e. difference in temperature between the outgoing refrigerant and the ingoing cooling medium).

Dispenza et al. (2005) proved the feasibility as well as the suitability of a three-stage R744
refrigeration technology for a hypermarket located in Sicily (Italy). The researchers recommended
the adoption of such a configuration for warm climate applications needing a cooling tower.

The centralized R744 systems theoretically investigated by Sawalha (2008b) consume from 4% to
12% less energy than a R404A direct expansion configuration in Stockholm (Sweden). However, the
author also showed that these solutions are not suitable replacements for HFC-based systems in high
ambient temperature countries.

All-CO; cascade refrigeration systems became popular substitutes for subcritical CO2-based solutions
(i.e. cascade/indirect arrangements) in an effort to phase out the chemical refrigerants employed in
MT and LT circuits. Also, in comparison with cascade arrangements using man-made working fluids,
the oil management is easier to be implemented (Finckh and Sienel, 2010; Matthiesen et al., 2010;
Tassou et al., 2011), as well as these technologies allow overcoming some limitations, such as service
and installation complexity (Tassou et al., 2011). On the other hand, an all-CO» cascade configuration
is characterized by an elaborate control system, besides featuring a decrease by about 3% in COP for
each increase by 1 K in the condensing temperature (Kaiser and Froschle, 2010). Consequently, as
regards “COz only” systems for large commercial refrigeration installations the spotlight has been on
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booster-based layouts (See Section 4.1). Sienel and Finckh (2010) claimed that the booster
configuration can reduce the LT circuit components by 75% compared to all-CO- cascade solutions
leading to a significant cost reduction. Also, the reliability of CO> booster technologies was
highlighted by Finckh and Sienel (2010). Tsamos et al. (2017b) estimated an energy saving by about
2% on the part of a CO; booster system compared to an all-CO; cascade arrangement in both moderate
and warm climate contexts.

Finally, it is worth evaluating the current availability of transcritical R744 supermarket refrigerating
system components, today’s CO> compressors can cover all the capacity, from the small (rotating
compressors) to the very large capacities (turbo-compressors) (Neksa et al., 2016). As for the CO>
gas coolers, Neksa et al. (2016) highlighted that counter-flow solutions are usually more desirable.
Plate-heat exchangers are also available nowadays for both gas cooler and evaporators. However,
Girotto (2017) claimed that although the usage of shell and tube heat exchangers avoid the issues
related to thermal stress, plate gas coolers are currently the first choice with respect to “CO> only”
supermarket applications. The reason for this lies in the fact that these components are more efficient,
compact and cost-effective. Neksa et al. (2016) stated that the CO; evaporators can also be based on
plate-in-shell heat exchangers for bit larger capacities. Tube-in-fin heat exchangers with small
diameter pipes for applications using air as the external fluid are also obtainable at the present time.
Javerschek et al. (2017a) affirmed that the new R744 compressor generation can lead to an annual
energy saving by 13% in Helsinki (Finland), Strasbourg (France) and Athens (Greece) in relation to
standard R744 compressor range.

4.1. Basic booster layout (15t generation)

Many researchers have studied the performance of the basic booster refrigeration system with flash
gas removal (Ge and Tassou, 2011a, 2011c; Sharma et al., 2015; Shilliday, 2012). The first prototype
was developed in the framework of the EU Project “Life” at Danish Technological Institute in June
2006 and installed in a small Danish store in March 2007. This solution featured an energy saving
and a drop in the carbon footprint respectively by about 4% and 52% in comparison with a parallel
R404A system (European Commission, 2008). The system has been operating since then with no
noteworthy problems, leading in a short time to 200 installations in Northern Europe (Matthiesen et
al., 2010).

As sketched in Fig. 1, this solution presents two or more booster compressor(s) (i.e. COMP_LO)
(hence the name booster configuration) to serve the LT evaporators, which lift the pressure from LT
to MT level. Also, first proposed solutions did not permit removing the flash gas (via the vapour by-
pass valve indicated as BPV 1 in Fig. 1) generated in the liquid receiver at intermediate pressure (IP)
(Sawalha, 2013; Sawalha et al., 2015). However, the energy benefits associated with the flash gas
removal (Sawalha et al., 2015) have led such a technique to become best practice in “CO> only”
supermarket refrigeration systems (Ge and Tassou, 2011a, 2011c; Shilliday, 2012).

Fig. 1. Transcritical R744 booster supermarket refrigeration system and corresponding p-h diagram
(Ge and Tassou, 2011a).

Also, conventional booster units with flash gas removal (Fig. 1) are defined as the 1% generation and
thus the “old” benchmark of transcritical R744 supermarket refrigeration systems (Neksa et al., 2016;
Hafner et al., 2016).

Shi et al. (2010) developed a dynamic model of a CO> booster supermarket refrigerating system,
which was efficaciously validated by employing some field data. The system performance could be
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accurately predicted at moderate speeds of the gas cooler fans with the aid of a two-dimensional heat
exchanger model. Also, the authors showed that the natural convection due to the gas cooler frame
height significantly affects the system performance as the fans are off.

Shilliday (2012) implemented and validated against some laboratory data a simulation model of a
R744 booster system. The evaluation, which considered the energy data related to a small food retail
store located in in Northern Ireland, demonstrated that such a technology performs similarly to a
HFC-based unit.

The COPs measured by Sharma et al. (2015) in a laboratory-scale R744 booster refrigeration unit
ranged from 3.3 to 1.4 at external temperatures from 10 °C to 35 °C. At a later time, the performance
of the aforementioned unit was compared by Fricke et al. (2016) with that of a similar sized
laboratory-scale R404A direct expansion system. According to the results obtained, the transcritical
CO; configuration had on average 15% greater COPs at outdoor temperature ranging from 15.6 °C
to 31.1 °C, revealing values between 4.1 and about 2.

Sawalha et al. (2015) collected some field data for 4-18 months in five Swedish supermarkets
employing three different “CO> only” layouts. These measurements disclosed that increments in
energy efficiency up to 16% can be attained by removing the flash gas from the IP receiver, whereas
an increase in the evaporating temperature by between 1 and 3 K and an improvement in the efficiency
of compressors enhance COPy up to 14%. In addition, according to Sawalha et al. (2017), “new”
installations (i.e. booster-based architectures) are characterized by higher COPsi: at outdoor
temperatures below 24 °C, as well as by an energy saving by 20% compared to HFC systems in an
average-size supermarket in Stockholm. This outcome was based on the filed measurements collected
for 7-9 months in three different Swedish food retail stores using conventional HFC solutions. In like
manner Finckh et al. (2011) also showed that a CO; booster arrangement performs similarly to or
better than a conventional HFC system at external temperatures up to 24 °C. In particular, the
researchers estimated that in Frankfurt (Germany) a CO: booster solution leads to an energy
conservation by about 18% at temperatures up to 10 °C and by 13.8% from an annual basis over the
aforementioned system.

Ommen and Elmegaard (2012) successfully validated a numerical model applying a thermodynamic
diagnosis based on the characteristic curves method to a CO2 booster supermarket refrigeration
system. The assessment was implemented in both subcritical and transcritical running modes in
steady state. The results indicated that the cost of the LT cooling product is about twice as high as
that of the MT one.

Heerup and Fredslund (2016) estimated that measured energy consumption related to a small Danish
supermarket is about 23% higher than that computed mainly due to the periodic fluctuating load.
Also, in comparison with 8 other similar installations, this solution is found to be very energetically
efficient.

Gullo et al. (2017) theoretically assessed energy savings between 7.5% and 17% in cold and mild
climates (i.e. Oslo, London, Frankfurt, Milan) on the part of a conventional booster system over a
R404A unit.

Pure R744 systems are characterized by substantial differences between the heat rejection and the
heat absorption pressure due to the occurrence of transcritical operating conditions. This leads to
enormous exergy destruction rates related to the expansion valve and thus to highly depreciated
performance with rise in cooling medium temperature (Fazelpour and Morosuk, 2014; Cavallini and
Zilio, 2007). This marked fall in energy efficiency takes place in both warm locations and heating
mode. The adoption of some technological expedients permits partially overcome this drawback. For
this reason, researchers’ attention has turned to the enhancement of both energy efficiency and cost-
effectiveness of more promising solutions than the conventional booster configuration.

In the next subsections, the most relevant characteristics and some practical aspects, as well as some
field measurements related to the most state-of-the-art R744 supermarket refrigeration systems were
presented.
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4.2. State-of-the-art transcritical R744 refrigeration systems for
supermarket applications: 2" generation and 3™ generation

4.2.1. Parallel compression (2" generation)

In a conventional R744 booster system, the amount of flash gas removed from the liquid receiver and
thus compressed by the high stage (HS) compressors goes up significantly with rise in outdoor
temperature. Gullo et al. (2016a) estimated that in transcritical running modes the flash gas mass flow
rate is on average equal to 45% of the total mass flow rate. As a consequence, extremely poor
performance can be ascribable to such a technology in high ambient temperature countries. A method,
which leads to modest enhancements in COP, is that based on the compression of a part of or the total
amount of the flash gas from IP to HP with the aid of one or more parallel (or auxiliary)
compressor(s). Consequently, the HS compressors are unload in favour of the auxiliary compressors
with rise in outdoor temperature. It is important to highlight that such a solution is energy beneficial
up to moderate external temperatures. As reported by Gullo et al. (2017b), in fact, compared to a
R404A direct expansion unit, the energy efficiency limit commonly experienced by the 1% generation
technology at outdoor temperatures above about 14 °C can be pushed up to 27 °C by adopting the 2™
generation solution. At more extreme operating conditions, its performance is significantly
compromised due to the massive amount of flash gas generated in the liquid receiver (Gullo et al.,
2016a). As highlighted by Javerschek et al. (2015), the advantages related to the adoption of such a
solution are strongly depending on the bin hours per year for which parallel compressor can be
employed.

Nowadays the configuration employing this technology (Fig. 2) and implementing space and tap
water heating recovery (see Subsection 5.3) is pointed out as the 2" generation as well as the
“current” benchmark of transcritical CO> supermarket refrigeration systems (Neksa et al., 2016;
Hafner et al., 2016).

Fig. 2. Transcritical R744 booster supermarket refrigeration system outfitted with parallel
compression and implementing heat recovery (Schonenberger, 2016).

According to Javerschek et al. (2016), at severe operation conditions the flash gas by-pass valve
closes and the vapour in the liquid receiver is thus drawn by the parallel compressor. This means that
this additional component is put into operation as soon as both the high pressure and the opening
degree of the aforementioned valve exceed prefixed thresholds concurrently. The parallel compressor
can be alternatively connected to the suction line of the HS compressors via a 3-way valve. This
allows taking advantage of employing an additional variable-speed compressor at moderate outdoor
temperatures and relatively large cooling loads.

The importance of optimizing the intermediate pressure in a CO> refrigeration cycle using parallel
compression was demonstrated by many researchers (Bell, 2004; Minetto et al., 2005). The existence
of this can be justified by taking into account that both the cooling capacity and auxiliary compressor
power input go up with drop in intermediate pressure. According to Minetto et al. (2005), the
optimum value of this variable is affected by the displacement ratio of the parallel to the main
compressor. The authors also proved the feasibility and the reliability of such a technology with the
aid of a test rig, as well as they suggested a solution to the possible issue associated with the oil
recapture. However, the refrigerating units which are using such a technology are being run at a fixed
(or slightly variable up to 40 bar) intermediate pressure. This allows both a more stable feeding of
the expansion valves and avoiding high pressures in the sale area, as reported by Minetto et al. (2015).
Also, Gullo et al. (2017a) showed that the energy conservation related to the optimization of the
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intermediate pressure is negligible compared to the same system with slightly variable IP in
Mediterranean European climate context. The reason for this lies in the fact that the same auxiliary
compressor was selected for these two units. It is worth remarking that at the present time the upper
limit regarding the highest pressure which can be reached by the refrigeration plants during shut down
periods is set to between 40 and 45 bar. On the other hand, according to Hafner et al. (2014b, 2014d)
and Hafner and Hemmingsen (2015) the value of this constraint will be pushed up to 60 bar in the
near future.

Da Ros (2005) showed the optimum values of COPs, intermediate and heat rejection pressures at gas
cooler exit temperatures above 25 °C.

The investigation by Sarkar and Agrawal (2010) revealed that the optimal intermediate pressure is
more affected by the evaporating temperature rather than by the gas cooler pressure. Furthermore,
the authors also claimed that the adoption of an auxiliary compressor is a more effective technology
in relation to both the usage of parallel compression with subcooler and that of double-stage
compression with flash gas by-pass.

Chiarello et al. (2010) carried out an experimental study on a system with parallel compressor mainly
operating in subcritical conditions. The data demonstrated the reliability, as well as the good energy
efficiency of this technology. The researchers also recommended paying close attention to the design
temperature, as this parameter remarkably affects the operating period of the auxiliary compressor
and thus the efficiency of the whole system.

Wiedenmann et al. (2014) suggested focussing on the design of the auxiliary compressors in order to
suitably select the minimum suction volume rate of the smallest parallel compressor. This would
permit a substantial increase in their operating time which would also lead to the enhancement of the
overall performance as well as to an increase in the compressor lifetime. Furthermore, the researchers
also pointed out that the oil management can be implemented in the same way as for the HS
compressors. Up to now, the large number of installations in operation based on this technology have
allowed decreasing the costs and obtaining efficient control systems.

Chesi et al. (2014) indicated that, depending on the boundary conditions, the usage of parallel
compression theoretically enhances the COP by more than 30% in relation to a basic one-stage CO:
system. Also, the authors proved both theoretically and experimentally that the performance of such
a solution is strongly influenced by the liquid separator efficiency. Displeasing superheating and
pressure drop were found to be significant sources of performance deterioration.

Sharma et al. (2014a) carried out a theoretical performance assessment of eight commercial
refrigeration systems working in different American locations. The results indicated that the
configuration with parallel compression can be energetically competitive with a R404A direct
expansion solution at annual average temperatures up to about 14 °C.

Javerschek et al. (2015) estimated that parallel compression technology involves an increase in COP
between 8.4% and 13.6% at outdoor temperatures ranging from 25 °C to 42.5 °C. Also, the authors
assessed enhancements in Seasonal Energy Efficiency Ratio (SEER) by between 2.9% and 6.4% in
Tokyo (Japan) with respect to the bin hours per year for which auxiliary compressor can be run.

Gullo et al. (2016b, 2016d) and Gullo and Hafner (2017b) highlighted that the advanced exergy
analysis is a great design tool even for “COz only” supermarket refrigeration systems with parallel
compression. Also, such a technology presents on average 18.7% higher both COP and exergy

efficiency than the basic transcritical CO; unit at cooling medium temperatures ranging from 30 °C
to 50 °C, as computed by Gullo et al. (2015).

Fritschi et al. (2016) delved into the operating regimes of a one-stage CO> unit with parallel
compression at which a growth in its efficiency by at least 10% in comparison with a CO> system
with flash-gas injection is attained. These conditions are reached at gas cooler outlet temperatures
above 27 °C, evaporating temperatures below -7 °C and intermediate pressures up to 45 bar. The
authors assumed that the energy savings related to their occurrence lead to the compensation of the
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cost associated with the additional compressor. The evaluation was carried out with the aid of a
numerical model validated against some experimental data.

The control strategies and their influence on the annual performance of this configuration were
evaluated by Javerschek et al. (2016) from both the analytical and experimental point of view. The
outcomes obtained suggested that the optimal intermediate pressure depends on both the load ratio
and the condensing/gas cooler outlet temperature.

The vapour injection technique is considered as an alternative to the usage of an auxiliary compressor.
On the other hand, Bella and Kaemmer (2011) experimentally showed that, despite the good
efficiencies of the former, the technology employing parallel compression is more reliable as it has
no issues in terms of both vibrations and the intermediate pressure control.

4.2.2. Overfed evaporators

The superheating of the refrigerant at the evaporator outlet is the most conventional strategy to control
the mass flow rate flowing thorough any refrigerating unit. Such an expedient brings about
remarkable irreversibilities as the reachable maximum evaporating temperature is restricted due to
the pinch point temperature (i.e. difference between air inlet temperature and refrigerant temperature
at evaporator outlet) across this heat exchanger. In particular, the superheating implementation is
especially detrimental to “CO; only” refrigeration technologies owing to the substantial Ap/AT ratio
and the enormously advantageous heat transfer performance. According to Finckh et al. (2011), an
annual energy saving by 3% can be accomplished for each increase by 1 K in MT. This dramatic
energy penalization can be reduced by overfeeding the evaporators with the aid of the liquid ejectors
(Hafner et al., 2012, 2014a, 2014c; Haida et al., 2016b; Schonenberger et al., 2014) all year round
(Hafner and Banasiak, 2016; Hafner et al., 2014c, 2016; Schonenberger et al., 2014) and, less
attractively, by employing a pump (Girotto, 2012; Gullo et al, 2016¢, 2017b). In fact, on the one hand,
these technologies reveal similar results from the energy perspective, as the main benefits related to
their usage is associated with the increase in the evaporator operating temperature and the pump
power input is negligible (Girotto, 2012; Minetto et al., 2014a). On the other hand, many well-known
drawbacks can be associated with the adoption of pumps in supermarket applications (e.g. cavitation
issues, cost), meaning that the usage of liquid ejectors should be preferred. Also, overfed evaporators
can be combined with parallel compressors with great results (Girotto, 2012; Gullo et al, 2016c,
2017b), even in warm regions.

Minetto et al. (2014a) suggested an innovative method based on the usage of a liquid ejector to
overfeed various evaporators arranged in parallel in a commercial pure CO; system, as sketched in
Fig. 3. Besides proving the reliability and the control stability of this solution, the experimental results
disclosed that the compressor power input can be dropped by roughly 13% compared to a
conventional configuration. The evaluation was implemented by considering the external temperature
of about 16 °C and the air temperature of approximately 0 °C.

Fig. 3. Transcritical R744 refrigeration system with overfed evaporators by employing a liquid
ejector (Minetto et al., 2014a).

Gullo et al. (2016c¢) theoretically estimated that a “CO» only” solution equipped with MT overfed
evaporators and parallel compression allows accomplishing annual energy savings from 8.2% (in
Seville, Spain) to 12.3% (in Rome, Italy) compared to a R404A system in Southern Europe. Also,
further energy savings between 2.3% and 2.6% could be attained by adopting a de-superheater.
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A refrigeration plant similar to the one mentioned above was found to consume from 12.4% in a
warm climate (i.e. Athens) to 22.7% in a cold weather (i.e. in Oslo, Norway) less electricity than a
R404A unit (Gullo et al., 2017b).

Karampour and Sawalha (2018) claimed that the simultaneous implementation of parallel
compression and MT and LT overfed evaporators leads to an energetically and economically
promising HFC-free solution for warm climates. Such a system, in fact, was found to perform
similarly to R404A- and R449A-based direct expansion systems as well as to a R290/R744 indirect
solution in Barcelona (Spain), featuring an energy conservation of about 15% compared to a
conventional CO> booster unit. However, higher energy savings could be ascribable to a R717/R744
indirect arrangement at the same boundary conditions.

Haida et al. (2016b) numerically studied two liquid ejectors of different size hosted in a multi-ejector
pack (see Subsection 4.2.3.1). The researchers claimed that short lengths of the pre-mixer and mixer
allow improving the performance of both devices over the investigated range of operating conditions.
Also, wide diffuser angles enhance the mass entrainment ratio (i.e. ratio of the mass flow rate
associated with the suction flow to the mass flow rate associated with the motive flow) and decrease
the diffuser length.

4.2.3. Ejectors

The kinetic energy content associated with any refrigerant and owing to the pressure drop taking
place in a conventional expansion valve is lost as friction heat. The higher the cooling medium
temperature, the more remarkable this drawback is for any vapour-compression refrigeration system.
Due to the low critical temperature of CO2 and the consequent occurrence of transcritical running
modes, prominent irreversibilities can thus be attributed to the isenthalpic expansion process in pure
COz systems. On the one hand, this causes a more dramatic deterioration of the overall performance
than in HFC-based solutions with rise in hot sink temperature. On the other hand, this means that
higher potential enhancements in performance can be achieved by replacing a conventional HP
expansion valve with a work recovery device (i.e. ejector or expander) in a “CO> only” unit. As an
example, the published literature suggests that CO, and R134a (and R410A) ejectors allow usually
recovering respectively about between 20% and 30% and below 20% of the expansion work
(Lawrence and Elbel, 2015). This work recovery would lead to a pre-compression of a part of the
refrigerant and thus to a higher compressor suction pressure. As two-phase ejectors are much simpler
in manufacturing, operation and controlling than expanders, being also easily damageable due to the
presence of a large amount of liquid, the researchers’ attention has been considerably focusing on
such devices. Ejectors also feature cheapness, absence of moving parts and ability to handle two-
phase flows with no damage. Furthermore, this technology represents, especially in warm/hot
weathers, the solution with the highest potential in energy saving for food retail applications (Hafner
and Hemmingsen, 2015; Hafner et al., 2016, 2014d, 2014c, 2014b, 2014a, 2012; Minetto et al., 2015,
2014b; Schonenberger, 2016). Bilir and Ersoy (2009) also claimed that two-phase ejectors are
particularly promising for refrigerating plants running in tropical countries and desert area. According
to Hafner (2015), the market share of the ejector-based R744 refrigerating systems in food retail
industry is likely to be between 50% to 80% for new installations in 2020. Experimental campaigns
have showed that transcritical R744 refrigerating systems employing an ejector for work recovery
can accomplish improvements in COP between 7% (Elbel and Hrnjak, 2008) and 26% (Nakagawa et
al., 2011).

Banasiak and Hafner (2013) highlighted the noteworthy influence of the wall roughness on the ejector
performance, especially when it comes to long mixing sections.

The effect of the irreversibilities on the efficiency of a CO> ejector (defined according to Elbel and
Hrnjak, 2008) was assessed by Banasiak et al. (2014b). The authors concluded that the closest
attention has to be paid to the mixing section. On the other hand, the analysis brought to light that the
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components of an ejector need to be simultaneously evaluated to suitably optimize the device
geometry.

It is worth mentioning that the conventional individual constant-geometry ejector is not able to ensure
an accurate control of the discharge pressure and, simultaneously, implement expansion work
recovery effectively (Banasiak et al., 2015). Therefore, two control strategies have drawn interest:
the usage of various fixed-geometry ejectors consisting of the so-called “multi-ejector rack” (Hafner
et al., 2012, 2014a) and the adoption of an individual device possessing a movable conical needle in
the motive nozzle, closing/opening the nozzle throat (Liu et al., 2012). However, Neksa at al. (2016)
suggested that the latter involves very limited ejector efficiencies and operation range, especially in
off-design conditions. Smolka et al. (2016) numerically compared the performance of fixed- and
controllable-geometry ejectors using convergent and convergent-divergent nozzles operating in a
CO» refrigerating unit. The former exhibited high and easily predictable efficiencies over the
investigated operating range. As for the controllable-geometry ejectors, these devices disclosed even
better performance as the motive nozzle throat decreases up to about 35% and much lower
efficiencies beyond this value. On the other hand, the authors claimed that it is extremely difficult to
predict the needle positions (in terms of the needle insertion distance) bringing about satisfactory
performance for controllable-geometry ejectors over the studied running modes. Girotto (2017)
highlighted that spindle-based ejectors are suitable devices only for a specific mass flow rate/capacity.
It is worth remarking a few experimental data related to this solution are currently available, meaning
that its real performance and reliability with respect to the control implementation are still unknown.
However, nowadays about 50 stores employing multi-ejector arrangement can be counted (Girotto,
2017). Furthermore, experimental study by Banasiak et al. (2015) also revealed that the heat rejection
pressure can be satisfactorily controlled by a multi-ejector pack in supermarket applications.

Smolka et al. (2013) developed the mathematical model which, at a later time, was fully validated by
Palacz et al. (2015) and employed by Palacz et al. (2017a, 2017b, 2017¢), Smolka et al. (2016), Haida
et al. (2016b, 2018a, 2018b) and Bodys et al. (2016, 2017) to numerically look into the multi-ejector
concept.

The range of running modes in which the homogenous equilibrium model can be applied with a
reasonable accuracy to a CO; stream flowing through a two-phase ejector was examined by Palacz et
al. (2015). The results suggested that, at operating regimes near or above the critical point, the motive
mass flow rate can be predicted with errors below 10% over the experimental data. However, the
accuracy deteriorates together with the lowering values of pressure at which the expansion process
in the motive nozzle invokes evaporation/cavitation (evaporation onset point).

Bodys et al. (2016) numerically contrasted the performance of fixed ejectors with and without swirl
flow at the inlet of the motive and suction nozzles. These devices were accommodated in a multi-
ejector block of a transcritical CO; refrigeration system for supermarket applications. The outcomes
showed that positive effects on ejector performance can be obtained by means of a suitable rotational
speed of the motive stream. However, the mass flow entrainment ratio goes up less than 4%, implying
that this expedient cannot be considered as an appropriate solution to enhance the COP of the
investigated technology.

Palacz et al. (2017c) optimized the shape of four CO> ejectors improving their efficiency by 6%. In
comparison with the base ejector shape, all the devices had the tendency to need for a more extended
mixing chamber, a greater value of the motive nozzle diverging angle and a higher motive nozzle
outlet diameter. On the other hand, the optimized mixer diameter resulted similar to that of the base
ejector shape. Consequently, the enhanced ejectors feature less marked turbulences in the mixing
chamber, a smoother expansion process within the motive nozzle and a more uniform velocity field
in the mixing section.

Palacz et al. (2017a) optimized the geometry of two CO» vapour ejectors by applying two different

algorithms, i.e. genetic and evolutionary algorithm. The overall ejector efficiency maximization was

chosen as the objective function. The results revealed a strong relation between mixer diameter and

ejector performance. As a result of the application of both the aforementioned algorithms, the mixing
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section length and the mixer diameter in the optimal design were respectively found to be greater
than and about the same as the baseline design. Also, the optimization procedure led to an increase
in the overall ejector efficiency by 2%. Finally, the authors claimed that CO; ejector geometry can be
effectively optimized over a limited range of running modes with the aid of the presented
methodology.

Palacz et al. (2017b) compared the accuracy of the homogeneous equilibrium and homogeneous
relaxation models as applied to evaluate the performance of CO; ejectors designed for supermarket
applications. The researchers concluded that the accuracy enhancement of the homogeneous
relaxation approach is unacceptable possibly due to the relaxation time formulation. The study was
based on heat rejection pressures between 47 bar and 94 bar and temperatures at motive nozzle inlet
between 6 °C and 36 °C, respectively.

Haida et al. (2018a) developed and validated a reduced-order model to accurately evaluate the nozzle
mass flow rate of two-phase ejectors in dynamic simulations of supermarket refrigeration systems
with negligible time effort.

The performance of CO> ejectors for refrigeration and air conditioning supermarket applications was
mapped by Haida et al. (2018b). Also, the researchers developed the approximation functions of the
ejector pressure lift as a function of the external temperature at air conditioning operating conditions
to attain the best efficiency of each ejector.

4.2.3.1. Multi-ejector concept (3" generation)

The multi-ejector concept was developed by Hafner et al. (2014a, 2012) and involves the
simultaneous adoption of highly performing technologies for transcritical R744 supermarket
applications (i.e. two-phase ejectors, overfed evaporators, parallel compression). Such a combination
of expedients permits maximizing the achievable energy advantages, especially in warm climates.
The multi-ejector rack available in the market relies on a block accommodating 4-6 vapour ejectors
and 2 liquid ejectors, being all fixed geometry devices of various size and connected in parallel.
Besides keeping the optimal high side operating conditions in any running mode, the ejectors aimed
at vapour removal pre-compress a part of the refrigerant from the medium pressure (MP) to IP. As a
consequence, the suction pressure of parallel compressors is 3+10 bar higher than that of HS
compressors belonging to a conventional booster solution (Hafner and Hemmingsen, 2015; Hafner et
al.,2014b, 2014d). This in turn implies a copious unloading of the latter to the detriment of the former
(Hafner and Banasiak, 2016; Hafner et al., 2016; Fredslund et al., 2016). The significant usage of the
auxiliary compressors entails the achievement of high overall energy efficiencies and the reduction
in their maintenance issues (Minetto et al., 2014b) all year round. An additional energy benefit related
to the multi-ejector concept is represented by the increase in the operating temperature of the MT
evaporators with the aid of the liquid ejectors, as explained in the Subsection 4.2.2. At least one of
the vapour ejectors is permanently employed, whereas the devices designed for liquid pumping are
put into operation as the liquid indicator exceeds a prefixed threshold in the MP receiver. The required
capacity is constantly satisfied by varying the combination of vapour ejectors. The control logic for
each ejector is based on a solenoid shut-off valve at the inlet of the motive nozzle and a check valve
at the inlet of the suction nozzle. A schematic of a transcritical R744 booster supermarket refrigeration
system equipped tin multi-ejector block is displayed in Fig. 4.

Fig. 4. Transcritical R744 booster supermarket refrigeration system outfitted with multi-ejector
module (Hafner et al., 2012; Hafner et al. 2014a).
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The solution relying on the multi-ejector concept and performing heat recovery (see Subsection 5.3)
represents the 3™ generation of “CO> only” supermarket refrigeration systems (Neks4 et al., 2016;
Hafner et al., 2016).

Girotto (2017) claimed that, depending on the external temperature profile, a liquid ejector with an
efficiency of 8% can enhance the overall annual performance by 15%, whereas a vapour ejector with
a peak efficiency of 30% by 5%, respectively.

Multi-ejector concept was applied for the first time ever in a Swiss large supermarket (Qpr = 120
kW, Q.7 =55 kW) in the region of Fribourg in summer 2013 (average annual temperature = +9.6 °C)
(Schonenberger et al., 2014; Hafner et al., 2014c¢). As regards this installation, Schonenberger et al.
(2014) and Hafner et al. (2014c) discussed many practical aspects, such as the suitable number of
ejectors and the switching from superheated to overfed mode (and vice versa) on the part of the MT
evaporators, with the aid of some field measurements. In Fig. 5 the energy consumption of the
aforementioned plant is contrasted with the average energy consumption of three CO; refrigeration
systems with parallel compression operating in just as many similar stores. It is possible to notice that
the former consumes about 14% less electricity over the investigated period of time.

Fig. 5. Comparison of the energy consumption of transcritical R744 booster refrigeration systems
with and without ejector support in Switzerland (Schonenberger et al., 2014).

Banasiak et al. (2014a) experimentally proved that the efficiency of an individual ejector belonging
to a multi-ejector pack can achieve values of 0.3 depending on the discharge pressure and
temperature, the pressure lift (i.e. difference in pressure between the two receivers) and the
evaporating pressure.

Banasiak et al. (2015) designed, manufactured and implemented a performance mapping of such a
prototype for commercial refrigeration applications. The 1D computational model developed by
Banasiak and Hafner (2011) was originally employed for designing the vapour ejector with the
smallest capacity, whereas the other three devices were simply scaled up. The results related to
Banasiak et al. (2015)’s investigation revealed that the ejector efficiency is above 0.3 over a wide
range of the investigated operating conditions. According to the authors, the oil management can be
suitably performed both within the liquid separator and upstream of the gas cooler. This was also
highlighted by Neksi et al. (2016) and Hafner et al. (2016). Also, its control system was already
effectively implemented (Banasiak et al., 2015, 2014a; Hafner et al., 2016; Hafner et al., 2014c;
Schonenberger et al., 2014; Schonenberger, 2016).

According to Kriezi et al. (2015, 2016), the range of operation conditions at which an ejector performs
in the best possible way is significantly influenced by its geometrical parameters. By scaling the
ejector, in fact, no significant changes in terms of efficiency are observed. On the other hand, the
ejector performance is substantially modified by altering any of its characteristic dimension. For this
reason, as the operating conditions are significantly different over the year, Kriezi et al. (2016)
suggested employing a liquid ejector designed for summer running modes and another for winter
operation regimes. A suitable liquid ejector for summer conditions allows the vapour ejectors to
recover more work. Ejectors designated for vapour removal can be suitably used for pumping some
liquid in summertime. Kriezi et al. (2015, 2016) also highlighted that it is possible to design ejectors
featuring acceptable performance over a wide range of running modes for various applications. In
order to achieve this target, close attention has to be paid to many factors, such as ejector geometry,
typology of application, system control, boundary conditions.

Minetto et al. (2015) carried out a review regarding the technological aspects, attained knowledge
and some experimental results on the subject of auxiliary compressors combined with ejectors.
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Haida et al. (2016a) implemented an experimental comparison between a R744 refrigeration unit
using parallel compression with and without multi-ejector pack. Enhancements in COP and exergy
efficiency up to 7% and 13.7% could be respectively obtained. Multi-ejector module efficiencies up
to 0.33 were measured as a function of the pressure lift and the motive and suction conditions. Also,
the authors claimed that the parallel compressor rack needs to be adapted to the usage of the multi-
ejector block.

The experimental studies disclosed that the energy efficiency can be increased by 10% between the
first and the second generation, whereas at more severe operating conditions additional enhancements
by 20% can be accomplished between the second and the 3™ generation, as reported by Neksa et al.
(2016). Also, the theoretical assessment conducted by Gullo et al. (2017b) suggested that the adoption
of the multi-ejector concept leads to higher COPs in relation to a R404A direct expansion unit at
outdoor temperatures up to 40 °C.

Fredslund et al. (2016) presented field data from installations located in various places. The results
revealed that the efficiencies of the vapour ejectors measured in the laboratory are very similar to
those evaluated in such supermarkets (and above 0.25). The authors also recommended paying close
attention to the compressor sizes (so as to meet the required load suitably and have the auxiliary
compressors as long as in operation), pressure lift (which should be low, especially for dry expansion
evaporators) and the oil return design.

Also, Hafner et al. (2016) reported that:

e abundant decreases in the mass flow rate related to the HS compressors to the disadvantage
of the parallel compressors occur, whether or not AC demand is requested (see Section 6);

e the AC demand can lead to the complete switching off of the HS compressors which, in turn,
implies that the parallel compressors deal with the total vapour mass flow rate;

e the number of the vapour ejectors in operation strongly depends on the outdoor temperature
(and thus on the AC need).

The analysis implemented by Bodys et al. (2017) proved that a multi-ejector block features high and
stable performance over the whole range of the evaluated running modes for food retail applications.

The field measurement study by Schonenberger (2016) revealed that the number of the compressor
on-off cycles in parallel vapour compression systems supported by ejectors are reduced in relation to
conventional solutions. Furthermore, the author estimated an energy saving on the part of
aforementioned enhanced technology from 15% to 25 % over CO: refrigerating plants employing an
auxiliary compressor depending on the heat reclaim, application and weather conditions.

As mentioned above, the adoption of the multi-ejector concept prompts the increase in MT driven by
the recovery of the expansion work between HP and MP. Furthermore, as suggested by Minetto et al.
(2015), an IHX can be integrated into a R744 ejector supported parallel vapour compression system
as a means of overfeeding the LT evaporators too, as schematized in Fig. 6. This leads to the need for
a low pressure (LP) accumulator to trap the liquid which cannot possibly evaporate in the heat
exchanger pointed out as IHX D in Fig. 6 (Schonenberger, 2016). Also, IHX C (Fig. 6) is employed
for heating up R744 before the refrigerant is drawn by the LS compressors in any running mode.

Fig. 6. Transcritical R744 booster supermarket refrigeration system outfitted with multi-ejector
module and having both MT and LT overfed evaporators (Schonenberger, 2016).

The available literature suggests that the use of the multi-ejector concept permits increasing MT and
LT respectively by 6 K and by 8 K in any operating condition (i.e. even in subcritical modes) and,
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consequently, reducing the frost formation and number of defrost cycles over a conventional solution
(Hafner et al., 2014c; Hafner and Banasiak, 2016; Schonenberger et al., 2014; Schonenberger, 2016).

As summarized in Fig. 7, Gullo et al. (2017b) theoretically estimated that the 2°¢ generation offers
energy saving between 1% in Oslo and 5.7% in Athens, whereas the 3™ generation consumes from
17.8% in Oslo and 26.7% in Athens in relation to the 1% generation. On the other hand, the multi-
ejector concept leads to energy savings between 16.9% in London (UK) and 23.4% in Oslo over the
2" generation. It is worth remarking that the heat recapture implementation was not considered in
this investigation.

Fig. 7. Annual energy consumption of the 1%, 2™ and 3™ generation of “CO, only” supermarket
refrigeration systems compared to that of a R404A direct expansion unit in the European climate
context (Modified from Gullo et al., 2017b).

Further improvements in the overall system performance can be achieved by promoting the
interchangeability of HS and parallel compressors (i.e. principle of pivoting) according to the running
modes (Hafner, 2017; Banasiak et al., 2015; Hafner et al., 2014a, 2015; Minetto et al., 2015; Pardifias
et al., 2017a, 2017b). As suggested by Hafner (2017), the compressors can be linked to either the HS
or the parallel suction group with the aid of on/off valves located upstream of them. This would also
lead to a “gap-free” control of the refrigeration load, besides lowering the installation cost as well as
enhancing the compactness of the unit (Hafner, 2017). The need for a more flexible usage of HS and
parallel compressors was highlighted by Hafner and Banasiak (2016). Also, Javerschek et al. (2017b)
claimed that multi-ejector concept can successfully reduce the required nominal displacement.
Furthermore, Hafner et al. (2015) suggested connecting the low stage (LS) compressors to either the
IP accumulator or the MP separator, depending on the capacity ratios of the different levels of
temperature. At a later time, Pardifias et al. (2017a) theoretically showed that it is advisable to adopt
the first technique as the growth in the power input related to LS compressors is balanced out by the
better operating conditions of parallel compressors.

Girotto (2017) summed up the main advantages associated with R744 multi-ejector enhanced parallel
compression system as follows:

e substantial reduction of the compressor discharge temperature thanks to both the MP liquid
receiver and the overfed evaporators, being advantageous in terms of lifetime of the oil,
components on the discharge line and de-superheater employed for heat recovery (see
Subsection 5.3);

¢ increased protection against liquid in the compressor suction manifolds thanks to both the MP
liquid receiver and the implemented active methods aimed at limiting the liquid level;

e a decrease in the total installed swept volume compared to a single compression system, as
showed by Chiarello et al. (2010);

e asimplified control of evaporators;

e gaining energy competitiveness even at outdoor temperatures up to between 40 °C and 42 °C.

A multi-ejector module was recently installed in Georgia (USA), representing the first food retail
ever relying on this technology in North America. In such a climate context and compared to a
conventional booster unit, it was claimed that such a solution is capable of raising peak energy savings
by 11.3% and between 15% and 23% in non- and optimized operating conditions, respectively
(r744.com, 2017d).
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4.3. Other state-of-the-art transcritical R744 refrigeration systems for
supermarket applications

4.3.1. Technologies aimed at cooling down R744 exiting the gas cooler/condenser

As mentioned above, the high outdoor temperatures give rise to transcritical running modes causing
a considerable difference between rejection and absorption pressures in “CO; only” refrigeration
plants. As consequences, the refrigerant entering the evaporators features very high quality (i.e.
reduction in refrigerating effect) as well as the total power input increases significantly. The growth
in cooling effect combined with a decrease in discharge pressure can be attained by cooling down
R744 coming out of the gas cooler/condenser with the aid of:

e a dedicated mechanical subcooling, representing the most promising technology for this
purpose in supermarket applications;

e an absorption chiller, which can be driven by recovering waste heat (e.g. from the gas
cooler/condenser);

e thermoelectric subcooler, whose working principle is based on the Peltier effect (Schoenfield
etal., 2012).

4.3.1.1. Dedicated mechanical subcooling

The solution with dedicated mechanical subcooling involves the usage of a further vapour-
compression refrigeration unit (i.e. a self-contained unit), as sketched in Fig. 8. This is employed for
cooling down R744 coming out of the gas cooler/condenser by promoting the vaporization of the
refrigerant circulating in the subcooler loop, which is typically a plate heat exchanger. According to
Gullo et al. (2016a), this expedient leads to an average reduction by about 64% in the quality of R744
entering the HP expansion valve in transcritical operation conditions. Consequently, a substantial
increase in the refrigerating effect and thus in the overall energy efficiency are attained (Gullo et al.,
2016a; Llopis et al., 2015a, 2016). Also, Gullo et al. (2016a) and Llopis et al. (2015a, 2016)
highlighted that significant drops in the optimal heat rejection pressure can also be attributed to such
a solution.

Fig. 8. Transcritical R744 refrigeration system with dedicated mechanical subcooling (Llopis et al.
2015a).

The theoretical evaluation carried out by Llopis et al. (2015a) suggested that the use of a R134a
mechanical subcooling cycle improves COP by 13.7% at -5 °C for a single-stage CO: configuration
and by 13.1% at -30 °C for a CO; cycle with double-stage compression and intercooling over the
basic cycle. This evaluation was implemented at the outdoor temperature of 30 °C and with a degree
of subcooling of 5 °C.

The experimental data gathered by Llopis et al. (2016) revealed that enhancements in COP ranging
from 6.9% to 30.3% at the evaporating temperature of -10 °C can be achieved.

Mazzola et al. (2016) compared the advantages of three different subcooling techniques with the aid
of some field data. The investigated technologies involved a dedicated chiller employed as a
mechanical subcooling, a water/COz subcooler used for integrating the CO; refrigeration system with
the air conditioning (AC) unit and the usage of a groundwater source. In relation to a conventional
CO: booster system and at outdoor temperatures ranging from 40 °C to 48 °C, the authors estimated
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energy savings by roughly 25%, 36% and 30% on the part of the aforementioned solutions,
respectively.

Sanchez et al. (2016) experimentally proved that the use of a R290 dedicated mechanical subcooling
permits attaining enhancements in cooling capacity as well as in COP between 27.2% and 42.8% and
between 5.1% and 19.3%, respectively. The evaluation was performed at the evaporating temperature
of -10 °C and at two different temperatures of the water going into the gas cooler (i.e. 30 °C, 35 °C).
At the same boundary conditions, the researchers found that the use of IHX increases the cooling
capacity and the COP from 1.9% to 11.7% and from 0.8% to 12.2%, respectively.

Beshr et al. (2016) carried out three laboratory tests at steady state conditions in order to implement
an experimentally validated simulation model of a CO; booster refrigerating plant with a R134a
dedicated mechanical subcooling.

The advantages of the application of the advanced exergy analysis to transcritical CO> solutions using
the aforementioned solution were demonstrated by Gullo et al. (2016d) and Gullo and Cortella
(2016b).

A system possessing this expedient combined with a parallel compressor and including domestic hot
water (DHW) production was installed in a hypermarket located in Alzira (Spain) in 2013 (Frigo-
Consulting LTD, 2014). The gas cooler outlet temperature was kept below 26 °C all over the year,
leading to energy savings up to 10% over a HFC-based solution. The configuration investigated by
Eikevik et al. (2016) is also capable of performing in subcritical running modes all the year round.
This is due to the fact that R290 flowing through the subcooling loop is employed as the cooling
medium for the R744 gas cooler at high outdoor temperatures. According to the implemented field
tests, the R290 unit should start operating at the external temperature of 23.5 °C, whereas the
developed simulation models suggested that it should be put into operation at 19.4 °C. In addition,
the authors estimated:

e aseasonal COP respectively equal to 3.22 in Oslo, 2.99 in Paris (France) and 2.85 in Madrid;

e a growth in COP up to 15% with rise in the velocity of the air circulating through the CO»
condenser;

e an enhancement in COP from 8.84% at 18.7 °C to 6.91% at 40 °C by adopting a new design
of the CO»-R290 condenser.

The results obtained by Nebot-Andrés et al. (2017) suggested that the system equipped with the
dedicated mechanical subcooling outperforms the corresponding cascade arrangement in MT
commercial refrigeration applications.

Dai et al. (2017) recommended the adoption of such a solution for low evaporating temperatures and
hot climate contexts.

The energy performance of a “CO; only” refrigeration plant outfitted with a dedicated mechanical
subcooling using zeotropic mixture was investigated by Dai et al. (2018). Compared to pure R32, the
outcomes suggested that the overall COP can be enhanced by 4.91% at the evaporating temperature
of -5 °C and external temperature of 35 °C by adopting R32/R1234ze(Z) (55/45).

It is important to highlight that, although such a technology is particularly efficient at very high hot
sink temperatures, it also features a high investment cost, global complexity and complicated control
strategy, as suggested by Gullo et al. (2016a) and Girotto (2017). In particular, Girotto (2017)
remarked that many drawbacks can be related to this solution, such as the risk/admissibility (i.e.
flammability, toxicity) associated with the working fluid employed in the subcooler cycle and the
need to utilize a double loop (i.e. increase in the complexity and cost as well as reduction in the
overall system efficiency). Also, heat recovery (see Subsection 5.3) for space heating and DHW
production could also be difficult to be performed.
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4.3.1.2. Subcooling by means of an absorption chiller

Arora et al. (2011) compared the energy and exergy performance of a transcritical CO; refrigeration
unit coupled with a single effect H>O-LiBr absorption system with that of a conventional pure R744
refrigeration plant. The combined solution employs the evaporator of the absorption chiller to cool
down CO; exiting the gas cooler/condenser, a turbine as the replacement for the conventional
expansion valve as well as the heat recovered from its HP heat exchanger to feed the absorption unit.
The authors estimated an increase in refrigerating capacity, in COP and in exergy efficiency by
14.05%, 14.20% and 3.67% compared to the conventional solution at the evaporating temperature of
—25 °C and COz subcooler exit temperature of 40°C.

The results obtained by Salajeghe and Ameri (2016) reveal that their proposed solution is a suitable
substitute for a basic “CO; only” unit with and without IHX operating for LT applications. The
investigated system involved a single effect H>O-LiBr absorption chiller to reduce the temperature
of R744 exiting the gas cooler/condenser, an IHX located downstream of the HP heat exchanger and
a solid oxide fuel cell to drive both the compressor of the transcritical R744 vapour-compression unit
and the generator of the absorption unit.

4.3.1.3. Thermoelectric subcooler

Schoenfield et al. (2012) experimentally proved the feasibility associated with the coupling of a
transcritical R744 refrigeration plant with a thermoelectric subcooler employed for cooling down
R744 coming out of the gas cooler/condenser. In relation to a basic “CO- only” refrigeration unit, the
combined system presented an enhancement by 3.3% in COP with a corresponding increase by 7.9%
in cooling capacity.

The results obtained by Sarkar (2013) suggest that the adoption of a thermoelectric subcooler on the
part of a transcritical R744 refrigeration plant permits decreasing its heat rejection pressure, the
compressor pressure ratio and the compressor discharge temperature as well as improving the
volumetric cooling capacity compared to a conventional “CO> only” solution. In addition, the
researcher estimated a maximum enhancement in COP by 25.6% and a maximum decrease in high
pressure by 15.4% over the investigated operation conditions.

4.3.2. Thermal energy storages

Supermarket applications feature highly fluctuating refrigeration loads between opening and closing
time owing to many factors, such as variable indoor thermo-hygrometric conditions, blind removal
and disturbance of customers. Therefore, significant performance enhancements could be achieved
by shifting a part of the refrigeration reclaim from more adverse (i.e. daytime) to more favourable
(i.e. night-time) running modes with the aid of cold thermal energy storages (CTESs). Besides leading
to peak load cuts and thus energy consumption reductions, these technologies also potentially permit
cost savings and equipment size decrements. According to Fidorra et al. (2015b), CTESs can be
classified from the capacity viewpoint as follows:

e small capacity storages, which use a phase change material (PCM) directly employed in the
display counters to attenuate the product temperature variation (Alzuwaid et al., 2015;
Manescu et al., 2017);

e medium capacity storages, aimed at shifting the loads from daytime to nigh-time operating
conditions by using a large ice-bank storage or an ice slurry tank (Ferrandi and Orlandi, 2013;
Heerup and Green, 2014; Polzot et al., 2016a, 2016b; Fidorra et al., 2015b, 2016; Noding et
al., 2016);

e large capacity storages, meaning soil and aquifers (Ohannessian and Sawalha, 2014; Leiper
et al., 2014; Rehault and Kalz, 2012).
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Another distinction is generally made in terms of working principle, i.e. these technologies can be
latent and sensible thermal storages. Fidorra et al. (2015b) also highlighted the difference between
auxiliary and integrated storages. The auxiliary reservoirs, which are connected to the refrigerating
unit, undergo a charge process as the outdoor temperature falls and/or in night-time periods. In fact,
at these operation modes the system is characterized by high energy efficiency and, possibly, by low
cost of the electricity too. However, the discharge process involves the cooling down of the refrigerant
leaving the gas cooler/condenser so as to enhance the overall performance at high external
temperatures. Similar technologies were investigated by Ferrandi and Orlandi (2013), Heerup and
Green (2014) and Ohannessian and Sawalha (2014). The integrated storages are installed between
the evaporator and the space needing to be cooled down. Their target is to reduce the short-term
fluctuations of the refrigeration load by employing either PCMs in the display cabinets or directly the
secondary loop of indirect supermarket arrangements. Unlike the first case, this typology of storages
can even operate as the refrigeration system is switched off to keep the cooled space temperature.

4.3.2.1. Small capacity storages

Manescu et al. (2017) proposed an innovative concept concerning the use of a cold energy storage
located on the top of the display cabinet (Fig. 9). Also, the heat exchange between the evaporator and
the cold storage is based on the thermosiphon effect. In addition to the conventional advantages
ascribable to CTESs, such a solution involves the usage of unused space within the display counter.
To the best of the authors’ knowledge, this is the only available investigation which relates
transcritical R744 supermarket refrigerating systems to CTESs.

Fig. 9. a) Charging mode and normal operation of the cabinet, b) normal operation, ¢) charging mode
of the CTES, d) discharging by thermosiphon circulation (Manescu et al., 2017).

4.3.2.2. Medium capacity storages

Ferrandi and Orlandi (2013) suggested the use of a sensible cold storage (from 12 m? to 27 m®) to
cool down R744 leaving the HP heat exchanger in the daytime. An additional evaporator was
employed for recharging the cold storage during the night. The adoption of the cold storage allows
the transcritical running modes to take place at higher outdoor temperatures. Furthermore, the authors
claimed that this expedient is more energetically beneficial in summertime.

The theoretical study by Heerup and Green (2014) assessed the energy and economic benefits related
to an ice storage integrated into a CO> booster configuration with flash gas by-pass valve. The
evaluation considered two climate contexts (i.e. a cold and a warm location), five night-time tariffs
and two case studies. The results obtained disclosed that daytime peak power by about 50% can be
achieved at summer conditions, as well as reductions in energy consumption between 5% and 15%
can be accomplished on a yearly basis. On the other hand, the amortization period was supposed to
be longer than 5 years, being unacceptable for supermarket applications.

Polzot et al. (2016a) proved that, in order to equal the energy consumption of a R134a/R744 cascade
system operating in the North of Italy, a conventional CO> booster system coupled with a 950 m? fire
prevention tank (i.e. sensible CTES) needs to adopt parallel compression. Also, Polzot et al. (2016b)
estimated energy savings between 3% and 5% compared to a separated solution by thermally
integrating a heat pumping unit with the aforementioned system.

Fidorra et al. (2015b) showed that, for the selected case studies, the use of a CTES at 15 °C in a CO>

booster system with parallel compression (Fig. 10) leads to total energy savings and total cost
reductions up to 5.6% an 5.9%, respectively. On the other hand, the adoption of a CTES at 0 °C (i.e.
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ice bank storage) (Fig. 10) brings the total energy consumption and the total cost down to 3.5% and
3.9%, respectively. The better results obtained in the first case were due to the location of the charge
storage, whose additional load could be satisfied via the auxiliary compressor.

Fig. 10. Layout of storage integration: a) reference layout, b) improved layout, ¢) possible integration
with air conditioning system (Fidorra et al., 2015b).

Fidorra et al. (2016) examined four various booster refrigeration layouts integrated with both latent
and sensible CTESs in terms of power input drop and efficiency gain. The evaluation was based on
outdoor temperatures between 10 °C and 40 °C and steady state operations. The study extensively
described many aspects, such as the different advantageous and disadvantageous of the
aforementioned solutions and the required equipment.

The energy advantageous related to the decoupling of a CO; refrigeration system from the heating
unit through the adoption of heat storage were evaluated by Noding et al. (2016). The study involved
many different control strategies of heat rejection pressure, leading to a daily energy saving by 8.5%
over a conventional R744 unit in a typical day in January in Braunschweig (Germany) in the most
realistic investigated scenario.

4.3.2.3. Large capacity storages

Leiper et al. (2014) gathered some field measurements from the 1% of September 2013 to the 1% of
January 2014 in two COz booster systems, i.e. with and without geothermal loop. Both stores were
located in the UK and featured similar cooling capacity, whereas the gross floor area of the ground
coupled supermarket was 20% greater. The results revealed that the geothermal loop impedes the
occurrence of transcritical running modes all year round, as well as it permits a reduction in the annual
energy consumption by 24.6%.

In the review on the research regarding CO> supermarket refrigeration systems and heat recovery
carried out at KTH Royal Institute of Technology, Karampour et al. (2015) reported that a long term
storage working as a subcooler can reduce the annual electricity consumption by 6%. This value was
also estimated by Ohannessian and Sawalha (2014) by adding a thermal energy storage to a CO>
booster refrigeration plant (with no flash gas removal) using a ground source heat pumping unit for
heating purposes and operating in Stockholm. On the other hand, the researchers also reported that a
CO; booster solution performing heat recovery (see Subsection 5.3) consumes approximately 8% less
electricity than that employing a ground source heat pump unit.

The state-of-the-art supermarket located in Germany and investigated by Rehault and Kalz (2012)
(Fig. 11) can reduce the total energy consumption by about 20% over a standard food retail store.
This target was accomplished with the aid of innovative technologies for lighting, heating/ventilation
and refrigeration. The refrigerating plant, in fact, is a CO2 booster unit equipped with borehole heat
exchangers employed as a subcooler in summertime and as a further heat source in the cold months.
In addition, the heating mode occurs only in subcritical running modes and relies on a dedicated
compressor. The authors also claimed that up to 50 % of the heat rejected through de-superheater can
be recovered in wintertime.

Fig. 11. Schematic of a R744 booster supermarket refrigeration system with borehole heat exchanger
(Rehault and Kalz, 2012).
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4.3.3. Water-cooled condensers/gas coolers

Interesting improvements in the overall energy efficiency can be achieved by adopting water-based
techniques aimed at enhancing the gas cooler performance, such as:

e the adiabatic cooling of the air occurring upstream of the heat exchanger so as to raise the air
relative humidity and thus the temperature difference between R744 and the air. This leads to
extended periods of time over the year when the refrigerating system is capable of performing
in subcritical running modes. In such a solution, mains water can be employed;

e spraying water directly on the gas cooler heat transfer area. As a consequence of the water
evaporation, some heat is removed from the gas cooler walls and therefore from R744. This
expedient relies on the usage of treated water to avoid deposits and corrosive effects.

A simplified schematic of evaporative condenser/gas cooler is represented in Fig. 12.

Fig. 12. Simplified schematic of a R744 booster supermarket refrigeration system equipped with
parallel compression and an evaporative condenser/gas cooler (Visser, 2017).

Wiedenmann et al. (2014) pointed out that a high potential can be associated with the adiabatic
cooling. The advantages related to the adoption of this technique were theoretically assessed by
Bellstedt et al. (2010) in some Australian cities. The authors concluded that a dry-boosted transcritical
R744 system is a suitable alternative for R404A units in such a climate context.

Lozza et al. (2007) estimated energy savings between 3.2% and 5% over a conventional air-cooled
“COz only” configuration by spraying water droplets during severe summer temperatures. The
results, which were based on a location in the North of Italy, were found to be strongly depending on
the water-spray activation temperature. Also, the lower this temperature, the higher the energy
savings (and water consumption as well as the enhancement of the maintenance expenditures) were.
Despite the limited energy benefits, the authors claimed that this solution is able to reduce the
investment cost (i.e. undersized compressors, heat exchangers and electric equipment) thanks to the
substantial lowering in the energy consumption (i.e. about 25%) at peak operating conditions.

Fornasieri et al. (2008) claimed that the evaporating cooling is an especially beneficial technology in
dry climate contexts (e.g. Tripoli). On the other hand, such a solution can also be suitably employed
in humid climates (e.g. Bangkok) particularly as the external temperature is above 35 °C. Thanks to
the peculiar properties of R744, the researchers suggested applying this expedient to a limited fraction
of the air stream flowing through the gas cooler. This entails insignificant penalizations in COP and
enormous water savings. Furthermore, the field measurements gathered in a CO; supermarket system
located in Adelaide (Australia) proved that the water consumption in a real application is more
substantial than the predicted value at high outdoor temperatures. This was due to a short time of
experimental data collection, climatic anomaly and water dissipation.

On the other hand, Girotto (2017) highlighted that water-based techniques are mainly suitable for
industrial applications, as water is a limited resource. This is particularly true when it comes to warm
countries (e.g. Spain, Portugal, Greece, Southern Italy and Balkan Peninsula) where its usage is often
subject to stringent limitations, especially in summertime. Also, other issues, such as need for water
treatment systems, corrosion, little flexibility, etc., can be related to these solutions. Similar assertions
were also made by Visser (2014, 2015), although this author claimed that water-based expedients
permit reducing the design pressures, energy consumption in various climate contexts as well as
running and operating costs in relation to both synthetic and other natural refrigerants.
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The most southern R744 supermarket refrigeration solution in North America was installed in
Dunwoody (USA) in July 2014. As claimed by Shecco (2015a), this solution is outfitted with an
adiabatic gas cooler, leading to an energy conservation by 6.3% over a R407A-based technology.

4.3.4. Thermally-driven technologies

A commercial building features remarkable electricity, refrigeration and cooling/heating demands,
which are generally satisfied by the electricity delivery from the national grid, vapour compression
refrigeration systems and heating units, respectively. On the other hand, the overall efficiency of these
processes is modest due to both the poor performance of the power plants and the distribution losses
in the grid.

A significant energy saving is then offered by adopting a tri-generation (or CCHP or CHRP) system.
Such a solution consists of a co-generation (or CHP) unit coupled with a thermally-driven
refrigerating unit for cooling or even refrigeration. This technology permits also overcoming the
disadvantage related to the enormous mismatch between the refrigeration and heating needs. A few
installations involving supermarket applications are currently available in the USA, the UK and Japan
(Tassou et al., 2011). According to Tassou et al. (2011), the main barriers which impede the adoption
of this technology are the strong difficulty in correctly evaluating the energy conservation related to
its adoption, as well as little experience and availability of field measurements from food retail sector.
In addition, nowadays they are uniquely employed in installations having operating temperatures
above 0 °C. The authors also claimed that its diffusion could be promoted by a substantial increase
in the accessibility to biofuels. In addition, Tassou et al. (2010) highlighted the need to develop further
investigations involving the enhancement of their efficiency and cost-effectiveness, the
implementation of units for LT applications as well as of a suitable control logic to optimize the
integration of these technologies with thermal and power systems. Suamir et al. (2012) showed that
the integration of a CO; supermarket refrigeration system with a tri-generation plant in Manchester
area (UK) allows reducing the energy consumption by 30% and the environmental impact by 43%,
as well as it offers a payback time of 3.2 years in comparison with a R404A refrigerating unit. The
experimental and numerical results related to the study by Suamir and Tassou (2013) recommended
employing the cooling released by a tri-generation plant to cool down R744 flowing through an all-
COz cascade arrangement. This permits the system to operate in subcritical operating modes all year
round, as well an energy saving by 30% and a reduction in carbon footprint above 40% in relation to
a conventional solution in a food retail store located near Manchester (UK). The study by Ge et al.
(2013) suggested that a microturbine tri-generation system can generate above 90% of the electricity
required by an all-CO; cascade arrangement operating in a supermarket located in the UK.

Wiedenmann et al. (2014) provided an interesting overview about various promising technologies for
R744 supermarket refrigerating applications. In particular, the author suggested that in summertime
the large amount of heat rejected through the HP heat exchanger can be employed for running an
adsorption chiller aimed at cooling down CO; coming out of the gas cooler. According to the results
obtained for a refrigerating plant operating in Switzerland (Qpominar = 86 kW at tevaporation = -9 °C),
the adsorption chiller should be small in order to be able to work for long periods over the year.
Furthermore, the high investment costs and the resulting high payback periods do not promote the
diffusion of such a solution.

4.3.5. Expanders

An expander is another work producing device which had gained a modest interest in the last few
years as regards food retail industry. The main benefits related to such a technology are the increase
in COP and the reduction in the heat rejection pressure in transcritical running modes (Nickl et al.,
2005).
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Nickl et al. (2005) developed a three-stage work extracting expander for a transcritical CO»
refrigerating system. To guarantee an optimal integration into this system, a liquid/vapour separator
was adopted. The results revealed that the expander featured an isentropic between 0.65 and 0.70,
which led to enhancements in COP above 40% compared to a conventional system. At a later time,
this solution was installed in a Swiss supermarket and investigated by Riha et al. (2006a). In
particular, two expander stages were used for substituting the conventional HP expansion valve,
whereas the remaining stage was employed as the alternative to the conventional vapour by-pass
valve. In subcritical running modes, the compressor of the expander performed similarly to a parallel
compressor. The authors estimated that, compared to both a R404A unit and a conventional CO»
system, energy conservations up to 25% in cold regions and up to 30% in warm countries can be
achieved by opting for such a technology.

Riha et al. (2006b) proposed incorporating an expander into a CO» refrigeration unit equipped with
double-stage compression (i.e. main compressor and auxiliary compressor of the
expander/compressor), a recooler and an intercooler to enhance the performance of a basic system in
moderate climate contexts. The expander/compressor was estimated to be around 33% less expensive
than the main compressor.

Yang et al. (2007) theoretically proved that the optimal high pressure is mainly affected by the gas
cooler exit and evaporating temperatures, whereas the compressor and expander efficiencies have a
scarce influence.

Cho et al. (2009) estimated an improvement in COP by 28.3% over the basic CO2 unit by employing
a work-producing expander with an efficiency of 0.3. With respect to the same baseline, the
researchers also showed that a two-stage solution with intercooler and a double-stage with vapour
injection can respectively achieve 13.1% and 18.3% greater COPs.

The theoretical study carried out by Pérez-Garcia et al. (2013) indicated that a one-stage CO> unit
with an expander can outperform various basic configurations with and without IHX. In addition, the
authors suggested the adoption of such a heat exchanger on the part of the former only at gas cooler
temperature below 40 °C.

The field tests implemented by Wenzel and Ullrich (2012) highlighted an increase in the COP by
9.9%, as well as a drop in the discharge temperature and heat rejection pressure respectively by 6 K

and 4.7 bar. The same refrigeration plant was previously exhaustively studied by Gerber and Wenzel
(2011).

Wenzel and Ullrich (2012) also indicated that the test and demonstration refrigerating unit (i.e. a CO2
booster unit) connected to a Swiss demonstration supermarket features an enhancement in the COP
by 9.3%, and a decrease in the discharge temperature and high pressure respectively by 14 K and 6
bar.

Dieckmann (2013) designed, manufactured and tested a scroll CO> expander for commercial
refrigeration applications. The investigation demonstrated that isentropic efficiencies between 0.60
and 0.65 can be reached. The internal leakages between the scrolls were found to be responsible for
the detected inefficiency, as well as suboptimal thrust bearing performance caused incrementally
lower efficiencies. On the other hand, the mechanical design was found to be robust.

A commercial R22 direct expansion unit leads to substantial energy conservations compared to a CO2
refrigerating system using an expander at outdoor temperatures between 34 °C and 50 °C, as
theoretically pointed out by Purohit et al. (2016).

The results by Shet et al. (2016) revealed that at the evaporating temperature of roughly -10 °C and
at the gas cooler exit temperature of about 35 °C, a single-stage CO> solution with an expansion
turbine increases its COP and its 2" law efficiency respectively by 25.72% and 30.19% over a basic
solution.

Pérez-Garcia et al. (2016) theoretically showed that, at the evaporating temperature of -10 °C and at

the gas cooler outlet temperature of 35 °C, the usage of an expander raises the COP by 27.2% over a
conventional CO> system.
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The theoretical investigation by Joneydi Shariatzadeh et al. (2016) suggested that a transcritical CO»
refrigeration system with expander and without IHX is a suitable alternative for the basic CO>
solution from both the energy and exergy viewpoint.

Singh et al. (2016) theoretically proved that a “CO; only” system with expander has comparable
performance with that of a transcritical CO> solution with flash gas inter-cooler in typical Indian
climate conditions.

Purohit et al. (2017b) suggested the use of a work extracting expander for supermarkets located in
warm countries. In comparison with a conventional booster unit, the authors theoretically estimated
that this technology leads to energy savings between 53.7 MWh-y! (in Seville) and 118.1 MWh-y!
(in New Delhi, India), as well as to an additional investment recovery time between 3 years (in
Phoenix, USA) and 4.7 years (in Teheran, Iran).

The theoretical evaluation by Hafner et al. (2014b) showed that the energy benefits related to the
usage of an expander in commercial CO> refrigeration solutions is substantially depending on its
efficiency. For small applications this technology shows promising results, although it cannot
outperform the ejector-based system. On the other hand, dramatically poor performance can be
ascribable to this solution in large food retails. In addition to this, Neksé et al. (2010) suggested that
even parallel compression is a more energy beneficial expedient than an expander for MT commercial
refrigeration applications at outdoor temperature between 30 °C and 40 °C.

It could be concluded that the results by Riha et al. (2006a) were enormously overestimated. Also,
expanders are economically unattractive for supermarket applications and still far from being
competitive with the ejectors. In addition to this, they can get easily damaged by multi-phase flows.
The field data collected from such a solution installed in Switzerland in 2009 (Q,0mina = 85 kW at
tevaporation = -9 °C) brought Wiedenmann et al. (2014) to conclude that the reaching of the optimal heat
rejection pressure was negatively influenced by the recurrent on/off of the compressors due to the
variations of the cooling need. Therefore, the researchers claimed that, to this point in time, the need
to overcome such technological barriers, the low safety in operating conditions and the high
investment costs have confined the usage of such a technology in a very thin market niche.

4.3.6. Water loop heat pump unit

Polzot et al. (2017) recommended the adoption of a water loop heat pump unit as a means of reducing
the energy consumption related to the commercial “CO only” refrigerating systems. The authors
theoretically proved that a R744 supermarket refrigeration plant coupled with such a technology is a
suitable solution for cold climates, providing an energy saving by 9.4% over a HFC system. To the
best of the authors’ knowledge, this investigation is the only currently available study combining
transcritical CO> refrigerating technologies for food retail applications and water loop heat pump
units.

5. Heat rejection pressure control strategy, gas cooler
performance and heat recovery implementation

5.1. Optimal heat rejection pressure

It is a well-known fact that an optimal gas cooler pressure has to be identified as a function of the gas
cooler outlet temperature as soon as the transcritical operations take place in a pure CO; refrigerating
unit (Cavallini and Zilio, 2007; Cecchinato et al., 2009; Kim et al., 2004; Lorentzen, 1994).

Casson et al. (2003) suggested the usage of a two-stage throttling based on an appropriate fixed value
of the differential pressure as a means of concurrently (and suitably) controlling the evaporator and
gas cooler performance in transcritical running modes. This approach was implemented in a
supermarket for the first time ever by Girotto et al. (2004).

29

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



In order to evaluate the optimum heat rejection pressure, many correlations have been proposed
depending on the selected application (Chen and Gu, 2005; Brown et al., 2002; Liao et al., 2000;
Kauf, 1999; Sawalha, 2008a; Ge and Tassou, 2011a). As for commercial refrigeration systems,
Sawalha (2008a) suggested one as a function of both the outdoor temperature and ATapproach Of the
gas cooler. A more accurate correlation was introduced by Ge and Tassou (2011a) by relating the
optimum high pressure to the isentropic efficiency of the HS compressor rack, the external
temperature and the effectiveness of IHX located downstream of the gas cooler. According to Yang
et al. (2015), the application of the typical discharge pressure optimization procedure causes
deviations from COPnax up to 71%. Therefore, the authors proposed a new method to substantially
reduce these losses down to 0.7%. Cabello et al. (2008) compared the experimental measurements of
the optimum high pressure related to a single-stage CO> system to the outcomes obtaining by applying
four correlations from the literature. The authors concluded that significant reduction in COP can be
associated with small errors in optimal pressure value. Some researchers proposed the application of
real-time control strategies of the optimal discharge pressure (Pefarrocha et al., 2014; Zhang and
Zhang, 2011; Cecchinato et al., 2010a, 2012a). This approach is a more efficient and robust solution
than the direct use of the correlations from the published literature, as pointed out by Cecchinato et
al. (2010a). However, the authors also showed that the application of the correlations from the open
literature does not deteriorate the results remarkably with respect to supermarket applications.

Cecchinato et al. (2010b) suggested a novel architecture for a transcritical CO> air-cooled chiller
relying on an innovative control strategy so as to properly regulate the optimum high pressure. The
unit assures dependable operations and a simple management, besides cooling propylene glycol down
to -8 °C for commercial refrigeration installations. COP values ranging from 3.1 to 2 were
experimentally measured for external temperatures between 18 °C and 35 °C.

Finally, it is worth remarking that the adoption of some of the state-of-the-art R744 technologies lead
to significant reductions in the optimum high pressure. For instance, in comparison with a
conventional booster unit, Gullo et al. (2016a) computed average decreases related to the usage of a
dedicated mechanical subcooling between 5.3% and 6.3% over the investigated range of outdoor
temperatures. At the same boundary conditions, the researchers also evaluated that parallel
compression brings the optimal heat rejection pressure on average down to 4.2%. Also, the
experimental evaluation by Sanchez et al. (2016) proved that the use of such a technology allows
reducing the heat rejection pressure especially with rise in cooling medium temperature, enhancing
the stability of the refrigeration unit as well as minimizing the sharp reduction in COP as the system
works at discharge pressures below the optimum value.

5.2. Gas cooler performance

As previously explained, the performance of a transcritical CO» refrigeration system is strongly
depending on the heat rejection pressure and, in turn, on both the implemented control technique and
the gas cooler/condenser behaviour. This implies that the maximization in the system energy
efficiency can be achieved only by well designing, i.e. appropriate evaluation of number of circuits
and their arrangement. As a consequence, the development of accurate simulation models plays a
crucial role in the appropriate design of gas coolers and thus in the enhancement in the overall energy
efficiency.

A model for a R744 cross-flow gas cooler based on a finite element method and employing published
correlations was implemented by Yin et al. (2001) to assess the CO- and air-side heat transfer and
pressure drop. After its experimental validation, it was found that the model was capable of predicting
the gas cooler capacity within £2% as well as the pressure drop associated with CO2 well within the
range of experimental error.

Ge and Cropper (2009) developed a mathematical model of finned-tube CO; gas coolers, which was
validated against the test results available in the open literature. This was used for investigating
different pipe circuit arrangements so as to increase the heat capacity or minimize ATapproach Of the
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gas coolers. It could be concluded that both ATapproach (drops up to 12.1 K) and the heat capacity (i.e.
growths up to 51.5%) can be enhanced by raising the number of HP heat exchanger circuits.

The water-cooled gas cooler model built by Sanchez et al. (2012), which was developed by relying
on the finite-volume methodology and experimentally validated, involved a coaxial heat exchanger
operating under steady state conditions. The results obtained demonstrated that the heat transfer rates
can be computed with an uncertainty lower than +10% as well as the outlet temperatures of both
fluids can be calculated with an uncertainty below £3 °C. At last, the authors highlighted that the
application of the e-NTU methodology overestimates the thermal effectiveness of the gas cooler with
a value of 100% in 79.77% of the tests.

Ge et al. (2015) implemented an experimentally validated model of a CO> finned-tube gas cooler to
predict the effect of various controls and sizes of such a component on the overall system
performance.

Heerup and Bramsen (2016) mapped the performance of a gas cooler/condenser installed in a Danish
supermarket by employing some field data gathered from the 15" of June to the 13" September 2013.
In transcritical running modes, discrepancies up to three times were estimated between the mean
values of ATapproach in the actual installation and the values predictable from the manufacturer data.
Based on the collected measurements, a correlation was developed so as to predict the mean UA-
values as a function of the cooling capacity, outdoor temperature and gas cooler exit temperature. Its
accuracy was found to be high and significantly related to both the load cyclic variations and heat
exchanger geometry.

Tsamos et al. (2017a) experimentally studied the performance of two CO; air cooled finned-tube gas
coolers/condensers (i.e. 3-row and 2-row heat exchangers), as well as their influence on the overall
system efficiency. The evaluation took into account various air temperature inlet, main fan speeds
and air volumetric flow rates in both subcritical and transcritical running modes. The results pointed
out that the larger heat exchanger presents higher COPs thanks to lower values of ATapproach and thus
larger cooling capacities.

Santosa et al. (2017) looked into the local refrigerant and air heat transfer coefficients in plain fin-
and-tube gas cooler coils by implementing a computational fluid dynamics (CFD) simulation model.
This was experimentally validated with respect to heat rejection rate and air outlet temperature. The
authors claimed that a horizontal slit on the fin between the first and second row of tubes allows
enhancing the heat rejection rate of the gas cooler by between 6% and 8%. This means that smaller
heat exchangers for a given heat rejection capacity can be employed or lower high pressures can be
reached. Furthermore, some correlations aimed at evaluating the overall refrigerant and air heat
transfer coefficients were also suggested.

Tsamos et al. (2017c) developed an experimentally validated simulation model of two different gas
cooler designs. The model is capable of predicting the performance of the gas cooler (i.e. refrigerant
temperature profiles, pressure drop across the gas cooler, air and refrigerant heat transfer coefficients
and heat rejection) in transcritical operating conditions, as well as calculating COP of the investigated
system.

Rossetti et al. (2017) implemented an innovative 3D CFD model to simulate fin and tube CO> gas
cooler performance with reduced computational efforts compared to detailed models based on the
description of each single fin. The researchers claimed a satisfactory accuracy can be obtained,
meaning that the total heating capacity can be predicted with an accuracy within 2.5%, as well as the
maximum deviation in the local temperature on the copper curves is 3.8 as CO; temperature is equal
to 108 °C.

5.3. Heat recovery implementation

Heat recapture from “CO; only” refrigeration systems is one of the most appealing techniques as
regards commercial sector. For this reason, this has become standard in transcritical R744
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refrigerating unit for food retail applications all over the world, as it offers a noteworthy chance to
further reduce the consumption (Ge and Tassou, 2014; Sawalha, 2013) and their carbon footprint (Ge
and Tassou, 2014), as well as leads to satisfactory payback times (Tambovtsev et al., 2011; Reinholdt
and Madsen, 2010). In fact, it is a well-known fact that the gas cooling is a peculiar process taking
place by sensible cooling. This implies that R744 can more suitably fit the water temperature profile
than conventional refrigerants and thus more effectively produce hot and warm water at various
temperatures. This expedient in transcritical R744 refrigeration systems is also fostered by the high
discharge temperatures obtained on the part of the HS compressors. Also, it is worth remarking that
remarkable consumptions (i.e. about 20% of the total energy needed) are ascribable to the heating
reclaim in a supermarket (Hafner et al., 2014a), being necessary for various processes at different
levels of temperature, such as DHW production, space heating, fresh air pre-heating or snow melting
and hygienic cleaning purposes.

Ge and Tassou (2011b) developed a supermarket simulation model integrating the refrigeration
system, the HVAC unit and the building envelope. After its validation against some experimental
data, this was used for demonstrating that 40% of the space heating demand can be satisfied by
recovering heat from a CO; booster refrigerating plant (Ge and Tassou, 2011c¢). In addition, Ge and
Tassou (2011c) estimated similar performance between this technology and a conventional R404A
system. The evaluation was based on a climate context in the North of England. Ge and Tassou (2014)
employed the aforementioned model for investigating four different control strategies of the heat
rejection pressure related to an all-CO; cascade unit operating in a Northern city in the UK. In
comparison with the same refrigerating system utilizing a gas boiler for heating purposes, a suitable
control logic leads to cost savings up to 5.6% besides providing up to about 47% of the heating
demand.

The comparison carried out by Zsebik et al. (2014) recommended that, in comparison with a R717
refrigerating unit, the more utilized the recovered heat, the more energetic and economic competitive
a CO; refrigeration plant is. Furthermore, an amount of heat ranging from 0.55 kW to 0.92 kW can
be recaptured every kW of required cooling capacity in winter season.

Denecke and Hafner (2011) theoretically compared three different heat capture strategies relying on
hot gas heat recovery in a CO2 booster system located in Tromse (Norway). The authors concluded
that the combination of series-connected heat pumping units with the adoption of the optimum COP
technique is the most energetically beneficial strategy. However, wide discrepancies between the
theoretical results and the outcomes related to the field measurements were found.

As suggested by Sawalha (2013) and Tambovtsev et al. (2011), the heat recovery in transcritical R744
supermarket refrigerating systems can be appropriately performed with the aid of two additional heat
exchangers (i.e. de-superheaters) located upstream of the conventional gas cooler/condenser (Fig.
13). The three heat exchangers, which are assembled in series, can be completely by-passed by using
the corresponding 3-way valve arranged upstream of each heat exchanger. The first de-superheater is
located downstream of the HS compressors so as to produce DHW, followed by a similar heat
exchanger aimed at satisfying the space heating. The gas cooler/condenser is possibly employed for
cooling down CO: leaving either the first or second de-superheater in order to enhance the overall
energy efficiency.

Fig. 13. Transcritical R744 booster supermarket refrigeration system implementing heat recovery
(Polzot et al., 2017).

Sawalha (2013) highlighted that the higher the gas cooler pressure, the larger the amount of
recoverable heat is. However, this also leads to both a growth in the total energy consumption and a
simultaneous drop in the refrigerating effect. Also, the author pointed out the need to strike a balance
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between the amount of heat to be recaptured and the overall system energy efficiency as the gas
cooler/condenser is put into operation. In fact, on the one hand, the usage of such a heat exchanger
allows the refrigerating unit to substantially enhance its performance. On the other hand, it also
reduces the recoverable heating capacity, since the refrigerant mass flow rate decreases. As already
thoroughly proved by many researchers (Ge and Tassou, 2014; Sawalha, 2013; Tambovtsev et al.,
2011), the amount of recaptured heat and global energy efficiency can be concurrently maximized
for commercial R744 refrigeration systems by implementing a suitable control strategy. Sawalha
(2013) extensively investigated the controlling trend to appropriately perform heat recovery to
provide an average-size Swedish food retail store with the whole heating need. This was based on:

o first of all, the gas cooler/condenser had to be run at fully capacity to reach as large degree of
subcooling as possible;

e secondly, the high pressure is fixed to a maxim optimal value and the gas cooler/condenser
capacity is dropped by firstly slowing fan speed down, later switching fans off (i.e. heat
removed from the gas cooler by natural convection) and finally by-passing the gas
cooler/condenser by using its 3-way valve.

Karampour and Sawalha (2017) found that this strategy is consistent to real applications.

Reinholdt and Madsen (2010) studied two different operating strategies to implement heat recovery
for various purposes. The first control logic, which relied on the maximization of COPcooling, permitted
satisfying from 18% to 30% at low outdoor temperatures and 100% of the heating demand at high
external temperatures. On the contrary, the second control strategy, which was aimed at maximizing
the amount of recovered heat, allowed recovering at least 35% of the total heating reclaim all over
the year.

Tambovtsev et al. (2011) showed the first field measurements related to a “CO; only” refrigerating
solution implementing heat recovery in a supermarket, besides exhaustively discussing its control
aspects. The results revealed that total COPs between 5 and 9 can be achieved at outdoor temperatures
ranging from -15 °C and 5 °C. At the same boundary conditions, a heat pumping unit would have let
to COPs between 1.5 and 5.

Hafner et al. (2012) theoretically estimated that a CO» refrigerating plant can satisfy 68% of the
heating demand related to a supermarket running in Northern Europe. The remaining load can be
covered by means of either a heat pump system with a variable speed compressor or, in order to
reduce the investment cost, an electrical auxiliary heat.

The study by Sawalha (2013) also suggested that a CO> booster solution with no flash gas removal
and performing heat recapture consumes 4% less electricity than separated HFC-based systems in an
average-size food retail store located in Stockholm.

Ge and Tassou (2014) also asserted that the optimal amount of heat reclaim to be recovered is
substantially depending on the relative cost of both the gas and the electricity.

Abdi et al. (2014) compared the control logic implemented by Sawalha (2013) with that of a real
supermarket operating in the North of Sweden. The assessment showed that an amount of heat of
130% of the required cooling capacity can be theoretically recovered from the investigated CO»
booster system. On the other hand, the implemented experimental campaign proved that only between
30% and 60% of the total recoverably heat is actually employed. Also, the authors claimed that such
a technology is rather competitive with a geothermal heat pump.

Karampour and Sawalha (2014a) developed a simulation model of a CO> booster system with flash
gas by-pass valve installed in a Swedish supermarket and based on both some field measurements
and the control technique suggested by Sawalha (2013). The results indicated that such a
configuration can achieve a seasonal performance factor of 4 in heating mode. This leads to the
conclusion that in cold regions this technology can satisfactorily cover the whole refrigeration and
heating demands by applying a suitable control strategy.
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The usage of [HXs in different positions on the part of a CO» booster system with flash gas by-pass
does not involve large enhancements in the COPcooling in comparison with the same configuration
without IHXSs, as theoretically studied by Karampour and Sawalha (2014b). On the contrary, this
expedient is particularly beneficial in subcritical running modes as heat recapture is performed,
leading to increase in COPyoa up to 11% over the investigated operating conditions.

Sharma et al. (2014b) theoretically delved into the potential related to the heat recovery from a CO»
booster solution in favour of a desiccant regeneration, water heater and space heating in 16 American
cities. It was found that the warm the wheatear, the more water and space heating demand can be
covered. Also, the refrigeration plant was capable of satisfying on average 91% of water heating and
37% of space heating needs with a humidity of 55% within the selected food retail store, whereas
these values amounted respectively to 85% of water heating and 29% of space heating reclaims with
a humidity of 35%. Finally, the authors stated that a transcritical CO> unit and a R404A direct
expansion system can meet on average 65% and 54% of the total heating demand, respectively.

Fidorra et al. (2015a) suggested an innovative approach aimed at successfully comparing the total
energy costs related to different heat recovery strategies as the heating demand and the energy price
change.

Colombo et al. (2010, 2014, 2015, 2016) developed a simulation model of a conventional CO> booster
system which was validated against some experimental results. In this system, the heat rejected
through the HP heat exchangers was employed for feeding the hot water services, the floor heating
unit and either an absorption chiller aimed at providing the AC need or a district heating unit. In
particular, Colombo et al. (2016) recently showed that total energy consumption of a supermarket
located in Wales (UK) can be reduced by 3% by employing this solution in place of R404A systems.

Shi et al. (2017) implemented an experimentally validated simulation model of a R744 booster
solution operating in a Dutch food retail store. The outcomes recommended that such a refrigerating
unit performing heat recovery allows bringing the primary energy consumption down to 13%
compared to the same refrigerating system having a floating condensation temperature and relying
on a boiler for the heating demand.

Karampour and Sawalha (2017) made some simulation models adapted from field measurements
based on a conventional booster system (with flash gas by-pass) implementing heat recovery and
employing a R410A unit for AC purposes. The authors estimated an increase in the annual energy
consumption respectively by 15% in Paris (France) and by 20% in Barcelona compared to separated
HFC-based units.

The need for parallel compression on the part of a transcritical CO2 booster system performing heat
recapture and running in the Italian climatic context was demonstrated by Polzot et al. (2016c).
Additionally, the researchers pointed out that the usage of a further evaporator as a heat source (i.e.
load evaporator) (Fig. 13) permits the investigated solution to provide the entire space and tap water
heating reclaim. It worth remarking that a load evaporator is an additional heat exchanger employed
in heating mode and aimed at covering the whole heat required by the refrigeration system as the
refrigeration load is not sufficient. According to Sheehan et al. (2016), this purpose can be achieved
by utilizing either an air-cooled evaporator located outdoors or a self-contained solution. The latter
(Fig. 14a) is a more cost-effective solution having no frost formation issues, whereas the former is
noisy and voluminous and it could require a special coil arrangement and frequent defrost cycles. As
an alternative, geothermal storages can be adopted for such a purpose (Hafner et al., 2014e), as well
as to perform some subcooling and provide free cooling in summertime (Fig. 14b).

Fig. 14. (a) Self-contained unit (Sheehan et al., 2016) and (b) geothermal storages (Hafner et al.,
2014e) to promote heat recapture on the part of R744 booster supermarket refrigeration systems at
low refrigeration loads.
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Sheehan et al. (2016) gathered some field measurements from an English convenience store with a
sale are of 250 m? (Qpr =26 kW at tur =-10 °C, Q,r =7 kW at tr = -35 °C). These were integrated
with some data obtained in a laboratory. The investigated CO> refrigeration system involved 3 HP
heat exchangers for the purpose of: DHW production, space heating and an additional heat source to
provide a suitable amount of heating in case of low cooling load. The outcomes suggested that the
proposed heat source increases the recoverable heating capacity from 8% at 75 bar to 18% at 90 bar.
The investigated system featured overall values of COP respectively equal to 5.45 and 4.79 at night-
time and day-time operations, whereas its standard COP added up to 4.62.

Karampour and Sawalha (2018) estimated a seasonal performance factor of 3.9 for a conventional
CO» supermarket booster solution in heating mode and of 3.6 for a R407C air source heat pumping
unit, respectively. Also, the authors claimed that the total energy cost associated with the heat
recovery implementation is approximately 50% lower than that for district heating and 20% lower
than that related to a R407C air source heat pump unit, respectively.

The multi-ejector concept was adopted in a hypermarket located in Timisoara (Romania) in 2015. A
decrease in the electricity consumption up to 13% over a configuration with parallel compression was
predicted thanks to the use of this technology along with both the DHW production and the heat
recovery implementation (Frigo-Consulting LTD, 2015).

A R744 multi-ejector enhanced parallel compression system applying heat recovery was adopted in
a football stadium (capacity for 68000 people) in Madrid (Spain). This was designed for an outdoor
temperature of 38 °C as well as for cooling capacities of 95 kW at the evaporating temperature of -
10 °C and 45 kW at -28 °C/-30 °C. It was theoretically predicted that such a solution will lead to an
energy conservation of 15% compared to a conventional R404A system (r744.com, 2018b).

6. “All-in-one” concept

Most of the electricity required in a supermarket (i.e. about 33%) is employed for running the food
preservation system (Cecchinato et al., 2010c). Additional significant contributions, 1i.e.
approximately 20% of the total energy intake, are due to heating and AC reclaims (Cecchinato et al.,
2010c). Also, although all these demands can be simultaneously request, their behaviour with respect
the time is significantly different. In fact, the space heating/AC and refrigeration needs are
dramatically time varying over the year (Karampour and Sawalha, 2017), whereas the tap water
heating load is generally constant all year round (Karampour and Sawalha, 2017) and negligible
compared to the other reclaims (less than 10%+15% of the total heating need according to Karampour
and Sawalha, 2017). As a means of copiously dropping the total investment, maintenance and running
costs (Hafner et al., 2015, 2014e), the “all-in-one” (or “fully integrated”) technologies have become
the current tendency as regards transcritical CO> supermarket refrigeration solutions (Karampour and
Sawalha, 2015). The energy and economic benefits related to these highly integrated units can only
be attained by employing R744 as the only refrigerant as a result of its unique properties. Karampour
and Sawalha (2017) also included other additional advantages concerning such technologies. Firstly,
the reduction in the intricacy in terms of communications between various operation and maintenance
entities in charge for putting all the different units into operation. Furthermore, such solutions are
very compact and imply a few extra components compared to a conventional “CO> only” system. On
the other hand, many units are required as well as extra space is necessary when it comes to separated
HFC-based systems. “All-in-one” configurations are tailor-made systems which successfully satisfy
the entire refrigeration, AC and DHW demands, alongside matching most of or even the whole
heating reclaim of the selected food retail store (Hafner et al., 2016; Hafner and Banasiak, 2016;
Hafner et al., 2015; Karampour and Sawalha, 2015, 2017). However, it is worth remarking that
R410A (GWP100 years = 1924 kgCOZ,equ . kgr_elfrigerant according to ARS) is today’s most widely used

working fluid in chillers and air conditioning units, including supermarket applications. On the other
hand, due to the aforementioned reasons, this refrigerant is bound to be replaced with a climate-
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friendly alternative, despite the current shortage of its appropriate replacement. Consequently, the
interest in “fully integrated” R744 configurations has been greatly intensifying. Approximately
10+15 “all-in-one” commercial “CO; only” units could be counted in Sweden in August 2016
(Karampour and Sawalha, 2017) as well as many others located in various other countries (Danfoss,
2016; Hafner et al., 2016).

The theoretical study conducted by Cecchinato et al. (2012b) demonstrated that a transcritical CO»
unit integrated with a R717 chiller and a boiler performs similarly to a separated solution, i.e. a R410A
heat pumping system employed for supplying cold/hot water and a R404A system for providing the
refrigeration load. The study was carried out by selecting a medium-size supermarket and three
different cities (i.e. Treviso, Stockholm, Singapore).

Karampour and Sawalha (2015) suggested adopting the configuration schematized in Fig. 15 for
temperate/cold climates. The authors also claimed that the parallel compressor should put into
operation in summertime with and without AC reclaim, whereas this system should operate in the
same way as a conventional booster in wintertime. At outdoor temperatures above 25 °C (i.e. warm
places), this solution should include a separated HFC or different AC unit. At a later time, these
results were experimentally confirmed by means of some field measurements collected in a small-
medium size supermarket located in the middle of Sweden in January and in July 2014 (Karampour
and Sawalha, 2017). The system was found to be capable of properly satisfying the whole AC need
and a large part of the heat reclaim for space heating and DHW. Also, COPs in heat recovery modes
similar to or better than those of conventional heat pump units were estimated.

Fig. 15. “All-in-one” transcritical R744 booster supermarket refrigeration system equipped with
parallel compression, corresponding P-h diagram and implemented heat recovery control strategy
(Karampour and Sawalha, 2015).

The evaluation carried out by Karampour and Sawalha (2017) leads to the conclusion that an “all-in-
one” R744 refrigerating solution with parallel compression is an appropriate technology only for cold
climates. In fact, as showed in Fig. 16 such equipment (S1) offers an energy saving of 11% in
Stockholm, whereas it consumes respectively 9% in Paris and 12% in Barcelona more electricity
compared to separated HFC-based units (S3). Also, Karampour and Sawalha (2017) assessed energy
savings on the part of this HFC-free unit of 19% in Stockholm, 17% in Paris and 1% in Barcelona
over R410A-based units in AC mode. Furthermore, this technology consumes 5% less electricity in
Stockholm, whereas it features 14% in Paris and 11% in Barcelona higher energy consumptions than
HFC heat pumping units. At a later time, the authors estimated that the adoption of parallel
compression allows “CO; only” supermarket refrigeration plants to achieve comparable values of
SEER to that of a R410A chiller in Stockholm (about 4.5) and in Barcelona (about 4).

Fig. 16. Annual electricity use comparison of an “all-in-one” transcritical R744 booster supermarket
refrigeration system in Barcelona, Paris and Stockholm (Qpr =200 kW at tyr = -8 °C, Qip = 35 kW
at tur = -32 °C, Qac = 35 kW at toutdoor = 32 °C, Qheating =190 kW at toutdoor = -20 °C) (Karampour
and Sawalha, 2017).
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The design evaluation implemented by Visser (2017) suggested that an “all-in-one” CO; booster unit
outfitted with both parallel compression and an evaporative condenser represents a suitable
alternative to a CO2/NHj3 cascade arrangement in Kuala Lumpur (Malaysia). The sketch of such a
technology is depicted in Fig. 12.

The “fully integrated” R744 refrigeration system with parallel compression and subcooling via a
ground thermal storage located in Evanston (USA) enables achieving an energy saving by 60% over
traditional systems (Cyclone Energy Group, 2013). This also features several other eco-friendly
technologies.

In march 2016, an “all-in-one” R744 refrigerating plant using parallel compression was put into
operation in Conegliano (Italy). The unit is able to provide a cooling capacity of 45 kW at -35 °C, an
AC load of 71 kW and the whole heat reclaim with the aid of a load evaporator for a 600 m? food
retail store. The system showed energy saving by 10% (r744.com, 2016).

As mentioned above, in some running modes the required heating demand can be only satisfied by
running the refrigeration system in transcritical conditions (Sawalha, 2013). This turns further in
favour of the ejectors-based configurations thanks to its large potential of energy saving
(Schonenberger et al., 2014; Hafner et al., 2014a; Hafner et al., 2014c). As theoretically showed by
Gullo et al. (2018), in fact, such technologies reduce the required total power input by from 36.8% to
50.3% over separated HFC-based units at outdoor temperatures ranging from -10 °C up to 5 °C.

Hafner et al. (2016) collected some field data from the integrated ejector supported parallel
compression (IESPC) unit installed in Spiazzo (Italy) (Fig. 17) between the 1% of May and the 30
of October 2015 at outdoor temperatures ranging from 22 °C to 35 °C. Values of pressure lift from 5
bar to 10 bar were evaluated. The results showed that, besides providing the whole AC demand, such
a configuration consumes from 15% to 30% less energy than the system with parallel compression
depending on the AC needs and external temperature.

Fig. 17. “All-in-one” transcritical R744 booster supermarket refrigeration system equipped with
multi-ejector rack (IESPC unit) (Hafner et al., 2016).

A “fully integrated” CO; system equipped with multi-ejector module was installed in Italy’s largest
hypermarket (10000 m?) in Milan (Danfoss, 2016). The use of this technology along with an
integrated control of the HVAC unit, light and refrigeration load should bring the energy consumption
down to around 50% in comparison with more conventional installations.

An “all-in-one” multi-ejector based solution (Qpr = 360 kW at tur = -2 °C, Q,r = 72 kW at tir = -
26 °C) was implemented in a supermarket located close to Turin (Italy) (r744.com, 2018d).

As mentioned above, the usage of the auxiliary compressors, especially for the refrigerating systems
integrated with the AC unit, is substantially extended as a multi-ejector rack is adopted (Hafner et al.,
2016; Fredslund et al., 2016). Therefore, Gullo et al. (2017a) suggested the manufacturability of 10%
more efficient parallel compressors. The researchers, in fact, estimated increases in energy saving
between 2.4% and 5.2% compared to a conventional R744 ejector supported parallel system,
depending on both the selected climate context and the AC unit and store size. Also, according to
Gullo et al. (2017a), this expedient is particularly (energetically and economically) reasonable for
large supermarkets, remarkable AC demands and installations in warm/hot regions.

Fredslund et al. (2016) experimentally showed that energy savings from 10% to 15% for a
configuration integrated with the AC system at about 30 °C can be attained. Despite some issues
caused by the oil return, a reduction in the power input by around 4% for a solution with no integration
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with the AC unit (Qp,r = 120 kW, no overfed evaporators) at roughly 27 °C was estimated. Promising
results are also expected in heat recovery mode.

Hafner et al. (2015) defined as “next generation of CO: supermarket refrigeration systems” an all-in-
one unit outfitted with two multi-ejector blocks (i.e. one dedicated to AC need and the other to
refrigeration load) being able to reach a pressure lift of 15 bar. Therefore, the performance of this
configuration was studied for different AC loads. A full size laboratory supermarket refrigeration
system resembling this technology was extensively described by Hafner and Banasiak (2016).

Gullo et al. (2018) theoretically evaluated that R744 multi-ejector enhanced parallel compression
systems required from 3.1% up to 18% less power input in AC mode than separated HFC-based units
at outdoor temperatures between 25 °C and 40 °C, as depicted in Fig. 18.

Fig. 18. Total power input of the investigated systems in AC mode at different outdoor temperatures
(Gullo et al., 2018).

Kvalsvik et al. (2017) theoretically predicted that a CO; refrigerating plant 1nvolv1ng two multi-
ejectors modules and coupled with the AC unit (Qup = 10 kW at tur =-3.2°C, Qup =3 kW at tir =
-28.6 °C, Qac = 20 kW at tac = +12.6 °C) consumes 53% more electricity than separated R410A-
based solutions at the design outdoor temperature of 45 °C (i.e. Indian climate context). Also, the
researchers highlighted that an energy performance enhancement by 30% experienced by the “CO>
only” technology would lead to 7% greater power input compared to the aforementioned solutions.
On the other hand, no overfed evaporators were considered in this assessment, as well as the analysis
should have been based on annual energy consumption basis.

The theoretical assessment by Pardifias et al. (2017a) related to a typical Norwegian supermarket
revealed that the adoption of parallel compression is beneficial at outdoor temperatures above 10 °C,
leading to energy savings from 7% to 19% in relation to a conventional booster configuration
(between 15 °C and 30 °C). Also, it was found that the usage of a multi-ejector module is
advantageous at external temperatures higher than 25 °C. Further energy benefits can be
accomplished with the aid of an AC multi-ejector rack (8.3% at 30 °C and 8.6% at 25 °C). The
analysis took into account the integration with an AC unit having the design load of 35 kW at the
external temperatures of 30 °C.

Pardinas et al. (2017b) compared two different IESPC configurations (i.e. with and without AC multi-
ejector module) for a typical Norwegian medium-sized food retail store (Qur = 60 kW, Qpr = 10
kW, Qac = 45 kW, design outdoor temperature of 30 °C) in steady state operations. The results
showed that these two solutions perform similarly in subcritical running modes. On the other hand,
the heat rejection pressure was found to be strongly related to the external temperature, MT, selected
system and AC evaporating pressure. The researchers also highlighted that the performance
improvement associated with the AC multi-ejector block has to compensate the additional cost as
well as the complicated system implementing the heat rejection pressure control. Also, the solution
without AC multi-ejector module and relying on the compressor interchangeability strategy was
pointed out as a more reasonable technology as AC evaporation pressures could be kept at about 35
bar. Finally, the authors recommended the compressor manufacturers to enlarge the operational
envelope of their equipment to further enhance the overall system performance.

As recently highlighted by Girotto (2016) and Hafner (2107), the usage of water as an energy carrier

between a refrigeration system and AC/heating equipment implies many drawbacks, such as the

involvement of many heat exchangers with the resulting increase in energy efficiency deterioration,

corrosiveness and high investment costs. To overcome these drawbacks, the researchers suggested

taking advantage of the favourable properties of R744 by employing this refrigerant in direct cooling
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and heating fan coils and air curtains installed inside the building (Fig. 19). This would lead to a
reduction in the cost for the heating and cooling unit, a fall in the energy need as well as in the time
required by the HVAC unit to be installed (Girotto, 2016; Hafner, 2017).

Fig. 19. Transcritical R744 supermarket booster refrigeration system equipped with parallel
compression relying on space heating and cooling with water as the energy carrier (a), direct space
heating with R744 (b) and direct space cooling with R744 (¢) (Girotto, 2016).

7. Summary of findings

7.1. Practical aspects and energy evaluations

The findings associated with the 2" and the 3™ generation of transcritical R744 supermarket
refrigeration systems are summarized in Table 1 and Table 2, respectively. Also, the main results of
today’s accessible investigations on the “all-in-one” concept are presented in Table 3a (transcritical
R744 supermarket booster refrigeration systems as baselines) and Table 3b (supermarket refrigeration
systems using synthetic working fluids as baselines). Finally, the most relevant outcomes related to
currently available energy assessments for the state-of-the-art R744 supermarket technologies are
summed up in Table 4a (transcritical R744 supermarket booster refrigeration systems as the
baselines) and Table 4b (supermarket refrigeration systems using synthetic working fluids as
baselines). In particular, the values having a positive sign refer to the fact that the investigated
technology outperforms the suggested baseline for all these Tables. On the contrary, negative values
point out the opposite result.

Table 1. Summary of the findings associated with the main investigations on parallel compression.

Table 2. Summary of the findings associated with the main investigations on the multi-ejector
concept.

Table 3a. Summary of the energy benefit assessments associated with the main investigations on the
“all-in-one” concept (transcritical R744 supermarket refrigeration systems as baselines).

Table 3b. Summary of the energy benefit assessments associated with the main investigations on the
“all-in-one” concept (supermarket refrigeration systems using synthetic working fluids as baselines).
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Table 4a. Summary of the energy benefit assessments associated with the main investigations on the
state-of-the-art R744 technologies for supermarket applications (transcritical R744 supermarket
refrigeration systems as baselines).

Table 4b. Summary of the energy benefit assessments associated with the main investigations on the
state-of-the-art R744 technologies for supermarket applications (supermarket refrigeration systems
using synthetic working fluids as baselines).

The findings related to Table 1, Table 2, Table 3a, Table 3b, Table 4a and Table 4b brought to light
that:

e the technology involving the dedicated mechanical subcooling reveals that energy savings by
between 3% and 23% can be attained over a R404A unit, depending on the selected weather
conditions;

e the energy benefits associated with parallel compression do not justify the adoption of R744
in mild/warm locations, especially when it comes to “all-in-one” configurations;

e as highlighted in Fig. 20, R744 multi-ejector enhanced parallel compression systems can
outperform both R404A direct expansion solutions and R1234ze(E)/R744 indirect units even
in warm locations (Gullo and Hafner, 2017a). As examples, compared to such HFO-based
equipment the aforementioned HFC-free technologies lead to energy savings at least up to
20.9%, 16.7% and 9.3% in Chicago (USA), Atlanta (USA) and Miami (USA), respectively.
It is worth emphasizing that no heat recovery was performed in this study;

e the usage of the multi-ejector rack permits attaining between 20% and 30% higher COPSsheating
than a conventional booster system;

e a R744 multi-ejector enhanced parallel compression system integrated with the AC unit
features energy savings between 15.6% and 26.2% in relation to separated HFC-based units
in Mediterranean Europe, depending on the size of both the AC equipment and the selected
food retail store;

o the filed data related to the supermarket located in Dunwoody (USA) suggest that an adiabatic
condenser is capable of modestly decreasing the annual electricity consumption by 6.3% over
a R407A system;

e promising results can be ascribable to transcritical CO; supermarket refrigeration systems
with geothermal loop;

e adramatic shortage of investigations on the “all-in-one”” R744 multi-ejector enhanced parallel
compression technologies, with particular reference to experimental studies.

Fig. 20. Comparison of annual energy consumption related to R744 multi-ejector enhanced parallel
compression systems and R1234ze(E)/R744 indirect arrangements in the American climate context
(Gullo and Hafner, 2017a).

By considering the previously summarized results, it is possible to claim that at the present time the
so-called “CO» equator” in Europe has disappeared, meaning that transcritical R744 refrigerating
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solutions can be adopted with great energy efficiencies in any European climate context by adapting
the system layout to the peculiar characteristics of R744.

7.2. Economic evaluations

CO2 refrigeration technologies show reduced installation costs with respect to distribution pipes and
the refrigerant charge (Matthiesen et al., 2010; Shilliday, 2012). Matthiesen et al. (2010) estimated a
cost saving by about 73% by installing copper pipes in a CO; solution over a R404A system. The
evaluation of the running costs and the moderate refrigerant leakages are additional cost-effective
aspects when it comes to CO; refrigerating solutions.

According to the report by EMERSON Climate Technologies (2010), a CO2 booster unit features an
investment cost 48% greater than that of R404 A technologies.

Tassou et al. (2011) claimed that transcritical CO> units are from 10% to 30% more expensive than
R404A systems due to both the unique controls and components needed and the high working
pressures.

The economic assessment for a small supermarket in the North of Ireland carried out by Shilliday
(2012) suggested that the capital cost of a COz booster system is 63% higher than that of a R404A
unit. The reason for this lies in the fact that HS compressors are particularly costly (24% of the
additional cost), as well as owing to the price and the number of components (e.g. valves, receiver,
gas cooler, control systems). The cost of R744 was reported to be about 4 times lower than that of
R404A.

The adoption of parallel compressor implies reductions in total cost of the final product ranging from
2.6% to 10.5% compared to a conventional single-stage CO: system at cooling medium temperatures
between 30 °C to 50 °C, as computed by Gullo et al. (2015). At heat sink temperatures from 30 °C to
42 °C, Gullo and Cortella (2016a) evaluated that the total cost investment for the solution with a two-
phase ejector is on average about 12% higher than that for a one-stage CO: unit. On the other hand,
a drop in total cost of the final product on average by up to 25.2% was also computed at the same
boundary conditions.

According to Girotto (2015), a return on investment of about 2.5 years can be obtained on the part of
a multi-ejector based system (with intercooler/air-cooled gas cooler-condenser) compared to R404A
units, as showed in Fig. 21. The evaluation took into account the investment and running costs, design
point of 38 °C and cooling capacities of 250 kW at MT and 50 kW at LT, respectively. At the same
boundary conditions, a transcritical CO> refrigeration plant with dedicated mechanical subcooling
present a return on investment above 10 years.

Fig. 21. Return on investment (based on investment and running costs) related to a conventional
R744 supermarket booster refrigeration system, a R744 supermarket booster refrigeration system
equipped with multi-ejector block, R404A direct expansion units and a R744 supermarket booster
refrigeration system outfitted with dedicated mechanical subcooling (Qut =250 kW, Qu = 50 kW,
design point = 38 °C) in a warm climate (Girotto, 2015).

Tsamos et al. (2017b) claimed that the solution with parallel compression has a payback period of
about 3 years in London and 2 years in Athens.

Between 2008 and 2016 it was noticed that the efficiency of transcritical CO2 supermarket
refrigerating units went up to 25% and, simultaneously, a drop in the equipment cost by 30% occurred
(Shecco, 2016a). This led to the fact that “COz only” supermarket systems currently feature a similar

41

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



to or between 5% and 10% higher total installation cost than conventional HFC units (Shecco, 2016a).
In particular, it was found that the price of a R744 multi-ejector enhanced parallel compression system
is nowadays, at worst, 10% higher than that of typical refrigerating units (Shecco, 2016a). On the
other hand, Shecco (2016a) highlighted that the overall lifecycle cost of the solutions relying on
natural refrigerants is lower than that associated with HFC-based technologies. Finally, further
economic benefits are expected to be derived from the ever-growing economy of scale related to “all-
in-one” HFC-free equipment.

7.3. Environmental impact evaluations

EMERSON Climate Technologies (2010) suggested that a R744 booster solution in place of a R404A
system brings the carbon footprint of a supermarket down to 42%.

Shilliday (2012) pointed out that the Total Equivalent Warming Impact (TEWI) associated with a
booster configuration running in Northern Ireland is about 50% lower than that of a HFC-based unit.
Beshr et al. (2014) compared the environmental impact of various supermarket refrigeration systems
in six different American cities. The results revealed that, although a R744 booster solution performs
worse in some of the selected locations, such a technology is more eco-friendly than both N-40-based
arrangements and a R404A multiplex unit in mild and cold climates with annual leak rate above 2%.
Llopis et al. (2015b) indicated that cascade/indirect arrangements using low-GWP working fluids for
LT applications are more environmentally beneficial than the investigated “CO: only” systems.
Compared to a R744/R134a cascade system, Gullo et al. (2016a) estimated reductions in TEWI from
9.7% in Athens to 24.9% in Valencia (Spain) by using parallel compression and from 9.6% in Athens
to 24.4% in Valencia by adopting a dedicated mechanical subcooling.

At a later time, Gullo et al. (2016e) computed drop in TEWI between about 31% and 56% for the
configuration with both mechanical subcooling and parallel compression in five Mediterranean
European locations in relation to a R404A direct expansion unit.

The solution suggested by Colombo et al. (2016) was capable of cutting the carbon footprint related
to a store located in Wales by 34% over R404A units.

The study carried out by Tsamos et al. (2017b) highlighted that a reduction in TEWI by respectively
3.6% in London and 5% in Athens can be accomplished with the aid of parallel compression over a
conventional booster unit.

Karampour and Sawalha (2018) estimated that TEWI associated with supermarket refrigeration
solutions relying on man-made working fluids (i.e. R404A, R449A) is 2-7 times as high as that of
natural refrigerant-based systems (i.e. R744, R717, R290) in Stockholm and Barcelona.

8. Conclusions

The ever-growing commitment to the protection of the environment, as well as the cheapness,
acceptable safety level related to its usage and its favourable thermo-physical properties opened the
door to wider approval of R744 as the only refrigerant in food retail industry. Therefore, being HFCs
potent greenhouse gases, transcritical R744 systems have become standard for the commercial
refrigeration sector all over the world as a result of their enormous technological advancements.

In this investigation the state-of-the-art “CO- only” solutions for supermarket applications have been
critically reviewed. These are being continuously cost and efficiency optimized, yielding promising
results even in warm countries.

The most relevant conclusions which can be drawn from this research work are:
e an additional diffusion of these HFC-free technologies in some countries (e.g. USA) should
be further stimulated with the aid of some legislative acts;

e the dedicated mechanical subcooling is not bound to significantly contribute to the spread of
transcritical R744 refrigerating solutions in food retail stores;
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e the multi-ejector concept is the main driving force behind the proliferation of transcritical CO2
supermarket refrigeration systems worldwide and especially in warm climates. Also,
additional profuse cost savings are expected to be achieved by adopting the “all-in-one”
concept;

e thermal energy storages are supposed to lead to further promising energy efficiency
enhancements;

e a noteworthy attention needs to be devoted to the stores located in warm climates where an
abundant lack of both confidence in such technologies and trained technicians is evident
(Minetto et al., 2018). This can be considered the current main brake on the broad diffusion
of these solutions in high ambient temperature countries;

e transcritical R744 supermarket technologies present similar to or between 5% and 10% higher
total installation cost than conventional HFC units (Shecco et al., 2016a). This gap is expected
to be filled following on from a larger scale mass production of such systems, especially the
ones relying on “all-in-one” concept;

e the adoption of CO> as the only refrigerant in food retail applications implies great
environmental benefits, even in warm places.

Finally, it is important to highlight that, although ejector-based “CO- only” systems represent the
most promising solutions for supermarket applications in any climate context, various drawbacks still
need to be overcome, such as their high cost (especially related to the control devices) as well as their
considerable complexity (leading to possible complicated maintenance operations).

9. Future developments

By considering the findings summarized in the previous Sections, it can be concluded that new
available technologies will permit the proliferation of transcritical CO; supermarket solutions across
the world. This target will be successfully achieved provided that the remaining non-technological
barriers are overcome. However, in order to accomplish this goal, many investigations on various
perspective are still needed.

With respect to CFD assessments, the implementation of the following work should be taken into
account:

e additional more thorough CFD simulation models need to be developed in order to improve
the accuracy of ejector performance prediction as well as its design. These have to be validated
against some field measurements, which implies that massive experimental campaigns have
to be carried out. In particular, as suggested by Kriezi et al. (2015, 2016), additional
experimental evaluations regarding the effect of the geometrical characteristics of ejectors on
their functionality, the system performance and the capacity control are indispensable. Also,
the possible benefits related to the switching from winter to summer ejector design as the heat
recapture is implemented need for in-depth studies (Kriezi et al., 2015, 2016). As a
consequence, the performance of the ejectors would significantly enhance, as well as the
confidence in such a technology would also be boosted,;

e the implementation of more sophisticated CFD simulation models are also necessary for gas
cooler/condensers. In addition, the investigation by Heerup and Bramsen (2016) suggests
mapping the gas cooler/condenser performance in both design and off-design operation
conditions for many geometries and flow regimes should also be realized. This would allow
developing a suitable and generalized methodology aimed at their cost-effective selection.

From the thermodynamic viewpoint, significant efforts should be devoted to:
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the application of advanced thermodynamic tools, such as thermoeconomic diagnosis and
advanced exergy analysis, to transcritical R744 solutions based on field measurements in
order to permit the selected system to permanently operate at the most cost-effective and
thermodynamically efficient running modes (Ommen and Elmegaard, 2012; Gullo et al.,
2016b; Gullo and Hafner, 2017b);

the assessment of the energy and economic benefits related to the usage of two different multi-
ejector blocks (i.e. one dedicated to AC need and the other to refrigeration demand), to direct
heating and cooling fan coils and air curtains and to the interchangeability of main and
auxiliary compressors (i.e. reduction in compressor number) (Hafner, 2017; Pardifas et al.,
2017a, 2017b). This has to be supported by means of field measurements;

appropriately evaluate the performance of “all-in-one" R744 multi-ejector enhanced parallel
compression systems in severe climate contexts (e.g. India), as suggested by the results
derived from Kvalsvik et al. (2017). In fact, it has already been widely recognized that these
technologies are the most highly efficient and climate friendly solutions for the European
commercial refrigeration sector.

Although thermal energy storages have been gaining great ground, additional research work is still
essential:

the solution proposed by Manescu et al. (2017) seems to be a promising expedient. However,
additional investigations are needed, such as the heat flow evaluation in the cold storage unit,
experimental validation, assessment of the heat transfer within the cold storage and the
thermosiphon system;

substantial efforts should be addressed to geothermal storages as, despite the growing interest
in these solutions, their real benefits still need to be thoroughly studied. Future work is
necessary when it comes to field measurements collection, implementation of a suitable heat
recovery strategy, appropriate design of the heating system, economic evaluations, assessment
of geothermal storage function, control and sizing, etc.;

despite being promising technologies, Fidorra et al. (2016, 2015b) pointed out the need for
additional and more in-depth evaluations involving economic aspects and the part load
operations of the compressors should be addressed to the CO» systems employing CTESs.
Additionally, the storage heat transfer process and suitable control strategies for CTESs
should also be assessed (Fidorra et al., 2016, 2015b), as well as these results need to be
validated against some experimental data (Fidorra et al., 2016, 2015b);

the decoupling the heating reclaim and refrigeration demand with the aid of thermal energy
storages is also significantly worth being investigated, as suggested by the outcomes obtained
by Noding et al. (2016).

Finally, the future work should also involve:

the enhancement of the efficiency related to R744 compressors as well as the enlargement of
their operational envelope;

the implementation of life-cycle cost analyses (LCCA) related to “all-in-one" R744 multi-
ejector enhanced parallel compression systems;

as the state-of-the-art technologies for supermarket applications has matured, a suitable
transfer process of these solutions into small applications (e.g. CO2 condensing units) and heat
pumping systems needs to be considered.

44

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



References

e Abdi, A., Sawalha, S., Karampour, M., 2014. Heat recovery investigation of a supermarket
refrigeration systems using carbon dioxide as refrigerant. In: Proceedings of the 11" IIR
Gustav Lorentzen Conference on Natural Refrigerants, 31 August - 2™ September;
Hangzhou, China. ID: 28.

e Alternative Fluorocarbons Environmental Acceptability Study, 2006. AFEAS Data. —
Available at: <https://agage.mit.edu/data/afeas-data> [accessed 09.02.2018].

e Alzuwaid, F., Ge, Y. T, Tassou, S. A., Raeisi, A., Gowreesunker, B., 2015. The novel use of
phase change materials in a refrigerated display cabinet: An experimental investigation.
Applied Thermal Engineering 75, 770-778. DOI: 10.1016/j.applthermaleng.2014.10.028

e Arora, A., Singh, N. K., Monga, S., Kumar, O., 2011. Energy and exergy analysis of a
combined transcritical CO2 compression refrigeration and single effect H>O-LiBr vapour
absorption system. International Journal of Exergy 9(4), 453-471. DOL:
10.1504/1JEX.2011.043916

e Banasiak, K., Hafner, A., Kriezi, E. E., Madsen, K. B., Birkelund, M., Fredslund, K., Olsson,
R.,2015. Development and performance mapping of a multi-ejector expansion work recovery
pack for R744 vapour compression units. International Journal of Refrigeration 57, 265-276.
DOI: 10.1016/j.ijrefrig.2015.05.016

e Banasiak, K., Palacz, M., Hafner, A., Bulinski, Z., Smolka, J., Nowak, A. J., Fic, A., 2014b.
A CFD-based investigation of the energy performance of two-phase R744 ejectors to recover
the expansion work in refrigeration systems: An irreversibility analysis. International Journal
of Refrigeration 40, 328-337. DOI: 10.1016/j.ijrefrig.2013.12.002

e Banasiak, K., Hafner, A., Haddal, O., Eikevik, T., 2014a. Test facility for a multiejector R744
refrigeration system. In: Proceedings of the 11" IIR Gustav Lorentzen Conference on Natural
Refrigerants, 31% August - 2" September; Hangzhou, China. ID: 70.

e Banasiak, K., Hafner, A., 2013. Mathematical modelling of supersonic two-phase R744 flows
through converging-diverging nozzles: The effects of phase transition models. Applied
Thermal Engineering 51, 635-643. DOI: 10.1016/j.applthermaleng.2012.10.005

e Banasiak, K., Hafner, A., 2011. 1D computational model of a two-phase R744 ejector for
expansion work recovery. International Journal of Thermal Sciences 50(11), 2235-2247.
DOI: 10.1016/j.ijthermalsci.2011.06.007

e Bansal, P., 2012. A review — Status of CO> as a low temperature refrigerant: Fundamentals
and R&D opportunities. Applied Thermal Engineering 41, 18-29. DOL:
10.1016/j.applthermaleng.2011.12.006

e Bell, I., 2004. Performance Increase of carbon dioxide Refrigeration Cycle with the Addition
of Parallel Compression Economization. In: Proceedings of the 6™ IIR Gustav Lorentzen
Conference on Natural Working Fluids, 29" August - 1% September; Glasgow, UK.

e Bella, B., Kaemmer, N., 2011. Experimental Performance of Carbon Dioxide Compressor
with Parallel Compression. In: Proceedings of Deutsche Kilte-Klima-Tagung 2011; 16™ —
18" November; Aachen, Germany.

e Bellstedt, M., Schoeffler, C., Andrusenko, A., 2010. CO;-only refrigeration systems with two-
stage gas coolers for the Australian climate. In: Proceedings of the 9™ IIR Gustav Lorentzen
Conference on Natural Refrigerants, 12 - 14" April; Sydney, Australia. ID: 115.

e Beshr, M., Bush, J., Aute, V., Radermacher, R., 2016. Steady state testing and modeling of a
CO> two-stage refrigeration system with mechanical subcooler. In: Proceedings of the 12
IIR Gustav Lorentzen Natural Working Fluids Conference, 21° - 24" August; Edinburgh, UK.
ID: 1146.

45

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


https://agage.mit.edu/data/afeas-data
http://www.sciencedirect.com/science/article/pii/S1359431114008990
https://www.inderscienceonline.com/doi/abs/10.1504/IJEX.2011.043916
http://dx.doi.org/10.1016/j.ijrefrig.2015.05.016
http://www.sciencedirect.com/science/article/pii/S0140700713003812
http://www.sciencedirect.com/science/article/pii/S1359431112006618
http://www.sciencedirect.com/science/article/pii/S1290072911001876
http://www.sciencedirect.com/science/article/pii/S1359431111007034

Beshr, M., Aute, V., Sharma, V., Abdelaziz, O., Fricke, B., Radermacher, R., 2015. A
comparative study on the environmental impact of supermarket refrigeration systems using
low GWP refrigerants. International Journal of Refrigeration 56, 154-164. DOI:
10.1016/].1jrefrig.2015.03.025

Bilir, N., Ersoy, H. K., 2009. Performance improvement of the vapour compression
refrigeration cycle by a two-phase constant area ejector. International Journal of Energy
Research 33, 469-480. DOI: 10.1002/er.1488

Bodys, J., Palacz, M., Haida, M., Smolka, J., Nowak, A. J., Banasiak, K., Hafner, A., 2017.
Full-scale multi-ejector module for a carbon dioxide supermarket refrigeration system:
Numerical study of performance evaluation. Energy Conversion and Management 138, 312-
326. DOI: 10.1016/j.enconman.2017.02.007

Bodys, J., Smolka, J., Palacz, M., Haida, M., Banasiak, K., Nowak, A. J., Hafner, A., 2016.
Performance of fixed geometry ejectors with a swirl motion installed in a multi-ejector
module of a CO» refrigeration system. Energy 117, 620-631. DOL:
10.1016/j.energy.2016.07.037

Brown, J. S., Yana-Motta, S. F., Domanski, P. A., 2002. Comparative analysis of an
automotive air conditioning systems operating with CO; and R134a. International Journal of
Refrigeration 25(1), 19-32. DOI: 10.1016/S0140-7007(01)00011-1

Cabello, R., Sanchez, D., Patifo, J., Llopis, R., Torrella, E., 2012. Experimental analysis of
energy performance of modified single-stage CO, transcritical vapour compression cycles
based on vapour injection in the suction line. Applied Thermal Engineering 47(5), 86-94.
DOI: 10.1016/].applthermaleng.2012.02.031

Cabello, R., Sanchez, D., Llopis, R., Torrella, E., 2008. Experimental evaluation of the energy
efficiency of a CO; refrigerating plant working in transcritical conditions. Applied Thermal
Engineering 28(13), 1596-1604. DOI: 10.1016/j.applthermaleng.2007.10.026

Casson, V., Cecchinato, L., Corradi, M., Fornasieri, E., Girotto, S., Minetto, S., Zamboni, L.,
Zilio, C., 2003. Optimisation of the throttling system in a CO» refrigerating machine.
International Journal of Refrigeration 26(8), 926-935. DOI: 10.1016/S0140-7007(03)00077-
X

Cavallini, A., Zilio, C., 2007. Carbon dioxide as a natural refrigerant. International Journal
of Low-Carbon Technologies 2(3), 225-249. DOI: 10.1093/ijlct/2.3.225

Cecchinato, L., Corradi, M., Minetto, S., 2012b. Energy performance of supermarket
refrigeration and air conditioning integrated systems working with natural refrigerants.
Applied Thermal Engineering 48, 378-391. DOI: 10.1016/j.applthermaleng.2012.04.049
Cecchinato, L., Corradi, M., Cosi, G., Minetto, S., Rampazzo, M., 2012a. A real-time
algorithm for the determination of R744 systems optimal high pressure. International Journal
of Refrigeration 35, 817-826. DOI: 10.1016/].ijrefrig.2012.01.005

Cecchinato, L., Corradi, M., Minetto, S., 2010c. Energy performance of supermarket
refrigeration and air conditioning integrated systems. Applied Thermal Engineering 30(14-
15), 1946-1958. DOI: 10.1016/j.applthermaleng.2010.04.019

Cecchinato, L., Chiarello, M., Corradi, M., 2010b. Design and experimental analysis of a
carbon dioxide transcritical chiller for commercial refrigeration. Applied Energy 87(6), 2095-
2101. DOI: 10.1016/j.apenergy.2009.12.009

Cecchinato, L., Corradi, M., Minetto, S., 2010a. A critical approach to the determination of
optimal heat rejection pressure in transcritical systems. Applied Thermal Engineering 30(13),
1812-1823. DOI: 10.1016/j.applthermaleng.2010.04.015

Cecchinato, L., Chiarello, M., Corradi, M., Fornasieri, E., Minetto, S., Stringari, P., Zilio, C.,
2009. Thermodynamic analysis of different two-stage transcritical carbon dioxide cycles.
International Journal of Refrigeration 32(5), 1058-1067. DOI: 10.1016/].ijrefrig.2008.10.001

46

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


http://www.sciencedirect.com/science/article/pii/S0140700715000845
http://onlinelibrary.wiley.com/doi/10.1002/er.1488/abstract
http://www.sciencedirect.com/science/article/pii/S019689041730105X
http://www.sciencedirect.com/science/article/pii/S0360544216309616
http://www.sciencedirect.com/science/article/pii/S0140700701000111
http://www.sciencedirect.com/science/article/pii/S1359431112001275
http://www.sciencedirect.com/science/article/pii/S1359431107003560
http://www.sciencedirect.com/science/article/pii/S014070070300077X
http://www.sciencedirect.com/science/article/pii/S014070070300077X
https://academic.oup.com/ijlct/article/2/3/225/758001/Carbon-dioxide-as-a-natural-refrigerant
http://dx.doi.org/10.1016/j.applthermaleng.2012.04.049
http://www.sciencedirect.com/science/article/pii/S0140700712000060
http://dx.doi.org/10.1016/j.applthermaleng.2010.04.019
http://dx.doi.org/10.1016/j.apenergy.2009.12.009
http://www.sciencedirect.com/science/article/pii/S135943111000178X
http://www.sciencedirect.com/science/article/pii/S0140700708001965

Cecchinato, L., Corradi, M., Minetto, S., Chiesaro, P., 2007. An experimental analysis of a
supermarket plant working with carbon dioxide as refrigerant. In: Proceedings of the 22™¢ IIR
International Congress of Refrigeration, 21% - 26™ August; Beijing, China. ID: ICR07-D1-
1062.

Chen, Y., Gu, J., 2005. The optimum high pressure of CO; transcritical refrigeration systems
with internal heat exchangers. International Journal of Refrigeration 28(8), 1238-1249. DOI:
10.1016/].ijrefrig.2005.08.009

Chesi, A., Esposito, F., Ferrara, G., Ferrari, L., 2014. Experimental analysis of R744 parallel
compression cycle. Applied Energy 135, 274-285. DOI: 10.1016/j.apenergy.2014.08.087
Chesi, A., Ferrara, G., Ferrari, L., Tarani, F., 2012. Setup and characterisation of a multi-
purpose test rig for R744 refrigerating cycles and equipment. International Journal of
Refrigeration 35(7), 1848-1859. DOI: 10.1016/].ijrefrig.2012.06.005

Chiarello, M., Girotto, S., Minetto, S., 2010. CO, supermarket refrigeration system for hot
climates. In: Proceedings of the 9™ IIR Gustav Lorentzen Conference on Natural Refrigerants,
120 - 14" April; Sydney, Australia. ID: 39.

Cho, H., Moo-Yeon, L., Kim, Y., 2009. Numerical evaluation on the performance of advanced
CO; cycles in the cooling mode operation. Applied Thermal Engineering 29(8-9), 1485-1492.
DOI: 10.1016/].applthermaleng.2008.06.030

Colombo, 1., Maidment, G., Chaer, 1., Paurine, A., 2016. Simulation of the heat recovery use
of R744 systems in a supermarket. In: Proceedings of the 12 IIR Gustav Lorentzen Natural
Working Fluids Conference, 215 — 24" August; Edinburgh, UK. ID: 1180.

Colombo, 1., Maidment, G., Chaer, 1., Paurine, A., 2015. Modeling and experimental results
of a carbon dioxide refrigeration system with heat recovery. In: Proceedings of the 6 IIR
Conference on Ammonia and CO> Refrigeration Technologies, 16" — 18" April; Ohrid,
Macedonia.

Colombo, 1., Maidment, G.., Chaer, 1., Missenden, J., 2014. Carbon dioxide refrigeration with
heat recovery for supermarkets. International Journal of Low Carbon Technologies 9(1), 38-
44. DOI: 10.1093/ijlct/cts040

Colombo, 1., Jordan, L., Maidment, G., Missenden, J., Chaer, 1., 2010. A R744 transcritical
system with heat recovery for a supermarket - A case study. In: Proceedings of the 1% IIR
International Conference on the Cold Chain and Sustainability, 29t _ 315 March; Cambridge,
UK. ID: 206.

Cyclone Energy Group, 2013. Walgreens Opens First Net-Zero Energy Retail Store. —
Available at:  <http://www.cyclone.energy/portfolio/walgreens-net-zero-store-opens/>
[accessed 15.05.2018].

Da Ros, S., 2005. Optimisation of a Carbon Dioxide Transcritical Cycle with Flash-gas
Removal. In: Proceedings of IIR International Conferences — Thermophysical Properties and
Transfer Processes of Refrigerants, 31 August - 2" September; Vicenza, Italy. ID: 27.

Dai, B., Liu, S., Li, H., Sun, Z., Song, M., Yang, Q., Ma, Y., 2018. Energetic performance of
transcritical CO; refrigeration cycles with mechanical subcooling using zeotropic mixture as
refrigerant. Energy 150, 205-221. DOI: 10.1016/j.energy.2018.02.111

Dai, B., Liu, S., Sun, Z., Ma, Y., 2017. Thermodynamic Performance Analysis of CO>
Transcritical Refrigeration Cycle Assisted with Mechanical Subcooling. Energy Procedia
105, 2033-2038. DOI: 10.1016/j.egypro.2017.03.579

Danfoss, 2016. Italy’s Largest Hypermarket Opts for CO> Refrigeration. — Available at:
<http://www.danfoss.com/newsstories/rc/italy-largest-hypermarket-opts-for-co2-
refrigeration/?ref=17179879870#/> [accessed 09.02.2018].

47

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


http://www.sciencedirect.com/science/article/pii/S0140700705001751
http://www.sciencedirect.com/science/article/pii/S0306261914009106
http://www.sciencedirect.com/science/article/pii/S014070071200151X
http://www.sciencedirect.com/science/article/pii/S1359431108002883
https://academic.oup.com/ijlct/search-results?page=1&q=Carbon%20dioxide%20refrigeration%20with%20heat%20recovery%20for%20supermarkets&SearchSourceType=1
http://www.cyclone.energy/portfolio/walgreens-net-zero-store-opens/
https://www.sciencedirect.com/science/article/pii/S0360544218303451?dgcid=raven_sd_aip_email
http://www.sciencedirect.com/science/article/pii/S1876610217306318
http://www.danfoss.com/newsstories/rc/italy-largest-hypermarket-opts-for-co2-refrigeration/?ref=17179879870%23/
http://www.danfoss.com/newsstories/rc/italy-largest-hypermarket-opts-for-co2-refrigeration/?ref=17179879870%23/

Denecke, J., Hafner, A., 2011. Efficiency improvement of Commercial Refrigeration
Systems. In: Proceedings of Deutsche Kilte-Klima-Tagung 2011; 16™ — 18™ November;
Aachen, Germany.

Dieckmann, J., 2013. Energy Efficient Commercial Refrigeration with Carbon Dioxide
Refrigerant and Scroll Expanders. Lexington, USA: TIAX LLC; 2013 Apr. Final Technical
Report No.: DE-EE0003922.

Dispenza, A., Dispenza, C., La Rocca, V., Panno, D., Panno G., 2005. Advanced Refrigerating
Plants based on Transcritical Cycles working with Carbon Dioxide for Commercial
Refrigeration. In: Proceedings of IIR International Conference — Thermophysical Properties
and Transfer Processes of Refrigerants, 31 August - 2" September; Vicenza, Italy.

Eikevik, T. M., Bertelsen, S., Haugsdal, S., Tolstorebrov, I., Jensen, S., 2016. CO>
refrigeration system with integrated propane subcooler for supermarkets in warm climate. In:
Proceedings of the 12" IIR Gustav Lorentzen Natural Working Fluids Conference, 215 — 24"
August; Edinburgh, UK. ID: 1031.

Elbel, S., Hrnjak, P., 2008. Experimental validation of a prototype ejector design to reduce
throttling losses encountered in transcritical R744 system operate. International Journal of
Refrigeration 31, 411-422. DOI: 10.1016/j.ijrefrig.2007.07.013

EMERSON Climate Technologies, 2010. Refrigerant Choices for Commercial Refrigeration
— Finding the Right Balance. Technical Report No.: TGE124-091/E — Available at:
<http://www.emersonclimate.com/> [accessed 09.02.2018].

EPEE, 2015. Achieving the EU HFC Phase Down: The EPEE “Gapometer” Project.
European Commission, 2017. REPORT FROM THE COMMISSION assessing the 2022
requirement to avoid highly global warming Hydrofluorocarbons in some commercial
refrigeration systems. — Available at: <https://ec.europa.eu/clima/sites/clima/files/f-
gas/legislation/docs/c_2017 5230 en.pdf> [accessed 09.02.2018].

European Commission, 2014. Regulation (EU) No 517/2014 of the European Parliament and
of the Council of 16™ April 2014 on fluorinated greenhouse gases and repealing Regulation
(EC) No 842/2006.

European Commission, 2008. Development and demonstration of a prototype transcritical
CO2 refrigeration system. Final Report of LIFE Project Number: LIFEO5 ENV/DK/000156-
CO2REF. — Available at: <http://knudsenkoling.itide.dk/files/Final report-kbm.pdf>
[accessed 09.02.2018].

European Environment Agency, 2016. Fluorinated greenhouse gases 2015 - Summary of data
reported by companies on the production, import and export of fluorinated greenhouse gases
in the European Union. EEA Report No.: 33/2016. — Available at:
<www.eea.europa.eu/publications/fluorinated-greenhouse-gases> [accessed 09.02.2018].
EY, Arcadia International, Cambridge econometrics, 2014. The economic impact of modern
retail on choice and innovation in the EU food sector. EU Report, ISBN: 978-92-79-40324-
8. — Available at: <http://ec.europa.eu/competition/publications/KD0214955ENN.pdf>
[accessed 09.02.2018].

Fazelpour, F., Morosuk, T., 2014. Exergoeconomic analysis of carbon dioxide transcritical
refrigeration machines. International Journal of Refrigeration 38, 128-139. DOI:
10.1016/].ijrefrig.2013.09.016

Ferrandi, C., Orlandi M., 2013. Theoretical analysis of cold storage devices in a CO;
transcritical/subcritical supermarket refrigeration plant. Journal of Energy and Power
Engineering 7, 17-25.

48

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


http://www.sciencedirect.com/science/article/pii/S0140700707001508
http://www.emersonclimate.com/
https://ec.europa.eu/clima/sites/clima/files/f-gas/legislation/docs/c_2017_5230_en.pdf
https://ec.europa.eu/clima/sites/clima/files/f-gas/legislation/docs/c_2017_5230_en.pdf
http://ec.europa.eu/environment/life/project/Projects/index.cfm?fuseaction=home.showFile&rep=file&fil=LIFE05_ENV_DK_000156_LAYMAN.pdf
http://ec.europa.eu/competition/publications/KD0214955ENN.pdf
http://www.sciencedirect.com/science/article/pii/S0140700713002508

Fidorra, N., Minetto, S., Hafner, A., Banasiak, K., Kohler, J., 2016. Analysis of Cold Thermal
Energy Storage Concepts in CO, Refrigeration Systems. In: Proceedings of the 12" IIR
Gustav Lorentzen Natural Working Fluids Conference, 21 — 24" August; Edinburgh, UK.
ID: 1081.

Fidorra, N., Hafner, A., Minetto, S., Kohler, J., 2015b. Low temperature heat storages in CO»
supermarket refrigeration systems. In: Proceedings of the 24™ IIR International Congress of
Refrigeration, 16" - 22" August; Yokohama, Japan. ID: 272.

Fidorra, N., Hafner, A., Neksa, P., Kohler, J., 2015a. Energy cost analysis of heat recovery in
CO» supermarket refrigeration systems. In: Proceedings of the 6 IIR Conference on
Ammonia and CO; Refrigeration Technologies, 16 — 18™ April; Ohrid, Macedonia.

Finckh, O., Schrey, R., Wozny, M., 2011. Energy and efficiency comparison between
standardized HFC and CO» transcritical systems for supermarket applications. In: Proceedings
of the 23™ IIR International Congress of Refrigeration, 215 — 26" August; Prague, Czech
Republic. ID: 357.

Finckh, O., Sienel, T., 2010. Market Introduction of Commercially Viable CO> Supermarket
Refrigeration Systems. In: Proceedings of the 9" IIR Gustav Lorentzen Conference on Natural
Refrigerants, 12 — 14" April; Sydney, Australia. ID: 85.

Fornasieri, E., Girotto, S., Minetto, S., 2008. Refrigeration systems for hot climates using CO»
as the working fluid. In: Proceedings of the 8 IIR Gustav Lorentzen Conference on Natural
Refrigerants, 7" — 10™ September; Copenhagen, Denmark.

Fredslund, K., Kriezi, E. E., Madsen, K. B., Birkelund, M., Olsson, R., 2016. CO» installations
with a multi ejector for supermarkets, case studies from various locations. In: Proceedings of
the 12" IIR Gustav Lorentzen Natural Working Fluids Conference, 21% — 24" August;
Edinburgh, UK. ID: 1105.

Fricke, B., Zha, S., Sharma, V., Newel, J., 2016. Laboratory Evaluation of a Commercial CO;
Booster Refrigeration System. In: Proceedings of the 16™ International Refrigeration and Air
Conditioning Conference, 111" — 14" July; West Lafayette, USA. ID: 2286.
Frigo-Consulting LTD, 2015. Carrefour Timisoara: new technology successfully
implemented. — Available at:
<http://www.frigoconsulting.ch/en/news/carrefour_timisoara_ejector.html> [accessed
09.02.2018].

Frigo-Consulting LTD, 2014. Most southerly CO»-refrigeration system in Spain now in
operation. — Available at: <http:/www.frigoconsulting.ch/en/news/most_southerl co2-
refrigeration_system_in_spanien.html> [accessed 09.02.2018].

Fritschi, H., Tillenkamp, F., Lohrer, R., Briigger, M., 2016. Efficiency increase in carbon
dioxide refrigeration technology with parallel compression. International Journal of Low-
Carbon Technologies 0, 1-10. DOI: 10.1093/ijlct/ctw002

Ge, Y. T., Tassou, S. A., Dewa Santosa, 1., Tsamos, K., 2015. Design optimisation of CO»
gas cooler/condenser in a refrigeration system. Applied Energy 160, 973-981. DOI:
10.1016/j.apenergy.2015.01.123

Ge, Y. T., Tassou, S. A., 2014. Control optimizations for heat recovery from CO; refrigeration
systems in supermarket. Energy Conversion and Management 78, 245-252. DOI:
10.1016/j.enconman.2013.10.071

Ge, Y. T., Tassou, S. A., Suamir, I. N., 2013. Prediction and analysis of the seasonal

performance of tri-generation and CO> refrigeration systems in supermarkets. Applied Energy
112, 898-906. DOI: 10.1016/j.apenergy.2012.12.027

49

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


http://www.frigoconsulting.ch/en/news/carrefour_timisoara_ejector.html
http://www.frigoconsulting.ch/en/news/most_southerl_co2-refrigeration_system_in_spanien.html
http://www.frigoconsulting.ch/en/news/most_southerl_co2-refrigeration_system_in_spanien.html
http://ijlct.oxfordjournals.org/content/early/2016/02/17/ijlct.ctw002.abstract
http://www.sciencedirect.com/science/article/pii/S0306261915001609
http://dx.doi.org/10.1016/j.enconman.2013.10.071
http://dx.doi.org/10.1016/j.apenergy.2012.12.027

Ge, Y. T., Tassou, S. A., 2011c. Performance evaluation and optimal design of supermarket
refrigeration systems with supermarket model “SuperSim”. Part II: Model applications.
International Journal of Refrigeration 34(2), 540-549. DOI: 10.1016/j.ijrefrig.2010.11.004
Ge, Y. T., Tassou, S. A., 2011b. Performance evaluation and optimal design of supermarket
refrigeration systems with supermarket model “SuperSim”. Part I: Model description and
validation.  International  Journal of  Refrigeration 34(2), 527-539. DOI:
10.1016/].ijrefrig.2010.11.010

Ge, Y. T., Tassou, S. A., 2011a. Thermodynamic analysis of transcritical CO> booster
refrigeration systems in supermarket. Energy Conversion and Management 52(4), 1868-1875.
DOI: 10.1016/j.enconman.2010.11.015

Ge, Y. T., Tassou, S. A., 2009. Control optimisation of CO; cycles for medium temperature
retail food refrigeration systems. International Journal of Refrigeration 32(6), 1376-1388.
DOI: 10.1016/.ijrefrig.2009.01.004

Ge, Y. T., Cropper, R. T., 2009. Simulation and performance evaluation of finned-tube CO»
gas coolers for refrigeration systems. Applied Thermal Engineering 29(5-6), 957-965. DOI:
10.1016/j.applthermaleng.2008.05.013

Gerber, R., Wenzel, M., 2011. Integration of an expansion-unit for CO2 into a refrigeration
system in the field. In: Proceedings of the 23™ IIR International Congress of Refrigeration,
21— 26™ August; Prague, Czech Republic. ID: 533.

Girotto, S., 2017. Improved transcritical CO; refrigeration systems for warm climates. In:
Proceedings of the 7 IIR Ammonia and CO, Refrigeration Technologies Conference, 11" -
13" May; Ohrid, Macedonia.

Girotto, S., 2016. Direct space heating and cooling with CO; refrigerant - A new solution for
commercial buildings. In: Proceedings of the ATMOsphere Europe 2016, 19" - 20 April;
Barcelona, Spain.

Girotto, S., 2015. Reliability, efficiency & cost of CO> commercial refrigeration. In:
Proceedings of the ATMOsphere Europe 2015, 16™ - 17" March; Brussels, Belgium.
Girotto, S., 2012. CO: refrigeration in warm climates, efficiency improvement. In:
Proceedings of the ATMOsphere Europe 2012, 5 - 7" November; Brussels, Belgium.
Girotto, S., Minetto, S., Neksa, P., 2004. Commercial refrigeration system using CO> as the
refrigerant.  International  Journal of  Refrigeration 27(7), 717-723. DOL:
10.1016/].1jrefrig.2004.07.004

Gullo, P., Purohit, N., Dasgupta, M. S., Hafner, A., Banasiak, K., 2018. Comparative study
of various supermarket refrigerating systems in European climate context. In: Proceedings of
the 5™ IIR Conference on Sustainability and the Cold Chain, 6™ — 8" April; Beijing, China.
ID: 0017

Gullo, P., Tsamos, K. M., Hafner, A., Ge, Y. T., Tassou, S. A., 2017b. State-of-the-art
technologies for transcritical R744 refrigeration systems — A theoretical assessment of energy
advantages for European food retail industry. Energy Procedia 123, 46-53. DOI:
10.1016/j.egypro.2017.07.283

Gullo, P., Hafner, A., Cortella, G., 2017a. Multi-ejector R744 booster refrigerating plant and
air conditioning system integration — A theoretical evaluation of energy benefits for
supermarket applications. International Journal of Refrigeration 75, 164-176. DOI:
10.1016/].1jrefrig.2016.12.009

Gullo, P., Cortella, G., Polzot, A., 2016e. Energy and environmental comparison of
commercial R744 refrigeration systems operating in warm climates. In: Proceedings of the 4"
IIR Conference on Sustainability and the Cold Chain, 7t _ gth April; Auckland, New Zealand.

50

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


http://dx.doi.org/10.1016/j.ijrefrig.2010.11.004
http://dx.doi.org/10.1016/j.ijrefrig.2010.11.010
http://www.sciencedirect.com/science/article/pii/S0196890410005248
http://www.sciencedirect.com/science/article/pii/S0140700709000097
http://www.sciencedirect.com/science/article/pii/S1359431108002214
http://www.sciencedirect.com/science/article/pii/S014070070400132X
http://www.sciencedirect.com/science/article/pii/S1876610217328576
http://www.sciencedirect.com/science/article/pii/S0140700716304212

Gullo, P., Cortella, G., Minetto, S., 2016d. Potential enhancement investigation of commercial
R744 refrigeration systems based on avoidable and unavoidable exergy destruction concepts.
In: Proceedings of the 12" IIR Gustav Lorentzen Natural Working Fluids Conference, 21 —
24" August; Edinburgh, UK. ID: 1041.

Gullo, P., Cortella, G., Minetto, S., Polzot, A., 2016c. Overfed evaporators and parallel
compression in commercial R744 booster refrigeration systems — An assessment of energy
benefits. In: Proceedings of the 12™ IIR Gustav Lorentzen Natural Working Fluids
Conference, 21 — 24™ August; Edinburgh, UK. ID: 1039.

Gullo, P., Elmegaard, B., Cortella, G., 2016b. Advanced exergy analysis of a R744 booster
refrigeration system with parallel compression. Energy 107, 562-571. DOI:
10.1016/j.energy.2016.04.043

Gullo, P., Elmegaard, B., Cortella, G., 2016a. Energy and environmental performance
assessment of R744 booster supermarket refrigeration systems operating in warm climates.
International Journal of Refrigeration 64, 61-79. DOI: 10.1016/].ijrefrig.2015.12.016

Gullo, P., Elmegaard, B., Cortella, G., 2015. Energetic, Exergetic and Exergoeconomic
Analysis of CO, Refrigeration Systems Operating in Hot Climates. In: Proceedings of the 28™
International Conference on Efficiency, Cost, Optimisation, Simulation and Environmental
Impact of Energy Systems, 29™ June - 3™ July; Pau, France. ID: 52577.

Gullo, P., Hafner, A., 2017b. Thermodynamic Performance Assessment of a CO:
Supermarket Refrigeration System with Auxiliary Compression Economization by using
Advanced Exergy Analysis. International Journal of Thermodynamics 20(4), 220-227. DOI:
10.5541/eoguijt.325883

Gullo, P., Hafner, A., 2017a. Comparative assessment of supermarket refrigeration systems
using ultra low-GWP refrigerants — Case study of selected American cities. In: Proceedings
of the 30" International Conference on Efficiency, Cost, Optimisation, Simulation and
Environmental Impact of Energy Systems, 2™ — 6™ July; San Diego, USA.

Gullo, P., Cortella, G., 2016b. Thermodynamic Performance Evaluation of R744 Supermarket
Refrigeration Systems by employing Advanced Exergy Analysis. In: Proceedings of the 29
International Conference on Efficiency, Cost, Optimization, Simulation and Environmental
Impact of Energy Systems, 19™ — 23" June; Portoroz, Slovenia. ID: 399.

Gullo, P., Cortella, G., 2016a. Comparative Exergoeconomic Analysis of Various
Transcritical R744 Commercial Refrigeration Systems. In: Proceedings of the 29™
International Conference on Efficiency, Cost, Optimization, Simulation and Environmental
Impact of Energy Systems, 19™ - 23™ June; PortoroZ, Slovenia. ID: 570.

Hafner, A., Banasiak, K., Fredslund, K., Girotto, S., Smolka, J., 2016. R744 ejector system
case: Italian supermarket, Spiazzo. In: Proceedings of the 12" IIR Gustav Lorentzen Natural
Working Fluids Conference, 215 — 24" August; Edinburgh, UK. ID: 1078.

Hafner, A., Fredslund, K., Banasiak, K., 2015. Next generation R744 refrigeration technology
for supermarkets. In: Proceedings of the 24™ IIR International Congress of Refrigeration, 16
- 22" August; Yokohama, Japan. ID: 768.

Hafner, A., Claussen, I. C., Schmidt, F., Olsson, R., Fredslund, K., Eriksen, P. A., Madsen,
K. B., 2014e. Efficient and integrated energy systems for supermarkets. In: Proceedings of
the 11" IIR Gustav Lorentzen Conference on Natural Refrigerants, 315 August - 2™
September; Hangzhou, China. ID: 69.

Hafner, A., Hemmingsen, A. K., Neksa, P., 2014d. System configuration for supermarkets in
warm climates applying R744 refrigeration technologies — Case studies of selected Chinese

cities. In: Proceedings of the 11" IIR Gustav Lorentzen Conference on Natural Refrigerants,
31% August - 2™ September; Hangzhou, China. ID: 67.

51

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


http://www.sciencedirect.com/science/article/pii/S0360544216304492
http://www.sciencedirect.com/science/article/pii/S0140700715003941
http://dergipark.gov.tr/eoguijt/issue/32334/325883

Hafner, A., Schonenberger, J., Banasiak, K., Girotto, S., 2014c. R744 ejector supported
parallel vapour compression system. In: Proceedings of the 3™ IIR International Conference
on Sustainability and Cold Chain, 23™ - 25" June; London, UK. ID: 129.

Hafner, A., Hemmingsen, A. K., Van de Ven, A., 2014b. R744 refrigeration system
configurations for supermarkets in warm climates. In: Proceedings of the 3rd IR International
Conference on Sustainability and the Cold Chain, 23" - 25% June; London, UK. ID: 127.
Hafner, A., Forsterling, S., Banasiak, K., 2014a. Multi-ejector concept for R-744 supermarket
refrigeration. International ~ Journal ~ of  Refrigeration 43, 1-13. DOI:
10.1016/].1jrefrig.2013.10.015

Hafner, A., Poppi, S. Neksa, P., Minetto, S., Eikevik, T. M., 2012. Development of
commercial refrigeration systems with heat recovery for supermarket building. In:
Proceedings of the 10" IIR Gustav Lorentzen Conference on Natural Refrigerants, 25" - 27
June; Delft, The Netherlands. ID: 192.

Hafner, A., Neksd, P., Ladam, Y., Eikevik, T. M., 2011. Oil-free R744 systems for
industrial/commercial applications. In: Proceedings of the 23™ IIR International Congress of
Refrigeration, 21 — 26™ August; Prague, Czech Republic. ID: 342.

Hafner, A., Banasiak, K., 2016. Full scale supermarket laboratory R744 ejector supported and
AC integrated parallel compression unit. In: Proceedings of the 12™ IIR Gustav Lorentzen
Natural Working Fluids Conference, 21 — 24™ August; Edinburgh, UK. ID: 1159.

Hafner, A., Hemmingsen, A. K., 2015. R744 refrigeration technologies for supermarkets in
warm climates. In: Proceedings of the 24™ IIR International Congress of Refrigeration, 16™ -
22" August; Yokohama, Japan. ID: 168.

Hafner, A.,2017. Integrated CO: system refrigeration, air conditioning and sanitary hot water.
In: Proceedings of the 7" IR Ammonia and CO» Refrigeration Technologies Conference, 11
- 13™ May; Ohrid, Macedonia.

Hafner, A., 2015. 2020 perspectives CO; refrigeration and heat pump systems. In:
Proceedings of the 6" IR Ammonia and CO» Refrigeration Technologies Conference, 16™ -
18" April; Ohrid, Macedonia.

Haida, M., Smolka, J., Hafner, A., Ostrowski, Z., Palacz, M., Madsen, K.B., Forsterling, S.,
Nowak, A.J., Banasiak, K., 2018b. Performance mapping of the R744 ejectors for
refrigeration and air conditioning supermarket application: A hybrid reduced-order model.
Energy 153, 933-948. DOI: 10.1016/j.energy.2018.04.088

Haida, M., Smolka, J., Hafner, A., Ostrowski, Z., Palacz, M., Nowak, A.J., Banasiak, K.,
2018a. System model derivation of the CO; two-phase ejector based on the CFD-based
reduced-order model. Energy 144, 941-956. DOI: 10.1016/j.energy.2017.12.055

Haida, M., Smolka, J., Palacz, M., Bodys, J., Nowak, A. J., Bulinski, Z., Fic, A., Banasiak,
K., Hafner, A., 2016b. Numerical investigation of an R744 liquid ejector for supermarket
refrigeration systems. Thermal Science 20(4), 1259-1269. DOI: 10.2298/TSCI151210112H
Haida, M., Banasiak, K., Smolka, J., Hafner, A., Eikevik, T. M., 2016a. Experimental analysis
of the R744 vapour compression rack equipped with the multi-ejector expansion work
recovery module. International Journal of Refrigeration 64, 93-107. DOI:
10.1016/].ijrefrig.2016.01.017

Heerup, C., Fredslund, K., 2016. Calculated versus measured performance for a CO> system.
In: Proceedings of the 12" IIR Gustav Lorentzen Natural Working Fluids Conference, 21° -
24" August; Edinburgh, UK. ID: 1128.

Heerup, C., Bramsen, F., 2016. CO; gas cooler performance on-site. In: Proceedings of the
12" IIR Gustav Lorentzen Natural Working Fluids Conference, 21° - 24" August; Edinburgh,
UK. ID: 1127.

52

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


http://www.sciencedirect.com/science/article/pii/S0140700714000668
https://www.sciencedirect.com/science/article/pii/S0360544218306959?dgcid=raven_sd_aip_email
https://www.sciencedirect.com/science/article/pii/S0360544217320881
http://www.doiserbia.nb.rs/Article.aspx?ID=0354-98361600112H
http://www.sciencedirect.com/science/article/pii/S0140700716000232

Heerup, C., Green, T., 2014. Load shifting by ice storage in retail CO> systems. In:
Proceedings of the 11" IIR Gustav Lorentzen Conference on Natural Refrigerants, 315 August
- 2" September; Hangzhou, China. ID: 100.

Javerschek, O., Reichle, M., Karbiner, J., 2017b. Influence of ejectors on the selection of
compressors in carbon dioxide booster systems. In: Proceedings of the 9" International
Conference on Compressors and Coolants, 6 - 8" September; Bratislava, Slovakia. ID: 0231.
Javerschek, O., Pfaffl, J., Karbiner, J., 2017a. Reduction of energy consumption by applying
a new generation of CO> compressors. In: Proceedings of the 7% IIR Ammonia and CO,
Refrigeration Technologies Conference, 11" - 13" May; Ohrid, Macedonia.

Javerschek, O., Reichle, M., Karbiner, J., 2016. Optimization of parallel compression
systems. In: Proceedings of the 12" IIR Gustav Lorentzen Natural Working Fluids
Conference, 21% - 24" August; Edinburgh, UK. ID: 1184.

Javerschek, O., Craig, J., Xiao, A., 2015. CO, as a refrigerant — start right away!. In:
Proceedings of the 24™ IIR International Congress of Refrigeration, 16" - 22" August;
Yokohama, Japan. ID: 15.

Joneydi Shariatzadeh, O., Abolhassani, S. S., Rahmani, M., Ziaece Nejad, M., 2016.
Comparison of transcritical CO; refrigeration cycle with expander and throttling valve
including/excluding internal heat exchanger: Exergy and energy points of view. Applied
Thermal Engineering 93, 779-787. DOI: 10.1016/j.applthermaleng.2015.09.017

Kaiser, H., Froschle, M., 2010. Latest developments in compressors and refrigeration systems
using the refrigerant R744 (CO). In: Proceedings of 9" IIR Gustav Lorentzen Conference on
Natural Working Fluids, 12 - 14™ April; Sydney, Australia. ID: 28.

Karampour, M., Sawalha, S., 2018. State-of-the-art integrated CO, refrigeration system for
supermarkets: A comparative analysis. International Journal of Refrigeration 86, 239-257.
DOI: 10.1016/j.ijrefrig.2017.11.006

Karampour, M., Sawalha, S., 2017. Energy efficiency evaluation of integrated CO> trans-
critical system in supermarkets: A field measurements and modelling analysis. International
Journal of Refrigeration 82, 470-486. DOI: 10.1016/].ijrefrig.2017.06.002

Karampour, M., Sawalha, S., 2015. Theoretical analysis of CO; trans-critical system with
parallel compression for heat recovery and air conditioning in supermarkets. In: Proceedings
of the 24" IIR International Congress of Refrigeration, 16™ - 22" August; Yokohama, Japan.
ID: 530.

Karampour M., Sawalha, S., Abdi, A., Arias, J., Rogstam, J., 2015. Review of supermarket
refrigeration and heat recovery research at KTH-Sweden. In: Proceedings of the 6 IIR
Conference on Ammonia and CO» Refrigeration Technologies, 16" — 18" April; Ohrid,
Macedonia.

Karampour, M., Sawalha, S., 2014b. Investigation of using Internal Heat Exchangers in CO-
Trans-critical Booster System. In: Proceedings of the 11" IIR Gustav Lorentzen Conference
on Natural Refrigerants, 31 August — 2" September; Hangzhou, China. ID: 71.

Karampour, M., Sawalha, S., 2014a. Performance and control strategies analysis of a CO»
trans-critical booster system. In: Proceedings of the 3™ IIR International Conference on
Sustainability and the Cold Chain, 23™ - 25" June; London, UK. ID: 219.

Kauf, F., 1999. Determination of the optimum high pressure for transcritical CO»-refrigeration
cycles. International Journal of Thermal Sciences 38(4), 325-330. DOI: 10.1016/S1290-
0729(99)80098-2

Kim, M.-H., Pettersen, J., Bullard, C. W., 2004. Fundamental process and system design
issues in CO; vapor compression systems. Progress in Energy and Combustion Science 30(2),
119-174. DOI: 10.1016/j.pecs.2003.09.002

53

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


http://www.sciencedirect.com/science/article/pii/S1359431115009370
https://www.sciencedirect.com/science/article/pii/S0140700717304474
http://www.sciencedirect.com/science/article/pii/S0140700717302360
http://www.sciencedirect.com/science/article/pii/S1290072999800982
http://www.sciencedirect.com/science/article/pii/S1290072999800982
http://www.sciencedirect.com/science/article/pii/S0360128503000765

Kriezi, E. E., Fredslund, K., Birkelund, M., Banasiak, K., Hafner, A., 2016. R744 multi ejector
development. In: Proceedings of the 12" IIR Gustav Lorentzen Natural Working Fluids
Conference, 21% - 24" August; Edinburgh, UK. ID: 1104.

Kriezi, E. E., Fredslund, K., Birkelund, M., Banasiak, K., Hafner, A., 2015. Multi ejector and
the impact of ejector design on the operation of a CO; refrigeration system. In: Proceedings
of the 6™ IIR Conference on Ammonia and CO: Refrigeration Technologies, 16" — 18" April;
Ohrid, Macedonia.

Kvalsvik, K. H., Banasiak, K., Hafner, A., 2017. Integrated CO> refrigeration and AC unit for
hot climates. In: Proceedings of the 7" IR Ammonia and CO, Refrigeration Technologies
Conference, 11% - 13™ May; Ohrid, Macedonia.

Lawrence, N., Elbel, S., 2015. Analysis of two-phase ejector performance metrics and
comparison of R134a and CO: ejector performance. Science and Technology for the Built
Environment 21(5), 515-525. DOI: 10.1080/23744731.2015.1030327

Leiper, A., Skelton, J., Rivers, N., Zaynulin, D., 2014. Preventing transcritical operation of
CO:, refrigeration systems with ground coupling. In: Proceedings of the 3™ IIR International
Conference on Sustainability and the Cold Chain, 23" - 25 June; London, UK. ID: 187.
Liao, S. M., Zhao, T. S., Jakobsen, A., 2000. A correlation of optimal heat rejection pressures
in transcritical carbon dioxide cycles. Applied Thermal Engineering 20(9), 831-841. DOI:
10.1016/S1359-4311(99)00070-8

Liu, F., Li, Y., Groll, E. A., 2012. Performance enhancement of CO; air conditioner with a
controllable ejector. International Journal of Refrigeration 35(6), 1604-1616. DOI:
10.1016/].1jrefrig.2012.05.005

Llopis, R., Nebot-Andrés, L., Cabello, R., Sanchez, D., Catalan-Gil, J., 2016. Experimental
evaluation of a CO; transcritical refrigeration plant with dedicated mechanical subcooling.
International Journal of Refrigeration 69, 361-368. DOI: 10.1016/j.ijrefrig.2016.06.009
Llopis, R., Sanchez, D., Sanz-Kock, C., Cabello, R., Torrella, E., 2015b. Energy and
environmental comparison of two-stage solutions for commercial refrigeration at low
temperature:  Fluids and  systems. Applied Energy 138, 133-142. DOL:
10.1016/j.apenergy.2014.10.069

Llopis, R., Cabello, R., Sanchez, D., Torrella, E., 2015a. Energy improvement of CO>
transcritical refrigeration cycles using dedicated mechanical subcooling. International Journal
of Refrigeration 55, 129-141. DOI: 10.1016/j.ijrefrig.2015.03.016

Lorentzen, G., 1995. The use of natural refrigerants: a complete solution to the CFC/HCFC
predicament. International Journal of Refrigeration 18(3), 190-197. DOI: 10.1016/0140-
7007(94)00001-E

Lorentzen, G, 1994. Revival of carbon dioxide as a refrigerant. International Journal of
Refrigeration 17(5), 292-301. DOI: 10.1016/0140-7007(94)90059-0

Lorentzen, G., Pettersen, J., 1993. A new, efficient and environmentally benign system for
car air-conditioning. International Journal of Refrigeration 16(1), 4-12. DOI: 10.1016/0140-
7007(93)90014-Y

Lozza, G., Filippini, S., Zoggia, F., 2007. Using “water-spray” techniques for CO; gas coolers.
In: Proceedings of the XII European Conference “Technological Innovations in Air
Conditioning and Refrigeration Industry”, 8% — 9" June; Milan, Italy.

Lundgqvist, P., 2000. Recent refrigeration equipment trends in supermarkets: energy efficiency
as leading edge. Bull. Int. Inst. Refrig. LXXX N°2000-5.

Manescu, R., Hafner, A., Fidorra, N., Forsterling, S., Kohler, J., 2017. A new approach for
cold thermal energy storages in supermarket refrigeration systems. In: Proceedings of the 7™
IIR Ammonia and CO> Refrigeration Technologies Conference, 11% - 13® May; Ohrid,
Macedonia.

54

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


http://www.tandfonline.com/doi/abs/10.1080/23744731.2015.1030327?journalCode=uhvc21
http://www.sciencedirect.com/science/article/pii/S1359431199000708
http://www.sciencedirect.com/science/article/pii/S0140700712001193?np=y&npKey=a444851ea381f09b69049b50e17b2c77fa9095004d262c75cabe0d8cde38d326
http://www.sciencedirect.com/science/article/pii/S0140700716301712
http://www.sciencedirect.com/science/article/pii/S0306261914011192
http://www.sciencedirect.com/science/article/pii/S0140700715000754
http://www.sciencedirect.com/science/article/pii/014070079400001E
http://www.sciencedirect.com/science/article/pii/014070079400001E
http://www.sciencedirect.com/science/article/pii/0140700794900590
http://www.sciencedirect.com/science/article/pii/014070079390014Y
http://www.sciencedirect.com/science/article/pii/014070079390014Y

Matthiesen, O., Madsen , K., Mikhailov, A., 2010. Evolution of CO> systems design based on
practical experiences from supermarket installations in Northern Europe. In: Proceedings of
the 9™ IIR Gustav Lorentzen Conference on Natural Working Fluids, 12" — 14™ April;
Sydney, Australia. ID: 81.

Mazzola, D., Sheehan, J., Bortoluzzi, D., Smitt, G., Orlandi, M., 2016. Supermarket
application. Effects of sub-cooling on real R744 based trans-critical plants in warm and hot
climate. Data analysis. In: Proceedings of the 12" IIR Gustav Lorentzen Natural Working
Fluids Conference, 21° - 24" August; Edinburgh, UK. ID: 1089.

Minetto, S., Marinetti, S., Saglia, P., Masson, N., Rossetti, A., 2018. Non-technological
barriers to the diffusion of energy-efficient HVAC&R solutions in the food retail sector.
International Journal of Refrigeration 86, 422-434. DOI: 10.1016/j.ijrefrig.2017.11.022
Minetto, S., Girotto, S., Rossetti, A., Marinetti, S., 2015. Experience with ejector work
recovery and auxiliary compressors in CO; refrigeration systems. Technological aspects and
application perspectives. In: Proceedings of the 6" IIR Ammonia and CO, Refrigeration
Technologies Conference, 16" - 18" April; Ohrid, Macedonia.

Minetto, S., Girotto, S., Salvatore, M., Rossetti, A., Marinetti, S., 2014b. Recent installations
of CO; supermarket refrigeration system for warm climates: data from field. In: Proceedings
of the 3™ IIR International Conference on Sustainability and Cold Chain, 23" - 25% June;
London, UK. ID: 119.

Minetto, S., Brignoli, R., Zilio, C., Marinetti, S., 2014a. Experimental analysis of a new
method of overfeeding multiple evaporators in refrigeration systems. International Journal of
Refrigeration 38, 1-9. DOI: 10.1016/j.ijrefrig.2013.09.044

Minetto, S., Cecchinato, L., Corradi, M., Fornasieri, E., Zilio, C., 2005. Theoretical and
Experimental Analysis of a CO; Refrigerating Cycle with Two-Stage Throttling and Suction
of the Flash Vapour by an Auxiliary Compressor. In: Proceedings of IIR International
Conferences — Thermophysical Properties and Transfer Processes of Refrigerants, 31% August
- 2" September; Vicenza, Italy. ID: 37.

Nakagawa, M., Marasigan, A. R., Matsukawa, T., Kurashina, A., 2011. Experimental
investigation on the effect of mixing length on the performance of two-phase ejector for CO>
refrigeration cycle with and without heat exchanger. International Journal of Refrigeration
34(7), 1604-1613. DOI: 10.1016/].ijrefrig.2010.07.021

Navigant Consulting Inc., 2015. Case Study: Transcritical Carbon Dioxide Supermarket
Refrigeration Systems. — Available at:
<https://energy.gov/sites/prod/files/2015/02/f19/Hannaford%20Study%20Report%201-22-
2015 _CLEAN.pdf> [accessed 09.02.2018].

Nebot-Andrés, L., Llopis, R., Sanchez, D., Catalan-Gil, J., Cabello, R., 2017. CO> with
Mechanical Subcooling vs. CO; Cascade Cycles for Medium Temperature Commercial
Refrigeration Applications Thermodynamic Analysis. Applied Sciences 7(9), 955. DOI:
10.3390/app7090955

Neksa, P., Hafner, A., Bredesen, A., Eikevik, T. M., 2016. CO, as working fluid -
Technological development on the road to sustainable refrigeration. In: Proceedings of the
12" TIR Gustav Lorentzen Natural Working Fluids Conference, 21° - 24 August; Edinburgh,
UK. ID: 1133.

Neksa, P., Walnum, H. T., Hafner. A., 2010. CO; — A refrigerant from the past with prospects
of being one of the main refrigerants in the future. In: Proceedings of the 9" IIR Gustav
Lorentzen Conference on Natural Refrigerants, 12" — 14" April; Sydney, Australia. ID: 154.
Neksa, P., Rekstad, H., Zakeri, G., Schiefloe, P. A., 1998. CO-heat pump water heater:
characteristics, system design and experimental results. International Journal of Refrigeration
21(3), 172-179. DOI: 10.1016/S0140-7007(98)00017-6

55

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


https://www.sciencedirect.com/science/article/pii/S0140700717304656?dgcid=raven_sd_aip_email
http://www.sciencedirect.com/science/article/pii/S0140700713002788
http://www.sciencedirect.com/science/article/pii/S0140700710001672
https://energy.gov/sites/prod/files/2015/02/f19/Hannaford%20Study%20Report%201-22-2015_CLEAN.pdf
https://energy.gov/sites/prod/files/2015/02/f19/Hannaford%20Study%20Report%201-22-2015_CLEAN.pdf
http://www.mdpi.com/2076-3417/7/9/955
http://www.sciencedirect.com/science/article/pii/S0140700798000176

Nickl, J., Will, G., Quack, H., Kraus, W. E., 2005. Integration of a three-stage expander into
a COz refrigeration system. International Journal of Refrigeration 28(8), 1219-1224. DOLI:
10.1016/].1jrefrig.2005.08.012

Noding, M., Fidorra, N., Griaber, M., Kohler, J., 2016. Operation Strategy for Heat Recovery
of Transcritical CO» Refrigeration Systems with Heat Storages. In: Proceedings of the 29™
International Conference on Efficiency, Cost, Optimization, Simulation and Environmental
Impact of Energy Systems, 19™ — 23" June; Portoroz, Slovenia. ID: 610.

Ohannessian, R., Sawalha, S., 2014. Thermal energy storage potential in supermarkets. In:
Proceedings of the 3™ IIR International Conference on Sustainability and Cold Chain, 23" -
25™ June; London, UK. ID: 184.

Ommen, T., Elmegaard, B., 2012. Numerical model for thermoeconomic diagnosis in
commercial transcritical/subcritical booster refrigeration systems. Energy Conversion and
Management 60, 161-169. DOI: 10.1016/j.enconman.2011.12.028

Palacz, M., Smolka, J., Nowak, A. J., Banasiak, K., Hafner, A., 2017c. Shape optimization of
a two-phase ejector for CO> refrigeration systems. International Journal of Refrigeration 74,
212-223. DOLI: 10.1016/].ijrefrig.2016.10.013

Palacz, M., Haida, M., Smolka, J., Nowak, A. J., Banasiak, K., Hafner, A., 2017b. HEM and
HRM accuracy comparison for the simulation of CO, expansion in two-phase ejector for
supermarket refrigeration systems. Applied Thermal Engineering 115, 160-169. DOL:
10.1016/j.applthermaleng.2016.12.122

Palacz, M., Smolka, J., Kus, W., Fic, A., Bulinski, Z., Nowak, A. J., Banasiak, K., Hafner, A.,
2017a. CFD-based shape optimization of a CO2 two-phase ejector mixing section. Applied
Thermal Engineering 95, 62-69. DOI: 10.1016/j.applthermaleng.2015.11.012

Palacz, M., Smolka, J., Fic, A., Bulinski, Z., Nowak, A. J., Banasiak, K., Hafner, A., 2015.
Application range of the HEM approach for CO; expansion inside two-phase ejectors for
supermarket refrigeration systems. International Journal of Refrigeration 59, 251-258. DOI:
10.1016/].1jrefrig.2015.07.006

Pardinas, A. A., Hafner, A., Banasiak, K., 2017b. Integrated R744 ejector supported parallel
compression racks for supermarkets. Operation conditions. In: Proceedings of the 7% IIR
Ammonia and CO» Refrigeration Technologies Conference, 11" - 13" May; Ohrid,
Macedonia.

Pardifias, A. A., Hafner, A., Banasiak, K., 2017a. Integrated R744 ejector supported parallel
compression racks for supermarkets. Concept and steady state simulations of configurations.
In: Proceedings of the 7" IR Ammonia and CO» Refrigeration Technologies Conference, 111
- 13™ May; Ohrid, Macedonia.

Pearson, A., 2005. Carbon dioxide — new uses for an old refrigerant. International Journal of
Refrigeration 28(8), 1140-1148. DOI: 10.1016/].ijrefrig.2005.09.005

Penarrocha, 1., Llopis, R., Tarrega, L., Sanchez, D., Cabello, R., 2014. A new approach to
optimize the energy efficiency of CO: transcritical refrigeration plants. Applied Thermal
Engineering 67(1-2), 137-146. DOI: 10.1016/j.applthermaleng.2014.03.004

Pérez-Garcia, V., Rodriguez-Mufioz, J. L., Ramirez-Minguela, J. J., Belman-Flores, J. M.,
Méndez-Diaz, S., 2016. Comparative analysis of energy improvements in single transcritical
cycle in refrigeration mode. Applied Thermal Engineering 99, 866-872. DOI:
10.1016/j.applthermaleng.2016.01.092

Pérez-Garcia, V., Belman-Flores, J. M., Navarro-Esbri, J., Rubio-Maya, C., 2013.
Comparative study of transcritical vapour compression configurations using CO: as
refrigeration mode base on simulation. Applied Thermal Engineering 51(1-2), 1038-1046.
DOI: 10.1016/j.applthermaleng.2012.10.018

56

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


http://www.sciencedirect.com.scopeesprx.elsevier.com/science/article/pii/S0140700705001738
http://www.sciencedirect.com/science/article/pii/S0196890412000672
http://www.sciencedirect.com/science/article/pii/S0140700716303425
http://www.sciencedirect.com/science/article/pii/S135943111634399X
http://www.sciencedirect.com/science/article/pii/S1359431115012478
http://www.sciencedirect.com/science/article/pii/S0140700715002030
http://www.sciencedirect.com/science/article/pii/S0140700705001660
http://www.sciencedirect.com/science/article/pii/S1359431114001690
http://www.sciencedirect.com/science/article/pii/S1359431116300424
http://www.sciencedirect.com/science/article/pii/S1359431112006746

Persistence market research, 2014. Frozen food market to rise 30% by 2020. — Available at:
<http://www.coolingpost.com/world-news/frozen-food-market-to-rise-30-by-2020/>
[accessed 09.02.2018].
Polzot, A., Dipasquale, C., D’Agaro, P., Cortella, G., 2017. Energy benefit assessment of a
Water Loop Heat Pump system integrated with a CO, commercial refrigeration unit. Energy
Procedia 123, 36-45. DOI: 10.1016/j.egypro.2017.07.282
Polzot, A., Gullo, P., D’Agaro, P., Cortella, G., 2016c. Performance evaluation of a R744
booster system for supermarket refrigeration, heating and DHW. In: Proceedings of the 12
IIR Gustav Lorentzen Natural Working Fluids Conference, 21° - 24" August; Edinburgh, UK.
ID: 1022.
Polzot, A., D’Agaro, P., Cortella, G., Gullo, P., 2016b. Supermarket refrigeration and air
conditioning systems integration via a water storage. In: Proceedings of the 4™ IIR Conference
on Sustainability and the Cold Chain, 7% — 9" April; Auckland, New Zealand.
Polzot, A., D’Agaro, P., Gullo, P., Cortella, G., 2016a. Modelling commercial refrigeration
systems coupled with water storage to improve energy efficiency and perform heat recovery.
International Journal of Refrigeration 69, 313-323. DOI: 10.1016/j.ijrefrig.2016.06.012
Purohit, N., Gupta, D. K., Dasgupta, M. S., 2017b. Energetic and economic analysis of trans-
critical CO2 booster system for refrigeration in warm climatic condition. International Journal
of Refrigeration 80, 182-196. DOI: 10.1016/].ijrefrig.2017.04.023
Purohit, N., Gullo, P., Dasgupta, M. S., 2017a. Comparative assessment of low-GWP based
refrigerating plants operating in hot climates. Energy Procedia 109, 138-145. DOL:
10.1016/j.egypro.2017.03.079
Purohit, N., Gupta, D. K., Dasgupta, M. S., 2016. Thermodynamic analysis of CO> trans-
critical booster system for supermarket refrigeration in warm climatic conditions. In:
Proceedings of the 4™ IIR Conference on Sustainability and the Cold Chain, 7 — 9™ April;
Auckland, New Zealand.
1r744.com, 2018d. Carrefour using ejectors in COz transcritical system in Italy. — Available at:
<http://www.r744.com/articles/8318/new_ejector_co2_system_begins_operating_in_makro
store> [accessed 15.05.2018].
r744.com, 2018c. Middle East’s first CO, supermarket opens in Jordan. — Available at:
<http://r744.com/articles/8148/middle_east first co2 supermarket opens_in_jordan?utm_s
ource=mailchimp&utm_medium=email&utm campaign=Bi-weekly%20Newsletter>
[accessed 15.05.2018].
r744.com, 2018b. CO, at centre of Atlético Madrid’s new stadium. — Available at:
<http://r744.com/articles/8072/co2_at_centre_of atletico_madrid_new_stadium> [accessed
15.05.2018].

r744.com, 2018a. China’s first transcritical CO> store opens. — Available at:
<http://r744.com/articles/8058/chinas_first transcritical co2_store opens?utm_source=mail
chimp&utm_medium=email&utm_campaign=Bi-weekly%20Newsletter> [accessed
15.05.2018].

r744.com, 2017d. Hillphoenix installs ‘the first ejector in North America’. — Available at:
<http://r744.com/articles/7720/hillphoenix_installs_the first ejector in_north_america?utm
_source=mailchimp&utm_medium=email&utm_campaign=Bi-weekly%20Newsletter>
[accessed 15.05.2018].

r744.com, 2017c. €72 million NatRef subsidies to extend to Japan retail, food manufacturing.
- Available at:
<http://r744.com/articles/7834/72 million_natref subsidies_to_extend to japan_retail foo

57

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


http://www.coolingpost.com/world-news/frozen-food-market-to-rise-30-by-2020/
http://www.sciencedirect.com/science/article/pii/S1876610217328564
http://www.sciencedirect.com/science/article/pii/S0140700716301748
http://www.sciencedirect.com/science/article/pii/S0140700717301809
http://www.sciencedirect.com/science/article/pii/S1876610217301017
http://www.r744.com/articles/8318/new_ejector_co2_system_begins_operating_in_makro_store
http://www.r744.com/articles/8318/new_ejector_co2_system_begins_operating_in_makro_store
http://r744.com/articles/8148/middle_east_first_co2_supermarket_opens_in_jordan?utm_source=mailchimp&utm_medium=email&utm_campaign=Bi-weekly%20Newsletter
http://r744.com/articles/8148/middle_east_first_co2_supermarket_opens_in_jordan?utm_source=mailchimp&utm_medium=email&utm_campaign=Bi-weekly%20Newsletter
http://r744.com/articles/8072/co2_at_centre_of_atletico_madrid_new_stadium
http://r744.com/articles/8058/chinas_first_transcritical_co2_store_opens?utm_source=mailchimp&utm_medium=email&utm_campaign=Bi-weekly%20Newsletter
http://r744.com/articles/8058/chinas_first_transcritical_co2_store_opens?utm_source=mailchimp&utm_medium=email&utm_campaign=Bi-weekly%20Newsletter
http://r744.com/articles/7720/hillphoenix_installs_the_first_ejector_in_north_america?utm_source=mailchimp&utm_medium=email&utm_campaign=Bi-weekly%20Newsletter
http://r744.com/articles/7720/hillphoenix_installs_the_first_ejector_in_north_america?utm_source=mailchimp&utm_medium=email&utm_campaign=Bi-weekly%20Newsletter
http://r744.com/articles/7834/72_million_natref_subsidies_to_extend_to_japan_retail_food_manufacturing?utm_source=mailchimp&utm_medium=email&utm_campaign=Bi-weekly%20Newsletter

d_manufacturing?utm_source=mailchimp&utm_medium=email&utm campaign=Bi-
weekly%20Newsletter> [accessed 15.05.2018].

r744.com, 2017b. Japan’s easing of CO; regulation boosts supplier confidence. — Available
at:

<http://r744.com/articles/7751/key_japan_co2_regulation_lifted after several years of dis
cussion> [accessed 15.05.2018].

r744.com, 2017a. Aldi to roll out CO: technology in all UK stores. — Available at:
<http://r744.com/articles/7795/aldi_to_roll_out co2_technology in_all uk stores?utm_sou
rce=mailchimp&utm_medium=email&utm_campaign=Bi-weekly%20Newsletter>
[accessed 15.05.2018].

r744.com, 2016. 10% energy savings from ‘fully integrated’ CO; installation in Italy. —
Available at:
<http://www.r744.com/articles/7238/10_energy savings from lsquo_fully_integrated rsqu
o_co?2_installation_in_italy?EBSED673-337C-4FC8-BBB8-EFEED88D887C=12345>
[accessed 15.05.2018].

Rehault, N., Kalz, D., 2012. Ongoing Commissioning of a high efficiency supermarket with
a ground coupled carbon dioxide refrigeration plant. In: Proceedings of the 12" International
Conference for Enhanced Building Operations, 23— 26™ October; Manchester, UK.
Reinholdt, L., Madsen, C., 2010. Heat recovery on CO; systems in supermarkets. In:
Proceedings of the 9™ IIR Gustav Lorentzen Conference on Natural Refrigerants, 12" — 14
April; Sydney, Australia. ID: 143.

Riha, J., Quack, H., Nickl, J., 2006b. Sub-Critical Operation of the CO;
Expander/Compressor. In: Proceedings of the 11" International Refrigeration and Air
Conditioning Conference, 17" — 20" July; West Lafayette, USA. ID: 1765.

Riha, J., Nickl, J., Quack, H., 2006a. Integration of an expander/compressor into a
supermarket CO; cooling system. In: Proceedings of the 7" IIR Gustav Lorentzen Conference
on Natural Working Fluids, 28" — 315 May; Trondheim, Norway. ID: 222.

Rossetti, A., Marinetti, S., Minetto, S., 2017. Multi-physics simulation of a CO> Gas Cooler.
In: Proceedings of the 7" IIR Ammonia and CO» Refrigeration Technologies Conference, 111
- 13™ May; Ohrid, Macedonia.

Salajeghe, M., Ameri, M., 2016. Effects of further cooling the gas cooler outlet refrigerant by
an absorption chiller, on a transcritical COz-compression refrigeration system. International
Journal of Exergy 21(1), 110-125. DOI: 10.1504/1JEX.2016.078516

Sanchez, D., Catalan-Gil, J., Llopis, R., Nebot-Andres, L., Cabello, R., Torrella, E., 2016.
Improvements in a CO; transcritical plant working with two different subcooling systems. In:
Proceedings of the 12" IIR Gustav Lorentzen Natural Working Fluids Conference, 21° - 24
August; Edinburgh, UK. ID: 1170.

Sanchez, D., Patifio, J., Llopis, R., Cabello, R., Torrella, E., Vicente Fuentes, F., 2014b. New
positions for an internal heat exchanger in a CO: supercritical refrigeration plant.
Experimental analysis and energetic evaluation. Applied Thermal Engineering 63(1), 129-
139. DOI: 10.1016/j.applthermaleng.2013.10.061

Sanchez, D., Patio, J., Sanz-Kock, C., Llopis, R., Cabello, R., Torrella, E., 2014a. Energetic
evaluation of a CO» refrigeration plant working in supercritical and subcritical conditions.
Applied Thermal Engineering 66(1-2), 227-238. DOI: 10.1016/j.applthermaleng.2014.02.005
Sanchez, D., Cabello, R., Llopis, R., Torrella, E., 2012. Development and validation of a finite
element model for water — CO; coaxial gas-coolers. Applied Energy 93, 637-647. DOI:
10.1016/j.apenergy.2011.12.100

Sanchez, D., Torrella, E., Cabello, R., Llopis, R., 2010. Influence of the superheat associated
to a semihermetic compressor of a transcritical CO> refrigeration plant. Applied Thermal
Engineering 30(4), 302-309. DOI: 10.1016/j.applthermaleng.2009.09.008

58

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


http://r744.com/articles/7834/72_million_natref_subsidies_to_extend_to_japan_retail_food_manufacturing?utm_source=mailchimp&utm_medium=email&utm_campaign=Bi-weekly%20Newsletter
http://r744.com/articles/7834/72_million_natref_subsidies_to_extend_to_japan_retail_food_manufacturing?utm_source=mailchimp&utm_medium=email&utm_campaign=Bi-weekly%20Newsletter
http://r744.com/articles/7751/key_japan_co2_regulation_lifted_after_several_years_of_discussion
http://r744.com/articles/7751/key_japan_co2_regulation_lifted_after_several_years_of_discussion
http://r744.com/articles/7795/aldi_to_roll_out_co2_technology_in_all_uk_stores?utm_source=mailchimp&utm_medium=email&utm_campaign=Bi-weekly%20Newsletter
http://r744.com/articles/7795/aldi_to_roll_out_co2_technology_in_all_uk_stores?utm_source=mailchimp&utm_medium=email&utm_campaign=Bi-weekly%20Newsletter
http://www.r744.com/articles/7238/10_energy_savings_from_lsquo_fully_integrated_rsquo_co2_installation_in_italy?EB5ED673-337C-4FC8-BBB8-EFEED88D887C=12345
http://www.r744.com/articles/7238/10_energy_savings_from_lsquo_fully_integrated_rsquo_co2_installation_in_italy?EB5ED673-337C-4FC8-BBB8-EFEED88D887C=12345
https://www.inderscienceonline.com/doi/abs/10.1504/IJEX.2016.078516
http://www.sciencedirect.com/science/article/pii/S1359431113007801
http://www.sciencedirect.com/science/article/pii/S1359431114000829
https://www.sciencedirect.com/science/article/pii/S0306261912000074
http://www.sciencedirect.com/science/article/pii/S1359431109002804

Santosa, I. M. C., Gowreesunker, B. L., Tassou, S. A., Tsamos, K. M., Ge, Y., 2017.
Investigations into air and refrigerant side heat transfer coefficients of finned-tube CO, gas
coolers. International Journal of Heat and Mass Transfer 107, 168-180. DOI:
10.1016/j.ijheatmasstransfer.2016.11.011

Sarkar, J., 2013. Performance optimization of transcritical CO; refrigeration cycle with
thermoelectric subcooler. International Journal of Energy Research 37(2), 121-128. DOI:
10.1002/er.1879

Sarkar, J., Agrawal, N., 2010. Performance optimization of transcritical CO; cycle with
parallel compression economization. International Journal of Thermal Sciences 49(5), 838-
843. DOI: 10.1016/j.ijthermalsci.2009.12.001

Sawalha, S., Piscopiello, S., Karampour, M., Manickam, L., Rogstam, J., 2017. Field
measurements of supermarket refrigeration systems. Part II: Analysis of HFC refrigeration
systems and comparison to CO> trans-critical. Applied Thermal Engineering 87, 633-647.
DOI: 10.1016/j.applthermaleng.2016.09.073

Sawalha, S., Karampour, M., Rogstam, J., 2015. Field measurements of supermarket
refrigeration systems. Part I: Analysis of CO; trans-critical refrigeration systems. Applied
Thermal Engineering 87, 633-647. DOI: 10.1016/j.applthermaleng.2015.05.052

Sawalha, S., 2013. Investigation of heat recovery in CO; trans-critical solution for
supermarket refrigeration. International Journal of Refrigeration 36(1), 145-156. DOL:
10.1016/].1jrefrig.2012.10.020

Sawalha, S., 2008b. Theoretical evaluation of trans-critical CO2 systems in supermarket
refrigeration. Part II: System modifications and comparisons of different solutions.
International Journal of Refrigeration 31(3), 525-534. DOI: 10.1016/].ijrefrig.2007.05.018
Sawalha, S., 2008a. Theoretical evaluation of trans-critical CO; systems in supermarket
refrigeration. Part [: Modeling, simulation and optimization of two system solutions.
International Journal of Refrigeration 31(3), 516-524. DOI: 10.1016/].ijrefrig.2007.05.017
Schoenfield, J., Hwang, Y., Radermacher, R., 2012. CO, transcritical vapor compression
cycle with thermoelectric subcooler. HVAC&R Research 18(3), 297-311. DOLI:
10.1080/10789669.2012.625348

Schonenberger, J., 2016. Experience with R744 refrigerating systems and implemented multi
gjectors and liquid overfeed. In: Proceedings of the 12th IIR Gustav Lorentzen Natural
Working Fluids Conference, 21% - 24™ August; Edinburgh, UK. ID: 1107.

Schonenberger, J., Hafner, A., Banasiak, K., Girotto, S., 2014. Experience with ejectors
implemented in a R744 booster system operating in a supermarket. In: Proceedings of the 11
IIR Gustav Lorentzen Conference on Natural Refrigerants, 313 August - 2" September;
Hangzhou, China. ID: 19.

Sharma, V., Fricke, B., Bansal, P.,, Zha, S., 2015. Evaluation of a transcritical CO:
supermarket refrigeration system for the USA market. In: Proceedings of the 6" IIR Ammonia
and CO» Refrigeration Technologies Conference, 16™ - 18™ April; Ohrid, Macedonia.
Sharma, V., Fricke, B., Bansal, P., 2014b. Waste Heat Dehumidification in CO2 Booster
Supermarket. In: Proceedings of the 15" International Refrigeration and Air Conditioning
Conference, 14" — 17" July; West Lafayette, USA. ID: 1487.

Sharma, V., Fricke, B., Bansal, P., 2014a. Comparative analysis of various CO:
configurations supermarket refrigeration systems. International Journal of Refrigeration 46,
86-99. DOI: 10.1016/.ijrefrig.2014.07.001

Shecco, 2016b. GUIDE to Natural Refrigerants in Japan — State of the Industry 2016. —
Available at: <http://publication.shecco.com/publications/view/65> [accessed 09.02.2018].

59

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


http://www.sciencedirect.com/science/article/pii/S0017931016319573?np=y&npKey=a7bed080d4042c0e89736e14f833c6c3556b2f6867dde8b7765086fe49a79f74
https://onlinelibrary.wiley.com/doi/abs/10.1002/er.1879
http://www.sciencedirect.com/science/article/pii/S1290072909002610
http://www.sciencedirect.com/science/article/pii/S1359431116316775
http://www.sciencedirect.com/science/article/pii/S1359431115005086
http://www.sciencedirect.com/science/article/pii/S0140700712002800
http://www.sciencedirect.com/science/article/pii/S0140700707001594
http://www.sciencedirect.com/science/article/pii/S0140700707001557
https://www.tandfonline.com/doi/abs/10.1080/10789669.2012.625348
http://www.sciencedirect.com/science/article/pii/S0140700714001686
http://publication.shecco.com/publications/view/65

Shecco, 2016a. F-Gas Regulation shaking up the HVAC&R industry. — Available at:
<http://publication.shecco.com/publications/view/131> [accessed 09.02.2018].

Shecco, 2015b. GUIDE to Natural Refrigerants in China — State of the Industry 2015. —
Available at: <http://publication.shecco.com/publications/view/68> [accessed 09.02.2018].
Shecco, 2015a. GUIDE to Natural Refrigerants in North America — State of the Industry 2015.
— Available at: <http://publication.shecco.com/publications/view/90> [accessed 09.02.2018].
Shecco, 2014. GUIDE 2014: Natural Refrigerants — Continued Growth & Innovation in
Europe. — Available at: <http:/publication.shecco.com/publications/view/2014-guide-
natural-refrigerants-europe> [accessed 09.02.2018].

Sheehan, J., Mazzola, D., Orlandi, M., 2016. Supermarket application. CO> all-in-one
transcritical energy pack for HVAC&R integration in small store. Data analysis. In:
Proceedings of the 12™ IIR Gustav Lorentzen Natural Working Fluids Conference, 21° - 24"
August; Edinburgh, UK. ID: 1088.

Shet, S., Patil, O., Agrawal, N., 2016. Energetic and exergetic studies of modified CO>
transcritical refrigeration cycles. In: Proceedings of the 12™ IIR Gustav Lorentzen Natural
Working Fluids Conference, 21% - 24" August; Edinburgh, UK. ID: 1026.

Shi, L., Infante Ferreira, C. A., Gerritsen, J., Kalkman, H., 2017. Control strategies of CO>
refrigeration / heat pump system for supermarkets. In: Proceedings of the 12" IEA Heat Pump
Conference, 15" — 18" May; Rotterdam, The Netherlands.

Shi, R., Fu, D., Feng, Y., Fan, J., Mijanovic, S., Radcliff, T., 2010. Dynamic Modeling of CO>
Supermarket Refrigeration System. In: Proceedings of the 13™ International Refrigeration and
Air Conditioning Conference, 12 — 15% July; West Lafayette, USA. ID: 1127.

Shilliday, J. A., 2012. Investigation and optimisation of commercial refrigeration cycles using
the natural refrigerant CO2 [Ph.D. dissertation]. London, UK: Brunel University — Available
at: <http://bura.brunel.ac.uk/handle/2438/7454/> [accessed 09.02.2018].

Sienel, T., Finckh, O., 2010. An overview of development and test capabilities for CO>
commercial refrigeration systems. In: Proceedings of the 9™ IIR Gustav Lorentzen Conference
on Natural Refrigerants, 12" — 14™ April; Sydney, Australia. ID: 84.

Singh, S., Purohit, N., Dasgupta, M. S., 2016. Comparative study of cycle modification
strategies for trans-critical COz refrigeration cycle for warm climatic conditions. Case Studies
in Thermal Engineering 7, 78-91. DOI: 10.1016/].csite.2016.03.002

SKM Enviros, 2012. Phase down of HFC consumption in the EU-Assessment of implications

for the RAC  sector —  Available at:  <https://www.epeeglobal.org/wp-
content/uploads/EPEE_HFC_Phase_Down_Report - Executive_Summary 6964-1.pdf>
[accessed 09.02.2018].

Smolka, J., Palacz, M., Bodys, J., Banasiak, K., Fic, A., Bulinski, Z., Nowak, A. J., Hafner,
A., 2016. Performance comparison of fixed- and controllable-geometry ejectors in a CO»
refrigeration system. International Journal of Refrigeration 65, 172-182. DOI:
10.1016/].ijrefrig.2016.01.025

Smolka, J., Bulinski, Z., Fic, A., Nowak, A. J., Banasiak, K., Hafner, A., 2013. A
computational model of a transcritical R744 ejector based on a homogeneous real fluid
approach. Applied Mathematical Modelling 37(3), 1208-1224. DOI
10.1016/j.apm.2012.03.044

Suamir, IN., Tassou, S. A., 2013. Performance evaluation of integrated trigeneration and CO»
refrigeration systems. Applied Thermal Engineering 50(2), 1487-1495. DOL:
10.1016/j.applthermaleng.2011.11.055

Suamir, I. N., Tassou, S. A., Marriott, D., 2012. Integration of CO: refrigeration and
trigeneration systems for energy and GHG emission savings in supermarket. International
Journal of Refrigeration 35(2), 407-417. DOI: 10.1016/j.ijrefrig.2011.10.008

60

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


http://publication.shecco.com/publications/view/131
http://publication.shecco.com/publications/view/68
http://publication.shecco.com/publications/view/90
http://publication.shecco.com/publications/view/2014-guide-natural-refrigerants-europe
http://publication.shecco.com/publications/view/2014-guide-natural-refrigerants-europe
http://bura.brunel.ac.uk/handle/2438/7454/
http://www.sciencedirect.com.scopeesprx.elsevier.com/science/article/pii/S2214157X16300090
https://www.epeeglobal.org/wp-content/uploads/EPEE_HFC_Phase_Down_Report_-_Executive_Summary_6964-1.pdf
https://www.epeeglobal.org/wp-content/uploads/EPEE_HFC_Phase_Down_Report_-_Executive_Summary_6964-1.pdf
http://www.sciencedirect.com/science/article/pii/S0140700716000311
http://www.sciencedirect.com/science/article/pii/S0307904X12002077
http://www.sciencedirect.com/science/article/pii/S1359431111006831
http://dx.doi.org/10.1016/j.ijrefrig.2011.10.008

Tambovtsev, A., Olsommer, B., Finckh, O., 2011. Integrated heat recovery for CO:
refrigeration systems. In: Proceedings of the 23™ IIR International Congress of Refrigeration,
215 - 26" August; Prague, Czech Republic. ID: 361.

Tassou, S. A., Ge, Y. T., Hadawey, A., Marriott, D., 2011. Energy consumption and
conservation in food retailing. Applied Thermal Engineering 31, 147-156. DOIL:
10.1016/.applthermaleng.2010.08.023

Tassou, S. A., Lewis, J. S., Ge, Y. T., Hadawey, A., Chaer, I., 2010. A review of emerging
technologies for food refrigeration applications. Applied Thermal Engineering 30(4), 263-
276. DOI: 10.1016/j.applthermaleng.2009.09.001

Torrella, E., Sanchez, D., Llopis, R., Cabello, R., 2011. Energetic evaluation of an internal
heat exchanger in a CO» transcritical refrigeration plant using experimental data. International
Journal of Refrigeration 34(1), 40-49. DOI: 10.1016/j.ijrefrig.2010.07.006

Traill, W. B., 2006. The rapid rise of supermarkets. Development Policy Review 24(2), 163-
174. DOI: 10.1111/5.1467-7679.2006.00320.x

Tsamos, K. M., Gullo, P., Ge, Y. T., IDewa Santosa, Tassou, S. A., Hafner, A., 2017c.
Performance investigation of the CO> gas cooler designs and its integration with the
refrigeration system. Energy Procedia 123, 265-272. DOI: 10.1016/j.egypro.2017.07.237
Tsamos, K. M., Ge, Y. T., IDewa Santosa, Tassou, S. A., Bianchi, G., Mylona, Z., 2017b.
Energy analysis of alternative CO» refrigeration system configurations for retail food
applications in moderate and warm climates. Energy Conversion and Management 150, 822-
829. DOI: 10.1016/j.enconman.2017.03.020

Tsamos, K. M., Ge, Y. T., Santosa, I. D. M. C., Tassou, S. A., 2017a. Experimental
investigation of gas cooler/condenser designs and effects on a CO2 booster system. Applied
Energy 186(3), 470-479. DOI: 10.1016/j.apenergy.2016.03.004

Visser, K., 2017. Moving the CO2 “equator” from the northern Mediterranean to Malaysia
without ejectors. In: Proceedings of the 7 IIR Ammonia and CO> Refrigeration Technologies
Conference, 11% - 13™ May; Ohrid, Macedonia.

Visser, K., 2015. CO> evaporative condensers and gas coolers enable efficient CO;
refrigeration application worldwide. In: Proceedings of the 6" IIR Ammonia and CO;
Refrigeration Technologies Conference, 16™ - 18" May; Ohrid, Macedonia.

Visser, K., 2014. A desk top study on the application of evaporative condensers for subcritical
CO> condensing. In: Proceedings of the 3™ IIR International Conference on Sustainability and
Cold Chain, 23 - 25" June; London, UK. ID: 109.

Wenzel, M., Ullrich, H., 2012. COP Improvement Of A CO, Refrigeration System With An
Expander-Compressor-Unit (ECU) In Subcritical And Transcritical Operation. In:
Proceedings of the 14™ International Refrigeration and Air Conditioning Conference, 16™ —
19% July; West Lafayette, USA. ID: 1200.

Wiedenmann, E., Schonenberger, J., Baertsch, M., 2014. Efficiency analysis and comparison
of innovative R744-refrigerating systems in commercial applications. In: Proceedings of the
11" IIR Gustav Lorentzen Conference on Natural Refrigerants, 31°' August - 2" September;
Hangzhou, China. ID: 20.

Yang, L., Li, H., Cai, S-W., Shao, L-L., Zhang, C-L., 2015. Minimizing COP loss from
optimal high pressure correlation for transcritical CO> cycle. Applied Thermal Engineering
89, 656-662. DOI: 10.1016/j.applthermaleng.2015.06.023

Yang, J., Ma, Y., Li, M., Zeng, X., 2007. Investigation on the optimal heat rejection pressure
of CO transcritical expander cycle. In: Proceedings of the 22" IIR International Congress of
Refrigeration, 21° - 26™ August; Beijing, China. ID: ICR07-B1-254.

61

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


http://dx.doi.org/10.1016/j.applthermaleng.2010.08.023
http://www.sciencedirect.com/science/article/pii/S1359431109002737
http://dx.doi.org/10.1016/j.ijrefrig.2010.07.006
http://onlinelibrary.wiley.com/doi/10.1111/j.1467-7679.2006.00320.x/abstract
http://www.sciencedirect.com/science/article/pii/S1876610217328084
http://www.sciencedirect.com/science/article/pii/S0196890417302248
http://www.sciencedirect.com/science/article/pii/S0306261916303154
http://www.sciencedirect.com/science/article/pii/S1359431115005773

Yin, J. M., Bullard, C. W., Hrnjak, P. S., 2001. R-744 gas cooler model development and
validation. International Journal of Refrigeration 24(7), 692-701. DOI: 10.1016/S0140-
7007(00)00082-7

Zhang, W-J., Zhang, C-L., 2011. A correlation-free on-line optimal control method of heat
rejection pressures in CO; transcritical systems. International Journal of Refrigeration 34,
844-850. DOI: 10.1016/j.ijrefrig.2011.01.014

Zsebik, A., Baliko, S., Csata, Z., 2014. Heat Recovery from CO> Refrigeration Systems.
Energy Engineering 111(3), 41-56. DOI: 10.1080/01998595.2014.10816366

62

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001


https://www.sciencedirect.com/science/article/pii/S0140700700000827
https://www.sciencedirect.com/science/article/pii/S0140700700000827
http://www.sciencedirect.com/science/article/pii/S0140700711000272
http://www.tandfonline.com/doi/full/10.1080/01998595.2014.10816366

Figure 1

3 Gas cooler < |
/Condenser
15
3 BPV 2
¢ = SHX A N
COMP _HI
< 114
5 0
—p—Px< -
:C BPV 1
IR
o 5 S Srh  rS A e -
i T §<] 8, MT - f 12
TEV MT Evaporator
’_& 10 LT L
i Evaporator COMP_LO
TEV_LT

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Pressure (MPa)

—_
o
o

1.0

v
-+
r

:
: ; 4
- x 6
I
0 100 200 300 400 500 600 700
Enthalpy (kJ/kg)

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 2

heat exchangers for
tap water & facility heating

('(_ RN
2

(1,
@

>

v

MT compressors HT compressor

:

| | | L
(YY)D )
PO

medium
pressure valve

gas cooler

HX A ()

high pressure valve }%@'

f"

=2 2z

desupsrheater IHX A

iy

MT evaporators

medium pressure
receiver

=

liguid subcooler ( i

LT compressors

¥a

+—

LT evaporators

L e e &

This is the accepted version of an article published in International Journal of Refrigeration.

DOI: 10.1016/j.ijrefrig.2018.07.001



——
- -
5 o
E:
™ o

Figure 3

45T@%45T@¥45

iE:




Figure 4

SP-2

SP-1

MT Comp
2

IC
<

LT Comp
:X : 1

MT EV

LT EV

This is the accepted version of an article published in International Journal of Refrigeration.

DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 5

Energy consumption comercial refrigerating system
[kWh/a-m]

3'000

2800

2600

2'400

2'200

2'000

1'800

1'600

1400

1200

1'000

—#—Average of 3 comparable markets =@=Ejector system Migros Bulle

| Average 24 weeks: -11%

Average 20 weeks: -14% /

1% 3% | -12%  -16% | -12% | -11% | -15% @ -12% | -16%  -16% = -13%  -14%

5% -1% -15% -12% _ -13% _ -12% -16% -15% -15% -15% -15% -16%

] I = i I I I I > T 5 I |
0 2 4 o a2 10 12 14 16 18 20 22 24
Calendar weekin 2014

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 6

heat exchangers for
tap water & faclity heating

W)

&

P P
Tt aet

gas cooler

MT compressors | HT compressors
d} ¢ @ Q KA (=)
' HxE ()
HX B
high pressure valve & ejectors
BAT suction Eﬂ g;“ éﬁ %‘ E@
accumulator |
- ~ - . |
i _'|_I bk L[. 'g'.
heat exchanger, medilm |
for tap water pressure valve IHN A )
@ - & r
e
medium pressure
recejver
LT compressors
MT evaporators
OO a -
I O (=)

LT suction

LT evaporators

&

srourmiudator

=2

-
-
£
b
-

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 7

500 T

®m R404A direct expansion =] generation = II generation = ®III generation

s50 |
200 |
350
300
250 |
200 |

150 +

Annual energy consumption [MWh-y1]

100 +

50 +

Oslo London Frankfurt Milan Athens

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 8

Q@
- 9
(401
o 0 °
£z o
UE.E
S o)
SE8
E &
=
T

Main refrigeration
cycle

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/.ijrefrig.2018.07.001

e




Figure 10

l X X
] h O r OO b o @
- ]l 2] |5
Y =1 | T ' J—Fﬁ
><~—M 1 charging| heat
exchanger " -
| 9" .. g . additional +——g qj
JD p evaporator |D

e Ig | o g— air .

conditioning

K]

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 11

Pt Do ik cabinh

A

immm
=

ﬁ
[InEnN]|

g 4 G AL

IIIIE

| o
o

&
[
o
el

-]
L=

[}
[Imumi|

e s 14 ()
OOManEssoe .~ y

Rland frearer

B
E

-

[igs

oy

o

IIIIEIII
&

Fane}

This is the accepted version of an article published in International Journal of Refrigeration.

DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 12

Hains Lﬂ'gﬂld
water || | |00 | .= 1 Hybrid CO: gas cooler/evaporative
' condenser
Compressor discharge pressure regulator
+5°C 1st stage expansion vessel
2nd stage expansion to mterstage
Back pressure regulator
0°C intercooler/Hi stage suction trap
3rd stage expansion from 0 to —40°C
—40°C suction trap
il still heat exchanger
10 Ohl dram vessel
11  Parallel compressors
12 High stage compressors
13  Work Area evaporators
14  Fresh make-up air coolers
15  Process Area and AC evaporators
16  Booster compressors
17-19 Cold Store evaporators
20 Blast freezer evaporator
21  Transfer Area evaporator
22 Defrost glycol heater in booster discharge
23 2nd stage water heater in booster discharge
24 Transfer Area reheat in booster discharge
25  1st stage water heater
26  Potable hot water tank
27  Hot water circulating pump
28  Hot water consumers
29  Defrost fluid tank
30  Defrost flud circulating pump
31  Glycol diverting valve to heating or
evaporator defrost
32  Compressor ol reservou

[

D 0D =] O A L

®

= i

?

O

e e P T ) e oo i - i

T I e e

—— CO?2 lines

——— Potable water from main to storage tank
——— Temper —55 defrost thud

- Compressor oil recovery & re-use

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 13

Space heating

Domestic hot water

Hot water
tank

Hot
water

Cold
water

Air-cooled
gas cooler/condenser
&=
-
I Hp-' Auziliary HS
expansion y Vapour COmpressors
valve COMmpressor
by-pass rack
Liqud
receiver
Expansion
valve
r-r————-—-—-—-—-—_——— -
| I
I [
| I
I
2, | I—
1 — ) LS
MT thermostatic MT cabinets .
valve COMPIessors
_______________ rack
[
_ I
3, .
) S—
LT thermostatic LT cabinets
valve

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 14a

|
Suction Like :

—— i —————— ——

|
> : | Heater
0 | Hgh orade '-'n.'I.N': E E |
o0 I
@
[ T I {:.'f:
(¢ 3} sed Grode '.'q,i,\ﬂ-i | Cassetie
: - 0 1 -
|
|

. T H— @
Lasd Cvap # |
= Lopattmser D |
= ® Ié @

aD
@ N
m

e e

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001

i
Ducted

:]_




Figure 14b

=
&

8
©

]
+
=0
|
LT EF R TITTH

HVAC

©

Floor heating
FH &

L T-h%

W _‘Tj
i @ Energy wells
@ 1

R744 Booster '{‘-"'

BB

Enfrance
Goods torminal ( )
e ol

o

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 15

| [
| 1 30 ['o Heating
| Outdoor \ <) / | R - 150 . PP, H‘ﬂmwnl I:hu:]:k
[ I L e 5T
I 100} ’
|
i Gas cooler / Condenser |
[ U RN R I Mg —— !
50.
A =
To AC Parallel 8
system COMmpressor o
720 20
i
125 Flash gas
by-pass
valve 10 100
A h [kd/kg]
Receiver 5 —F_zc[bar] =——T _gce [*C]
0 — ;
IR 1 — S
: '_%_' i ,.:E 0
= '.:'{: H - E'E 70 \ /
— ==
T = -B°C E‘i:l 50 \. /
e E a0 - i |
=
EE .
ix
utE 30
30
10 e —
—- 0§ | 1 | } 3 | I | | !
Sou B | TS b SN || N WY | N T {1 N I TR B T | R &
4 Ambient Temperature |°(g|

T|_|'= =32°C

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 16

W E_Refrigeration [MWh] ®E_AC[MWh] ®E_heating [MWh] @Ratio%

700 125% af
~ o
< 600 120% ©
= a
= 500 - 115% 2
n v
é’. 400 - 110% 2
: z
£ 300 - 105% E
@ 9
w200 - 100% W
s =
£ 100 - 95% @
< o
0 - 90% &

\O

@’5‘&

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001

Reference)



Figure 17

el L HR- HR-
k) - b o | space heating  hot water
L o B e,
}; | e 'E'Ei} . AC-Compreasuors MT-Comprassors -
s | — SR S PR ) 5
| OO0 OO
{ | = o 23
il | 1L
= =
I <) (@nﬁ‘ g -
-
i =y —
o
<] i
I‘_“_:...;q .......... Lod -
LT-ewaporalor {;{r 1'9 qjﬁ_ﬁ) "(ﬁ_ D
- o L L

T
= ‘
1 1 ‘

This is the accepted version of an article published in International Journal of Refrigeration.

DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 18

180 T

Separated HFC-based systems & R744 multi-ejector system (MT and LT overfed)

160 +
140 4
120 4

100 +

Total power input [KW]

30 35

Outdoor temperature [°C]

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 19a

heat recovery

/

2as cooler;condenser

HP
expansion
valve/enjector

%

000 60 [

AUX compressors

[
MT compressors N
AC
hquid
receiver (IPR)

evaporator
cvaporator
evaporator

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001




Figure 19b

gas cooler/condenser

HP

expansion
% valve
al

UX COMPTEssors
MT compressors

liquid

receiver (IPR) @ |

|

evaporator

!

evaporator

cvaporator

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 19¢

gas cooler/condenser

HP

expansion X@

valve

dux COmpressors

MT compressors

Tiquid
receiver (IPR)

evaporalor

evaporator

i

C\'Hp()l’ﬂu]]’

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 20

700 B R404A DXS w R1234z¢(E)/R744 indirect (MT flooded)
m R1234ze(E)/R744 indirect (MT and LT flooded) = R744 multi-ejector (MT overfed)
600 ® R744 multi-ejector (MT and LT overfed)

500

400

300

200

Annual energy consumption [MWh-y-1]

100

Miami

< (D]
§ S go =
— 2 < =
g 2 = 3

Q

Baltimore
Atlanta
San Diego
Las Vegas
Houston
Phoenix

Albuquerque

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Figure 21

k Euros

1000

900

800

700

600

500

400

300

200

100

0

1 2 3 4 5 6 7 8
YEAR
== » estd CO2 Multijet === » R404A === =)Nech Sub

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001

10



Table 1

Summary of the findings associated with the main investigations on parallel compression.

Reference

Evaluation Baseline

Findings

Bell (2004)

Minetto et al. (2005)

Bella and Kaemmer (2011)

Chesi et al. (2014)

Chiarello et al. (2010)

Da Ros (2005)

Theoretical -

Experimental -

Experimental Vapour injection technique

Experimental -

Experimental -

Theoretical -

Existence of optimal intermediate
pressure
Existence of optimal
intermediate pressure

Proof of feasibility and
reliability

Solution to oil recapture
More reliable solution
Promising energy performance

Energy efficiency strongly
depends on liquid separator
efficiency

Displeasing superheating and
pressure drop represent prominent
sources of performance
deterioration

Proof of reliability

Design temperature plays
a crucial role
Optimal values of COPs,
intermediate and heat rejection
pressures at gas cooler exit
temperatures above 25 °C

This is the accepted version of an article published in International Journal of Refrigeration.

DOI: 10.1016/j.ijrefrig.2018.07.001



Fritschi et al. (2016)

Gullo et al. (2017a)

Gullo et al. (2017b)

Gullo et al. (2016a)

Gullo et al. (2015)

Javerschek et al. (2016)

Javerschek et al. (2015)

Minetto et al. (2015)

Numerical model validated
against some experimental data

Theoretical

Theoretical

Theoretical

Theoretical

Theoretical

Theoretical

One-stage CO; system

Parallel compression with fixed
intermediate pressure

R404A system

Booster system

One-stage CO; system

Booster system

Achievement of operating
regimes at which a growth in
efficiency by at least 10%
Parallel compression with
optimized intermediate pressure
performs similarly in Southern
European

Energetically advantageous at
outdoor temperature up to 27 °C

Reduction in optimal heat
rejection pressure on average by
4.2%

Average increase in both COP
and exergy efficiency by 18.7% at
cooling medium temperatures of
30 °C+50 °C
Optimal intermediate pressure
depends on both the load ratio
and the condensing/gas cooler
outlet temperature
Energy advantages depend on the
bin hours per year for which
parallel compressor can be
employed

Increase in COP by 8.4%+13.6%
at outdoor temperatures 25
°C+42.5°C
Fixed or slightly variable
intermediate pressure in real
applications
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Neksa et al. (2010)

Sarkar and Agrawal (2010)

Sharma et al. (2014a)

Visser (2017)

Wiedenmann et al. (2014)

Theoretical

Theoretical

Theoretical

Assertion

Practical experience

Expander

R404A system

R744/NH3 cascade system

More energy beneficial for MT
applications at outdoor
temperatures 30 °C+40 °C
Optimal intermediate pressure
mainly depends on evaporating
temperature

More effective technology
compared to other “CO; only”
systems
Energetically competitive at
annual average temperatures up to
about 14 °C
Suitable alternative if combined
with an evaporative
condenser/gas cooler in Kuala
Lumpur
Parallel compression design plays
a crucial role

Ever-decreasing costs and
available efficient control systems
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Table 2

Evaluation

Summary of the findings associated with the main investigations on the multi-ejector concept.
Findings

Baseline
Enormous unloading of HS

Reference

Hafner et al. (2016) and
Fredslund et al. (2016)

Minetto et al. (2014b)

Gullo et al. (2017b)

Hafner, (2017), Banasiak et al.,
(2015), Hafner et al., (2015),
Minetto et al., (2015) and
Pardifas et al., (2017a, 2017b)
Banasiak et al. (2015), Neksa et
al. (2016) and Hafner et al.
(2016).

Kriezi et al. (2015, 2016)

Haida et al. (2016a)

Neksa et al. (2016)

Field measurements

Assertion

Theoretical

Assertion/Theoretical

Assertion/Experimental

Experimental

Experimental

Assertion

Parallel compression
COMpressors

Parallel compression Reduction in maintenance issues

R404A system Higher COPs at outdoor
temperatures 0 °C+40 °C
Interchangeability of HS and
parallel compressors could
significantly enhance the overall
energy efficiency

i Oil management can be
efficiently implemented

Geometrical parameters
- enormously affect the ejector
performance
Enhancements in COP and exergy
efficiency up to 7% and 13.7%

e E i skl Parallel compressor rack needs to
be adapted to the usage of multi-

ejector block
Enhancements by 20% at severe

Parallel compression . .
operating conditions
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Fredslund et al. (2016)

Bodys et al. (2017)

Schonenberger (2016)

Hafner et al. (2014c), Hafner and

Banasiak (2016), Schénenberger

et al. (2014) and Schonenberger
(2016)

Field measurements

Experimental

Assertion

Field measurements

Close attention has to be paid to
- the compressor sizes, pressure lift
and the oil return design

- High and stable performance for
food retail applications
Energy saving by 15%+25 %
depending on heat reclaim,
application and weather
conditions
Increase in MT and LT by 6 K
and by 8 K in any operating
condition

Parallel compression

Booster system

Reduction in frost formation and
number of defrost cycles
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Table 3a

Summary of the energy benefit assessments associated with the main investigations on the “all-in-one” concept (transcritical R744 supermarket

refrigeration systems as baselines).

Parameter
Reference Evaluation Technology Baseline Location Quantification of  related to
energy benefit energy
benefit
Parallel corlzlarfell:ion Athens +4.2%
Javerschek et al. (2016) Theoretical compression with P Strasbourg +2.1% SEER
.. with fixed IP . o
optimized IP (= 40 bar) Edinburgh +0.6%
Modest COPyot in
enhancement wintertime
SK;@%OF;O&EC; Theoretical corl;arrael;:%on Booster system Sweden
P Up to +14% COPy; in
summertime
Next
generation
of “CO2
only”
supermarket
refrigeration
Multi-ejector systems will
b ehel, (o) Assertion (equipped with - - - feature two

and Hafner (2017)

two modules)

multi-ejector
blocks and
direct
cooling and
heating fan
coils and air
curtains
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Table 3b

Summary of the energy benefit assessments associated with the main investigations on the “all-in-one” concept (supermarket refrigeration systems

using synthetic working fluids as baselines).

Parameter
Reference Evaluation Technology Baseline Location Quantification of  related to
energy benefit energy
benefit
Stockholm +11%
Karampour and Simulation models Parallel Separated Annual
p adapted from field . HFC-based Paris -9% energy
Sawalha (2017) compression . .
measurements units saving
Barcelona -12%
Karampour and Theoretical/Simulation Separated Suitable
Sawalha Parallel technology
models adapted from . HFC-based - -
(2015)/Karampour and field measurements compression units only for cold
Sawalha (2017) climates
. Annual
Danfoss (2016) Assertion Multi-ejector St Milan +50% energy
system .
saving
Parallel Annual
Cyclone Energy Group . compression and Conventional v
Field measurements Evanston +60% energy
(2013) ground thermal system savin
storage g
. Parallel Conventional . o e
r744.com (2016) Field measurements . Conegliano +10% energy
compression system s
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Table 4a

Summary of the energy benefit assessments associated with the main investigations on the state-of-the-art R744 technologies for supermarket
applications (transcritical R744 supermarket refrigeration systems as baselines).

Parameter
Reference Evaluation Technology Integration Baseline Location Quantification related to
system of energy benefit energy
benefit
. . Annual
Minetto et al. . .. Conventional .
= = + o
(2014b) Theoretical Multi-ejector R744 system Bari 22.5% energy
saving
+5% Daily energy
Ferrandi and . Conventional North of Saving
Orlandi (2013) Theoretical Cold storage i R744 system Italy
+28% in peak Peak power
power
+5.6% Energy
. Parallel saving
Fidorra et al. . .
Theoretical compression+CTES at - Booster system -
(2015b) o
15°C Total cost
+5.9% .
reduction
3.5% Energy
Fidorra et al Parallel saving
' Theoretical ~ compression+CTES at 0 - Booster system -
(2015b) o s
C (i.e. ice bank storage) o Total cost
+3.9% .
reduction
Theoretical
(validated London +3.6% Annual
Tsamos et al. . .
(2017) against Parallel compression - Booster system energy
laboratory Athens +5.0% saving
measurements)
Annual
Hafner et al. Theoretical Multi-ejector Heat Paralle@ Athens +11.4% energy
(2012) recovery compression saving
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Hafner et al.
(2014a)

Frigo-
Consulting
LTD (2015)
Schonenberger
et al. (2014);
Hafner et al.
(2014c)
Schonenberger
et al. (2014);
Hafner et al.
(2014c)

Leiper et al.
(2014)

Fredslund et al.
(2016)

Hafher et al.
(2016)

Pardinas et al.
(2017a)

Theoretical

Assertion

Field
measurements

Field
measurements

Field
measurements

Field
measurements

Field
measurements

Theoretical

Multi-ejector

Multi-ejector

Multi-ejector

Multi-ejector

Geothermal loop

Multi-ejector

Multi-ejector

Multi-ejector (equipped
with two modules)

Heat
recovery

Heat
recovery

AC
integration

AC
integration

AC
integration

Booster system

Parallel
compression

Parallel
compression

Booster system

Booster system

Parallel
compression

Parallel
compression

Booster system

Athens
Frankfurt
Trondheim

Timisoara

Fribourg

Fribourg

Locations in
the UK

Various
locations

Spiazzo

Outdoor
temperature
above 15 °C

+20%++30%

+17%
+16%
+5%

+13%

+10%

+18%

+24.6%
+10%++15%

(depending on
AC needs)

+15%++30%
(depending on
AC needs)

+7%++19%

+8.3%

COPhcating in
wintertime

COP

COP

COP
Annual
energy
saving

Energy
saving in
wintertime

Energy
saving in
wintertime

Annual
energy
saving

Energy
saving

Energy
saving at
outdoor
temperatures
+22 °C++35
°C

Energy
saving
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Multi-ejector Outdoor
(equipped with a  temperature:
module) 30 °C

+11.3% and
+15%+24+3% in

r744.com Field .o . non- and Peak energy
(2017d) measurements Multi-ejector - Booster system Georgia optimized saving
operating
conditions

This is the accepted version of an article published in International Journal of Refrigeration.
DOI: 10.1016/j.ijrefrig.2018.07.001



Table 4b

Summary of the energy benefit assessments associated with the main investigations on the state-of-the-art R744 technologies for supermarket
applications (supermarket refrigeration systems using synthetic working fluids as baselines).

Parameter
Reference Evaluation Technology Integration Baseline Location Quantification related to
system of energy benefit energy
benefit
Hafner and 78 cities Annual
Hemmingsen Theoretical Mechanical subcooling - R404A system . +3%++23% energy
(2015) worldwide S
Hafner and 78 cities Annual
Hemmingsen Theoretical Multi-ejector - R404A system . +11%++28% energy
(2015) worldwide Ny
Parallel compression,
Gullo et al. Theoretical Mechan;::rla?}gcoohng, i R744/R134a Valencia Negligible érrllenrual
(20164a) . . cascade system Athens difference gy
compressiont+Mechanical consumption
subcooling
Valencia +3.5%
Gullo et al ‘ . ‘ Athgns +4.2% Annual
(2016¢) ' Theoretical Mechanical subcooling - R404A system Seville +3.9% energy
Rome +5.8% saving
Lisbon +2.8%
Oslo +17.9%
Gullo et al . ' London +13.3% Annual
(2017b) ’ Theoretical Parallel compression - R404A system Frankfurt +13.8% energy
Milan +10.9% saving
Athens +3.0%
Oslo +31.8%++37.1%
Gullo et al . . London +27.9%++33.2% Annual
(2017b) ' Theoretical Multi-ejector - R404A system Frankfurt  +28.5%++33.6% energy
Milan +26.2%++31.2% saving
Athens +19.9%++24.6%

This is the accepted version of an article published in International Journal of Refrigeration.

DOI: 10.1016/j.ijrefrig.2018.07.001



Purohit et al.
(2017a)

Purohit et al.
(2017a)

Purohit et al.
(2017a)

Purohit et al.
(2017a)

Gullo and
Hafner
(2017a)

Gullo and
Hafner
(2017a)

Polzot et al.
(2016a)

Rehault and
Kalz (2012)

Gullo et al.
(2017a)

Kvalsvik et al.

(2017)

Theoretical

Theoretical

Theoretical

Theoretical

Theoretical

Theoretical

Theoretical

Field

measurements

Theoretical

Theoretical

Parallel compression

Parallel compression

Mechanical subcooling

Mechanical subcooling

Multi-ejector

Multi-ejector
Parallel
compression+Cold

storage

Geothermal loop

Multi-ejector

Multi-ejector (equipped
with two modules)

Heat
recovery

AC
integration

AC
integration

R404A system

R1234ze(E)/R744
indirect
arrangements

R404A system

R1234ze(E)/R744
indirect
arrangements

R404A system

R1234ze(E)/R744
indirect
arrangements
R134a/R744
cascade
arrangement

Standard food
retail store

Separated HFC-
based units

Separated
R410A-based
solutions

Seville
Teheran
Phoenix

New Delhi

Seville
Teheran
Phoenix

New Delhi

Seville
Teheran
Phoenix

New Delhi

Seville
Teheran
Phoenix

New Delhi
American
climate
context
American
climate
context

North of
Italy

Location in
Germany

Rome
Valencia
Seville
Outdoor
temperature
of 45 °C

+4.3%
+6.6%
+2.0%
+0.8%
+2.0%++4.7%
+3.4%++6.0%
-4.2%+-1.5%
-6.0%+-3.4%
+5.7%
+8.9%
+6.3%
+5.2%
+3.5%++6.2%
+5.8%++8.3%
+0.4%++2.9%
-1.3%++1.2%

+17.3%++37.8%

+7.5%++38.6%

Negligible
difference

+50%
+22.7%++26.2%
+20.0%++24.0%
+15.6%++22.7%

-53%

Annual
energy
saving

Annual
energy
saving

Annual
energy
saving

Annual
energy
saving

Annual
energy
saving
Annual
energy
saving
Annual
energy
consumption
Annual
energy
saving
Annual
energy
saving

Power input
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Field Annual

Shecco (2015) Adiabatic condenser - R407A system  Dunwoody +6.3% energy
measurements :

saving

r744.com Annual

(20 1 8b) Theoretical Multi-ejector - R404A system Madrid +15% energy

saving
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