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Nomenclature

Roman
A Area [m?]
a Coefficient a
b Coefficient b
C Cost [ 0]
c Coefficient c
CC Displacement [if]
Co Specific heat [kkg! K]
CR capacity ratio]
d Coefficient d
D Diameter [m]
fr290 Correction factor for propane
h Heat transfer coefficient [W %K 7]
H Height [m] or heater in C&xondesing unit activity
hh Operational hours [h yealps
i Specificenthalpy [kJ kd]
K Thermal conductivity [W i K]
L Length [m]
m Mass [kg]
m mass [kg]
N Number (of)
n Compressor speed [rpm] or [rps]
Nduty-cycle number of duty cycles]
P Pitch [m]
R Average electric power
p pressure [Pa] for air ¢bar] for refrigerant
Pt total (atmospheric) pressure [kPa]
Pvs saturated vapor pressure [kPa]
R Thermal resistance [K W
S Specific entropy [kJ kg K]
T Temperature [K] or [°C]




Thickness [m]

UA Thermal conductance [WH
\Y Volume [n7]
w Velocity [m sY]
w Width [m]
X Vapor quality f]
yy Lifetime [years]
0 Electric power consumption [W]
¥ Mass flow rate [kg ¢
Q Heat rate [W]
) Volumetric flow rate [ s]
Subscripts
1 Compressor inlet
Compressor outlet sondenser inlet
3 Condenser outlet
1h hourly
1p Singlephase
2p Two-phase
a air
A Valve Ain CO, condensing unit
acc accumulation
air Air
al Aluminium
amb Ambient
anc Ancillaries
avg average
B Valve Bin CO, condensing unit
bot Bottomcompressor case
bubble Bubble point
C Valve Cin CO; condensing unit
C Cold room
cal box calibrated box
circ

Heat exchanger circuit




Condenser

co
comp compressor
cond Condensing
cor Corrected value according to EN13215:2016
cover External unitcover
cp Compressor
cr Cold room
cu Copper
def defrost
des Desuperheating
dew Dew point
dm Demand
e External
el Elementary part, Electrical (G@ondensing unit activity)
en Energy
ev Evaporator
evap Evaporating
fan fan
fin fins
free-flow Free flow
gc Gascooler
h Heater
in Internal, inlet
int Intermediate
IS Isentropic
lig Liquid
man Manufacturing
max Maximum value
met Metal cover
mid Mid point value in two phase region
MT Medium temperature refrigerati@ondition (Tev= - 10°C)
opt optimum
out outlet
panel Metal panel
r Heat exchanger row
rec Receiver




ref refrigerant , Reference value (€€ndensing unit activity)
run Running
sat saturation
sc Subcooling
setup Setup
sh Superheating
solenoid Solenoid
spare Metal spare
steel Galvanized steel
suc Suction
t Tubes
top Top compressor case
tot Total
tp Two phase
u Unit
v Volumetric
water
win Compressor electrical windings
ZX thermocouple position on*32 grid on the evaporator
Greek symbols
h Void fraction []
b Pressure ratio
P Variation, difference-|
U Error threshold
d Efficiency []
d Time [min]
J Density [kg m]
G comp On time for compressor [min]
« Relative humidity [%]
* Specific humidity [g¢ kga]




Acronyms

AC Air conditioning

AE Annual energy consumption [KWh'a
ALR Annual leakage ratio [% of refrigerant charge]

BB Basic booster

BV Ball valve

COP Coefficient ofPerformance

CR COP penalizing factor with on/off operation
DSH De-superheater

EEI Energy efficiency index

EEV Electronic expansion valve

EF Carbon dioxide emission factor [kgG@kWh]
EOL End of life emission [% of refrigerant charge]

EV Evaporator

FGV Flash gas valve

GC Gascooler

GWP Global Warming Potential

HFC Hydro-fluoro-carbon

HFO Hydro-fluoro-olefin

HPV High pressure valve

IC Intercooler

IHX Internal heat exchanger

INV Inverter

LEJ Liquid ejector

MEJ Multi-phase ejector liquid + vapour

MS Mechanical subcooler

PC Parallel compression

REC Receiver

SAE Standard annual energy consumption [kWh a
SEPR Seasonal Energy Performance Ratio
TEWI Total Equivalent Warming Impact
VCE Volumetriccooling effect [kJ 1]




CO2 condensing unit thermodynamic cycle

Evaporator outlet / Condensing unit inlet

First stage compressor suction

First stage compressor discharge

Outlet intercooler

Second stage compressor suction

Secondstage compressor discharge

Gascooler outlet

High pressure valve outlet

O |0 |IN|OO|O| DWW IN]EF

Liguid outlet receiver
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Inlet evaporator

Vapour outler receiver
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Flash gas valve outlet
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Introduction

This PhD activity has been funded by Zanotti S.p.A that has made available its facility to carry out the
research activity.

Context

Nowadays colathain ensures the need to make available food far from harvesting points, farms or sea
or in differenttimes of the yeafrom the harvestingeriod, seeking for the maintenancegobd quality,
organoleptic properties and nutrients. Commercial refrigerasioone of the intermediate steps of the

cold chainwhere the fresh or frozen foaglstored and displayed to be bought in markets, grocery stores
and supermarkets. Depending on the size of displayed area, commercial refrigeration appliances are
capableto cover a wide range of cooling capacities from 500 W to above 100 kW with different plant
architectures. Roughly 90 million of commercial refrigeration appliances are estimated by IIR (2015) in
2015, and the future market trend proves that this numlespiscted to increase withhuge impact in

energy consumption and greenhouse gases emissions. These latter are caused either by refrigeran
emission (direct emissions) and using fossil fuels to produce the electric energy (indirect emissions) that
power he systems. The use of IGWGWP refrigerants and the increase of efficiency of refrigeration
units can help to reduce both. Montreal Protptobugh Kigali Amendmentas the aim to reduce the
greenhouse gases emissions up to 20% in 2045 and 12@3énfor Art. 5 and né Art. 5 parties
respectively in the World. In Europe-Gas regulatiofEuropean Parliament, 201d3tablishes the rules

for the phaselown schedule of HFC production and consumption and GWP thresholds of used
refrigerants baadonthe specifiapplication with the aim to reach 30% of HFC in 2030 compared to the
one of 2015. In addition, the efficiency of commercial refrigeration products must fulfil the requirements

of Ecodesigr{iEuropean Parliament, 200@at imposes minimum thresld values for efficiency indexes

(COP, SEPR, EEWith respect tahe specific application. In this framework, the intereshescientific

and technicatommuniy on new lowi GWP refrigerants and innovative solutions to reduce the energy
consumptionof the refrigeration systems is higdAmong the new refrigerants, natural ones, such as
carbon dioxide and propane, and [bMBWP blends are soaring interest from the last 20 years; instead,

a better defrost control logic with adaptation of defrost ladimed basing on operating conditions, can
reduce the energetic impact avoiding unnecessary defrost cycles with beneficial effects on temperature
control and running cost reduction. In fact, the running costs related to defrost purposes have huge impact
on the total, Datta et al. (1997) estimated that the extra costs related to the energy consumption of defrost
phase for a retail food store is around 500000£ in the hypotheses of 30000 display cabinets with time
interval electric defrost system occurring evérigours The work reported in this thesis is aligned with

the abovementioned framework agohls

Organization of the thesis

The entire work is divided in two parts, a first one dealing with the research activity &f G@WP
refrigerants in commercial frigeration applications with experimental and theoretical approadhes
secondoart copes witlthe development of a new method to evaluate the optimal defrost start time aiming
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the minimization of total absorbed electric energy and compressor dutyprgskerving its lifespan.
More in detail, the thesis is composed by 6 chapters

T

In Chapter Ja brief overview of commercial refrigeration sector is presented with the explanation
of operating temperature levels, kind of appliances with their coolingitgpatrigerant charge
ranges and plant layouts.

In Chapter 2, is shown an overview of commercial refrigeration market share status, with the
number of installed units worldwide divided by equipment kind. Furthermore, future market
trends, withprojections of energetic and environmental impact in terms of greenhouse gases
emission are presented, with the description of the major provisions adopted worldwide (Montreal
Protocol and its Kigali Amendment) and in EuropeGé&s regulation 517/2014, Etesign
Directive 2009/125/E and its regulations).

In Chapter 3, a state of the art of research aboutilo®@WP refrigerants in commercial
refrigeration systems is presented. The chapter is divided in two parts: the first is focused on low
T GWP blends ah hydrocarbons, mostly used in small appliances, presenting works that focus
the attention on new molecules (starting from 100 million of substances up less than 65) and
model development and improvement to evaluate thermophysical properties of themscegbst

The second part of chapter 3 is focused on carbon diagicfrigerant, with theoretical analyses

and comparison of different configurations of supermarket booster refrigeration systems in
different climates or with other plant layouts (e.g., edscrefrigeration systems) and alternative
refrigerants. Moreover, experimental works about field tests of centralized units or laboratory
tests on small scale prototypes are also analysed.

In Chapter 4, the research work about lo®@WP refrigerants isnesented in two steps. The first

one deals with a multi criteria therre@onomic optimization and environmental analysis of
R404A replacements, R452A, R449A, R454C, R455A and propane in a 2.5 kW positive
monoblock commercial refrigeration unit for small lkvn cold rooms. More than DR
combinations are simulated for each refrigerant, varying the heat exchanger geometry and the
temperature differences between air and refrigerant and constrained with technical limits on
refrigerant compressor discharge teamrgiure, aiand refrigeranside pressure draop the heat
exchangers, refrigerant charge and real dimension limits. A Pareto front is evaluated in terms of
setup costs versus COP and an optimal configuration is found. Finally, an environmental analysis
with TEWI evaluation is carried out also using the total costs (sum-ofpsatbd running costs).

The second part of the Chapter is focused on an experimental campaign of -acafaall
condensing unit using GQs refrigerant; the most key innovative featiof the prototype are

the presence of hermetic inverter driven{stage rotary compressor, the intercooler between the
first and second stage and the flash gas injection valve from the receiver. 14 tests are carried out
to evaluate the influence of ameht and evaporating temperatures on performances, the effect of
intercooler operation, and the effect of flash gas injection cooling effects. Finally, also the SEPR
is evaluated and compared with another R449A unit equipped with semi hermetic recigrocatin
compressor with fixed speed.

13



The last twachapters deal with the optimization of the defrosting phase that is always needed in case of
low-medium temperature appliances

T

In Chapter 5, a state of the art about frost formation phenomena (in flat pldteszd exchanger

coils) and defrost control logic optimization is reported. Experimental works related on the effect
of heat exchanger geometry and boundary conditions on frost formation rate and performances
degradation are then reviewed for both fin awd and microchannel heat exchangers. In
addition, entire systems are studied with experimental and modelling approaches, with the
evaluation of the impact of frost formation on performances. Finally, works about defrost control
logic optimization usingommercial systems or innovative approaches (e.g., neural network) are
reviewed.

Chapter 6 presents and proposes a new method to evaluate the optimal defrost start time at each
operating condition. The activity is composed by two phases, in thefiesthe experimental
campaign on a positive 1.1 kW monoblock commercial refrigeration unit is presented with tests
at different combinations of calibrated box temperature and relative humidity. Tests in which the
unit is left in operation up to the compdblockage of the evaporator air flow path due to frost
formation are performed, useful for the definition of a novel data reduction to obtain the optimal
defrost start timan phase two The main objectives of the optimization are the total energy
consumpion and on / off compressor cycle minimization limiting, at the same time, the CR index
(capacity ratio) below a maximum threshold in order to ensure that the refrigerator has enough
cooling capacity to cope with additional extra load due to high foodreation and / or door
openings.
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Chapter 117 Commercial refrigeration equipment overview

In this chapter an overview of commercial refrigeration sector is reported with the description of the
appliances, their layd, the cooling capacity and the refrigerant charge ranges and operating temperature
levels.

Commercial refrigeration appliances are used in market, supermarket, grocery stores and restaurants to
display and sell fresh and frozen food to the final custoifteerefore, commercial refrigeration sector
together with industrial and transport refrigeration ones constitute one of the last steps of the cold chain
before domestic refrigeration. The fresh food is typically stored at temperatures between +2%, to +4°
frozen food betweerl8°C and-20°C. The two temperature ranges define the medium temperature
refrigeration condition (MT, evaporating temperature-19°C) and low temperature refrigeration
condition (LT, evaporating temperature35°C).
The commerciatefrigeration systems are divided in three classes depending on cooling capacity and
installation (for instance if a machinery room is required, if the components are far from each other or
they are in the same enclosure):

1) Standalone and monoblock refiégation systems

2) Condensing units

3) Centralized systems
In Table 1.1 a summary of cooling capacity and refrigerant charge ranges are listed according to EPA
(2016), except for monoblock refrigeration units. A deeper description of each system type will be
presented in the next paragraphs.

Table 1.1i Cooling capacity and refrigerant charge ranges of commercial refrigeration equipment

. Cooling capacity range | Refrigerant charge range
Equipment [KW] kg
Standalone 0.17 1 0.1V 2
Monoblockrefrigeration systems 0.57 5 0.17 3
Condensing units 0.17 20 11 20
Centralized systems 407 above 200 2071 3000

1.1 Standalone and monoblock refrigeration systems

Standalone commercial refrigeration units are constituted mainly by a satgie cycle whose
components are included in the same enclosure together with the refrigerated cabinet, except for
monoblock refrigeration units that serve external cold roonerevthey are mounted on the wall or on

the ceiling. Typically, these units can be either air or water cooled, and are equipped with hermetic
reciprocating compressors, capillary tube or thermostatic expansion valve and fin and coil heat
exchangers and irome cases also with internal heat exchanger as shown in Figure 1.1. The cooling
capacity ranges from 100 W to a maximum of 5 kW with refrigerant charges from 100 g to 3 kg. In
smaller appliances with refrigerant charge below 150 g A3 refrigerants caacb&aslarger appliances,
instead, A1 and A2L refrigerants generally are used with refrigerant charge limitation according to
EN3781:2016 (CEN, 2016). Beverage coolers, horizontal and vertical display cabinetseaoe

15



freezers, vending machines, icakers are example of staatbne commercial refrigeration units, and
they are shown in Figure 1.2.

’ STAND-ALONEUNIT  ~+

CONDENSER

——— o mm Em mm mm mm mm o Em Em Em Em mm Em Em Em Em e

A N
G O
1 I
- EVAPORATOR

| |
| |

\ I\ REFRIGERATED CABINET‘,I !
/

(b)
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(e)

Figure 1.2i Vending machine (a), beverage cooler (b), vertical dispé&hinet (c) horizontal display
cabinet (d) and monoblock refrigeration unit (e)

1.2 Condensing unit systems

Condensing unit systems are equipped mainly by one or more compressors, a condenser and a liquid
receiver. They are connected to remote evaporatamslégnrooms or remote display cabinets by means

of liquid and suction lines having lengths of around tens of meters and height differences that can reach
also 10 m between the condensing unit and the remote evaporators / display cabinets. Depending on the
site layout, the condensing unit can be installed below or above the evaporators and the connections are
made directly on the installation site. The cooling capacity ranges from 100 W to 20 kW with refrigerant
charges varying from 1 kg to 20 kg. A refriggoa schematic layout and a simplified installation
schemes of condensing units are shown in Figure 1.3.

17



CONDENSER
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Evaporator Pressure transmitter
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Controller
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Ambient
Temperature
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]

N f

\ '
Doy > ‘_,(

et e

(b)

Figure 1.3i Refrigeration schematic layout (a), simplified installation scheme (b)

Typically, these units are equipped wsdmihermetic reciprocating or, in newer units, hermetic rotative
compressors with fixed or variable speed, variable or fixed speed condenser fans and fin and coil heat
exchanger as condenser and a liquid receiver. Compressor oil return managemenimplagdant role

in these particular applications due to the lengths of the connection lines. For this reason, an oil separator
on the discharge line is always present and traps from evaporator must be also provided to ensure the
return of the remaining amat of oil not originally trapped in the separator.

1.3 Centralized systems
Supermarket centralized systems have a cooling capacity between 40 kW to more than 200 kW,

depending on the operating temperature ranges (MT or LT). The refrigerant charge goeskigaim 20

18



tons. The centralized systems can be air cooler, or water cooled, with this latter that rejects heat to the
surrounding air or to the ground. Three different architectures are defined:

1) Direct expansion systems

2) Indirect expansion systems

3) Cascade stems
In the direct expansion systems two compressor racks MT and LT, are connected respectively to MT and
LT remote display cabinets as shown in Figure 1.4, where a schematic layout of direct expansion
supermarket system is represented.
The compressor r&s are installed in a machinery room, instead the remote condenser outside the store
generally on the rooftop, by means a liquid manifold the refrigerant is distributed to the display cabinets
in the sales area and then collected in the suction maniffdcelEntering the compressors. The distance
among the components can be roughly 100 m with height differences of maximum 20 m.
Due to the huge amount of refrigerant in the plant, only A1 ASHRAE class refrigerants can be used, such
as R404A, R134a and G@ transcritical booster refrigeration system whose schematic layout is shown
in Figure 1.5.

Rooftop
Remote Condensor

Machine Room

Skid-Mounted Discharge Manifold
Components _*
I Multiple

Parallel
Compressor

Receiver

Sales Area Liquid Manifold Suction Manifold

Evaporation
I=2ll=1 =

Display Case Line-Ups

Refrigerant Piping

Figure 1.47 Direct expansion supermarket refrigeration system schematic layout
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Figure 1.5i Transcritical booster refrigeration system schematic layout (Gatlial., 2017)

In this configuration, the refrigerant coming from LT evaporators enters in LT compressor (LS in Figure
1.5) and then it is compressed up to MT evaporating pressure. The two flows from MT evaporators and
LT compressor mix each other and thgth the flash vapour coming from receiver back pressure valve.
Subsequently, the flow enters in MT compressors (HS in Figure 1.5) and then goes into the gascooler in
which the pressure is regulated by the back pressure valve HP (more details abolgrgpsessure
regulation are given in Chapter 3). Finally, the refrigerant is collected in the liquid receiver.

In the indirect expansion system, the refrigerant cools a secondary fluid, generaltglwaiemixture

(brine) or liquid carbon dioxide thabsorbs heat from the food. A schematic representation of the plant

is shown in Figure 1.6.

Dry cooler \g @

o

1. Compressor
2. Condenser
3. Subcooler

4. Expansion valve
5. Evaporator

Cabinets — s T
|

Figure 1.6- Indirect expansion supermarket refrigeration system schematic laylalkhfatchet al.
2017)
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In this configuration, all the refrigerardontaining parts (compressor, condenser, evaporator and
expansion valve) are installed in the machinery room with the possibility to use also A2L, A3 or B
classified refrigerants according to ASHRAE safety standard, thanks to lower refrigerant charge
compaed to a direct expansion system and the restricted access inside a machinery room. Instead, the
lines with the secondary fluid at evaporator and condenser side (in case etoadeer systems) could

have length around 100 m.

Cascade refrigeration systemase constituted by two refrigerant loops operating at MT and LT
conditions. The two loops are connected thermally by means of heat exchangers operating as an
evaporator for MT cycle and condenser for LT one. As for the centralized direct expansion,y&ems
refrigerants that can be employed should have A1 ASHRAE classification since the evaporators are
located in the occupied space; the MT refrigeration loop usually is charged with HFC Al refrigerants,
and the LT one can work with G@ subcritical codition. A schematic layout is shown in Figure 1.7.

A real image of the main components of supermarket systems is shown in Figure 1.8

Condenser
OO
L
. MT

MT display- COMpressors
case

compressors

displaycase

Figure 177 Cascade supermarket refrigeration system schematic layout

(b)



Figure 1.8 Remote condeser (a), compressor rack (b), horizontal display cabinet (c), vertical
display cabinet (d)
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Chapter 21 Energetic and environmental impact of commercial
refrigeration and actions for its reduction

In this chapter 2the actual energetic and environmental impact of commercial refrigeration appliances

is presented. Firstly, the actual status of market share, number of installed units is given to the reader to
understand the energetic and the environmental impact eétiter. Furthermore, future projections of
sold units and greenhouse gases emissions in ¢t
mentioned to highlight the necessity to take countermeasures to reduce them. In the second part of the
chapte, the major provisions and agreements to reduce energetic impact and greenhouse gases emission:
emended in worldwide and European countries will be presented with their possible impact on
commercial refrigeration sector.

2.1 Market status for the commerci&frigeration sector

According to report® f I lT R AThe Role of Refri gerraughly®d i n
million of commercial refrigeration appliances are installed worldwide; Clodic et al. in the report
AAl ternatives t o Igeragidn an@ WP o HdICtsi d mi nrge fagivg n c at i
indication of installed units divided by equipment kind as listed in Table 2.1 reporting also the average
lifetime.

Table 2.1i Estimated installed units worldwide divided by commercial refrigemagiguipment in
2012 (Clodic et al., 2014)

Equipment Average lifetime in years Estimated installed units
Centralized systems 10 300.000
Condensing units 12 35.000.000
Standalone 7 55.000.000

The number of installed units is expected to incredtie the growth of worldwide populatigiigher

food demand and the necessity to reduce-pastest losses (one quarter of the total according to IIR
2009. In fact,Persistence Market Research (2014) estimatgebwth of frozen food market of 30% in

2020, based on 2014 data.

A European Union study (2014) estimated commercial refrigeration market trend in EU28 until 2030,
forecasting an increase up to 28% on total stock of appliances as shown in Figure 2.1 than the values of
2004.
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Figure 2.1i Prediction of stock of commercial refrigeration appliances in EU28 divided by equipment
kind (European Commission, 2014)

2.2 Energy and environmental impact

Commercial refrigeration plants must operate continuously during the year in the whole lifetmsar®

food temperature and quality, and for this reason anegtigible part of electric energy produced
worldwide is required to operate themheTllR (2015) estimatetthat 17% of total worldwide produced
electricity is required for commercial refrigéves. According to a repodaf UNEP (2002), aroun@5%

of a supermarket energy demand is covered for refrigeration purposes with a centralized system. The
energy demand reflects on indirect greenhouses gases emissions related to the electricity production from
fossil fuels that depends on the source nfieach country and by the efficiency of the refrigeration
system. The increase of installed refrigeration plants worldwide will increase the energy demand.

The refrigerants widely used in commercial refrigeration applications are R404A, R134a and R507A
(like R404A but less used) which have very high GWP values determining also a huge direct
environmental impact related to refrigerant leakages from the plant during commissioning, operation,
maintenance and dismission phases. The leakage ratio ranges bedvesnlower than 1% to 35%
depending on the application; according to EPA (2016). In sadorte hermetically sealed equipment,

the leakage ratio is below 1%; for remote condensing units it ranges instead from 5% to 20%; finally, in
multiplex centralizedsystems it is between 10% and 35%. Clodic et al. (2014) estimated the total
refrigerant amount in tons present in EU and its value expressed in equivalent tons of carbon dioxide as
listed in Table 2.2.
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Table 2.2 Total refrigerant amount and their eqaient carbon dioxide amount in EU in 2012
(Clodic et al., 2014)

, : Equivalent carbon dioxide
Refrigerant Total amou[]t n 2012in EU GWP a?nount in millions of tons
[tons] [MteqCO2]
R404A 250000 3922 980.5
R507A 33000 3300 108.9
R134a 1200000 1300 1560

R134a amount is not related only to commercial refrigeration appliances since it is used also in domestic
refrigeration and automotive air conditioners until 2012.

The increase of commercial refrigeration installations as presented in paragraph 2.Eefbectidnra
dramatic increase of HFC consumption as predicteddiger (2015). Basd on its actual installations
number, future market trends, import and export, initial refrigerant charge and lifetime of refrigeration
and air conditioning units, a pretlan of HFC and HCFC consumption is carried out in the case of
businessasusual scenario until 2030. The results of the evaluation are shown in Figure 2.2 with the total
emissions on the left and the emissions divided for each sector on the right.

W Transport Refrigeration
M Industrial Refrigeration

W Commercial Refrigeration
B Domestic refrigeration

= Mobile AC

M Chillers

B Unitary air conditioning

[ HFC

Mt CO,eq

2000 2005 2010 2015 2020 2025 2030 (a) 2000 2005 2010 2015 2020 2025 2030 (b)

Figure 2.2 Total HFC and HCFC consumption (a) and divided for each sector (b) in busisess
usual scenario (Zeiger, 2015)

In Figure 2.2a the reduction of HCFC consumption is related mainly on the provision of Montreal
Protocol. Instead, the HFC ones are related to the increase of number of installation and the lack of
provision to abate them. The horizontal line is refercethé consumption freeze of total HFC amount
proposed in EU. In this scenario it is not possible comply with the limit imposed, since the trend
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overcomes the freeze level. In Figure 2.2b it is shown that commercial refrigeration sector is the fourth
majorconsumer of HFC refrigerants after unitary and mobile air conditioning units and chillers.
Furthermore, the case of intervention (called
shown in Figure 2.3. In this scenario, provisions like thet ghoim hight GWP to lowi GWP
refrigerants, the increase of system efficiency and the increase of the use of renewable sources to produce
electric energy are considered. In Figure 2.3a, the total amount of HFC trend reaches a peak in 2014,
after it decrese due to European@as regulation entering in force. In Figure 2.3b, the commercial
refrigeration sector is still the fourth major consumer of HFCs.

Environmental Protection Agency (EPA, 2016) estimated % 26 contribution of commercial
refrigerationsector in global HFC emissions in 2020. Moreover, a quadruplication of global HFC
emissions until 2030 is expected. The actual trends and their projections highlight the importance of take
provisions in worldwide and local (European) scale to reduce thetdinpact of refrigeration and air

conditioning units.

Transport Refrigeration

HFC
HCFC [ | IndustrlaI-Refrlge-ratlon
B Commercial Refrigerati
s Freeze

W Domestic refrigeration
= Mobile AC |
M Chillers .,
B Unitary air conditiof

Mt CO,eq
Mt CO,eq

2000 2005 2010 2015 2020 2025 2030 (a) 2000 2005 2010 2015 2020 2025 2030 (b)

Figure 2.3- Total HFC and HCFC consumption (a) and divided for each sector (b) in mitigation
scenario (Zeiger, 2015)

2.3 Measures to limit the greenhouse gases emissions worldwide ancbpeEu

The Montreal Protocol (1987) has been ratified by 197 nations to reduce the CFCs and HCFCs substances
and related emissions dangerous for the ozone layer, introducing the HFCs. These latter, instead, are
dangerous for the global warming and thankbéKigali Amendment (entered in force in January 2019)

the reduction of these substances is introduced as a further provision of Montreal Protocol. Different
reduction schedules, starting from January 1989, are defined based ant.n® (developed) oArt. 5
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(developing) countries for each substance class. In Table 2.3 the deadline to stop the production and
consumption of CFC, Halon, HCFC and HFC is reported fdr Ad.5 and Art. 5 parties.

According to Kigali Amendment, the HFCs phak®vn starts irR019 for nai Art. 5 countries, instead,

it starts in 2024 for Art. 5 ones as shown in Figure 2.4.

Table 2.3 Deadline for the production and consumption of CFC, Halon, HCFC and HFC substances
for noi Art. 5 and Art. 5 of Montreal Protocol

Substances noi Art. 5 Art. 5
CFC 15 January 1996 15! January 2010
Halon 15! January 1994 15! January 2010
HCFC 15! January 2020 15! January 2030
HEC 15t January 2019 (first reductio 15t January 2024 (first reductio
step) step)
(%]
g 1007171 T 71 1 T
(&) 9 -
S 8q 8
s 1
® 60 i
(%]
S s0 R
40 .
; —No-Ar%earl i er start
< 30l—NoArsl ater |start |
- Ar%grolup
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1 | | | | | | | | | | |

Figure 2.47 Phasei down schedule of HFCs according to Kigali Amendment

For noi Art. 5 parties the aim is to reduce the consumption of HFCs of 15% until 2036. Instead, the Art.
5 parties are divided in two groupsdth the objective to reach 20% until 2045 and 15% until 2047 than
the initial level for group 1 and 2, respectively.

In the framework of the Montreal Protocol, in the European Union the HFC emissions are regulated by
the Paris Agreement (Coun€ikcision (EU) 2016/1841) with the aim to limit the temperature rise below
2°C than prandustrial time. In 2021 the COP26 renewed the objective of carbon neutrality until 2050
and the reduction of limit on Earth temperature rise to 1.5°C.
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2.3.1 Reduction of dect emissions in Europe:-6as regulation (517/2014)

In European Union, the production and consumption of HFC substances is regulated b@abe F
regulation (517/2014), entered in force in 2015. The regulation establishes thelpWwasschedule of

HFC substances, expressed in terms of percentage difference of actual equivalent tonnes of carbon
dioxide than a reference value, by means of a quota system institution that the refrigerant manufacturers
and distribution channels must follow. The referenceieas referred to the manufactured, imported,

and commercialized level between 2002012, and a reduction of 89% must be achieved by all
European countries until 2030. The phdsa/n schedule is shown in Figure 2.5.

The FGas regulation imposes also lision GWP value for the substances that must be used depending
on the application and the starting day of the prohibition. In Table 2.4, the dates of prohibitions are
reported regarding commercial refrigeration appliances.

Equi vaIZeREfEE@nc[e%]
(o))
o

Figure 2.51 Phasei down schdule of HFCs according to-Bas regulation (517/2014)

Table 2.4i Date of prohibition of HFCs usage basing on GWP value for commercial refrigeration
appliances according to-Eas regulation

Equipment Date of prohibition

Refrigerators and freezers for That contain HO'?%SO\;\ch GWP of 25 1 January 2020
commercial use (hermetically . .

sealed equipment) That contain grgzr\g'th GWP of 15 1 January 2022

Stationary refrigeration equipment, that contains, or whose function
relies upon, HFCs ith GWP of 2500 or more except equipment inteng 1 January 2020
for application designed to cool products to temperatures b8
Multipack centralized refrigeration systems for commercial use with
rated capacity of 40 kW or more tr@ntain, or whose functioning relie
upon, fluorinated greenhouse gases with GWP of 150 or more, exce 1 January 2022
the primary refrigerant circuit of cascade systems where fluorinate
greenhouse gases with a GWP of less than 1500 may be used
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Accordng to Table 2.4 and the GWP value of the widely used refrigerants listed in Table 2.2, it can be
concluded that R404A and R134a will be forbidden in new stdme commercial refrigeration units
(hermetically sealed systems) after 2020 and 2022 reselgctithe R404A is banned also in higher
capacity condensing units after January 2020. Finally, R404A is forbidden also in direct or indirect
expansion centralized supermarket refrigeration systems &fténliary 2022, with an exception for
cascade systes whose primary circuit can be stihargedwith R134a. Alternative refrigerants to
R404A and R134a have been identified and they are listed in Table 2.5 with their value of GWP and
ASHRAE safety class.

Table 2.5 Alternative refrigerants for commerciegfrigeration appliances with GWP and ASHRAE
safety classification

Refrigerant GWP | Ashrae safety class
R452A 2140 Al
R407H 1495 Al
R449A 1397 Al
R448A 1387 Al
R454C 148 A2L
R455A 145 A2L

R1234ze 7 A2L
R290 3 A3
R744 1 Al

R1234yf 0 A2L

In the Table 2.5 mid and lorigterm scenario refrigerants are listed. One point worth noting is that there

is not a single replacement, due to different thermodynamic characteristics (the new blends are
characterized by a not negligible glide as R404A invase region), flammability issues (some of them

are classified as A2L and A3) for which countermeasure should be taken. R452A, R448A, R449A and
R407H, can be used as R404A diop since they are classified as A1 and have similar thermodynamic
propertiesand minor modifications to the plant are required to adapt the new refrigerants in hermetically
sealed plants until 2022. R455A, R454C and R290 are consideredetomgeplacement of R404A
thanks to their low GWP value. For these refrigerants, a sys@hasign is needed to ensure good
performances and safety operation especially against flammability issues; the same comments can be
extended also for R134a replacements HFOs R1234ze and R1234yf. A technical constraint to be
considered in the design phasethe refrigerant charge limit based on plant ubication class, access
category and refrigerant ASHRAE class according to ENB2816 (CEN, 2016).

It is then possible to build a refrigerant versus equipment matrix as shown in Table 2.6. It is important to
underline that the projections presented in Table 2.6 are based only on the limits of GWP according to
F-Gas regulation and charge limitation, without considering the actual market trends and other technical
aspects.
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Table 2.6/ Future projection for midand longterm scenarios replacements basing eG#&s regulation and EN378:2016 refrigerant

charge limits
Equipment R452A | R407H | R449A | R448A | R134a | R454C | RA55A | R1234ze| R1234yf| R290| R744
Standalone M-T M-T M-T M-T M-T* L-T L-T L-T* L-T* L-T X
Condensing units L-T L-T L-T L-T X L-T L-T X X X L-T
Centralized direct
expansion systems M-T M-T M-T M-T M-T X X X X X L-T
(above 40 kW)
Centralized indirect
expansion systems M-T M-T M-T M-T M-T* L-T L-T L-T* L-T* X L-T
(above 40 kW)
Cascadeefrigeration |, M-T | MT | MT | LT | LT | LT | LT* | LT | x| LT
systems

M-T = midterm scenario T = longterm scenari = not used

* Only mediumtemperature refrigeration condition or primary circuit in case of cascade systems

** Only in secondary refrigeration loop
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An implication of FGas regulation is the increase of hi@NVP refrigerant prices due to production
reduction andncrease of stocks in warehouses as shown in Figure 2.6.

R404A and R134a prices are increased up to 10 times in 2017 and 8 times in 2018 than the 2014 levels,
respectively. In fact, since HFC quotas are expressed in amount of equivalent carbon diogisl éhian

are directly proportional to GWP value and to the weight of the substance, to maintain similar incomes
before FGas regulation levels, the stakeholders should increase the price of residual stocks-of high
GWP refrigerants and at the same timitisiy on the low- GWP ones.
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Figure 2.6i Refrigerant prices trends from 2014 to 2020
(https://www.zerosottore.it/2021/04/16/europdfc-prezzistabili-maleggercaumentedella-
domandaneklquarto-trimestre2020)

2.3.2 Reduction of energetic impact and indirect emissions in Europe: Ecodesign directive
2009/125/EC and energy labelling regulation (EU) 2017/1369

A countermeasure to reduce the indirect emissions is to cover the energy demand with higher rate of
renewable sources. But since this provision does not depend by the refrigeration system is beyond to the
scope of the thesis.

To reduce the energgemand and consequently the indirect emissions of commercial refrigeration
systems, the efficiency of components and of the whole system must be improved with a proper design.
The most used indexes to measure the energy performance of a refrigeratoomésengpplication and
capacity range are COP, SEPR and EEI. They are defined as follow:

600 0 0 Eq. 2.1
"YOU 'YB 0 ;Q B 0 FQ 600 Eq. 2.2
‘0'0"06 OY® Eq. 2.3
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In the Eq.2.10 andd are respectively the cooling capacity and the power absorbed by the unit
expressed in [W], instead, the seasonal energy performance ratio is calculated by means Eq. 2.2 using
bin method dividing the user yearly energy demand (;'Q) [kWh] with the electric energy absorbed

by theunit) ;Q 6 G 0 )[kWh], according to EN13215:2016 (CEN, 2016) standard. Finally, EEI

is calculated with Eq. 2.3 whete'@and"Y0 ‘@re the annual energy consumption and standard lannua
energy consumption [kWh/a] as defined in 2017/1369 EU regulation (European Commission, 2017).

In Europe, Ecodesign directive 2009/125/EC (European Parliament, 2009) establishes the criteria of
environmentally sustainable requirements for eneedgted poducts. By means of the executive
regulation 2015/1095 (European Commission, 2015), minimum energy efficiency thresholds are
imposed on professional refrigerated storage cabinets, blast cabinets, condensing units and process
chillers to be sold in EuropedJnion. Referring to the condensing units, COP and SEPR threshold values
are imposed depending on declared operating range, MT or LT refrigeration condition, and on the rated
cooling capacity as shown in Figure 2.7. The values reported are valid¥rduty 2018 and, if the unit

is charged with a refrigerant having GWP lower than 150, the value is reduced of 10%.

Opcratiilfr;cmpcra- Rated capacity P, Applicable ratio Value
0,2 kWs P, = 1kW cop 1,40

1 kW< P, <5kW cop 1,60

Medium

5kW <P, <20 kW SEPR 2,55

20kW <P, < 50 kW SEPR 2,65

0,1 kWs< P, < 0,4 kW cop 0,80

0,4 kW< P, < 2 kW cop 0,95

Low

2kW <P, < 8kW SEPR 1,60

8 kW <P, < 20 kW SEPR 1,70

Figure 2.7i COP and SEPR threshold values for condensing units in forcg hyly12018 according
to regulation 2015/1095 (European Comsiis, 2015)

The maximum value of EEI is imposed to direct sales refrigerators, belonging t@akiaacdommercial
refrigeration unit category, with the regulation 2019/2024 (European Commission, 2019) entered in force
on B'March 2021. The thresholdseashown in Figure 2.8, and they are referred to two periods: the first
from the ' March 2021 (Figure 2.8a) and the second fréh$éptember 2023 (Figure 2.8b) with new
values.
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EEI

Ice-cream freezers 80

All other refrigerating appliances with a direct sales function 100
(@)
EEI
Ice-cream freezers 50
All other refrigerating appliances with a direct sales function, except refrigerated drum vend- 80
ing machines
(b)

Figure 2.8i Maximum values of EEI imposed to direct sales refapes and icecream freezers
starting from £ March 2021 (a) and from®1September 2023 (b) according to regulation 2019/2024
(European Commission, 2019)

The regulation 2017/1369 (European Commission, 2017), instead, establishes the criteria of energy
efficiency classification and labelling; its executive regulation 2019/2018 (European Commission, 2019)
is referred to refrigerating appliances having a direct sales function. These rules are applied to stand
alone commercial refrigeration units such asdieg machines, vertical and horizontal display cabinets,
beverage coolers and iceeam freezers. The remote evaporators and monoblock refrigeration units are
excluded. The energy efficiency classification according to regulation 2019/2018 (European
Commssion, 2019) is shown in Figure 2.9 where the class is associated with the EEI (energy efficiency
index) range.

The regulation establishes the criteria for the label design to be applied on the unit, as shown in Figure
2.10a, 2.10b and 2.10c for directesatefrigerators, beverage coolers anetieam freezers respectively.

Energy Efficiency Class EEI
A EEl < 10
B 10 < EEI < 20
C 20 < EEI < 35
D 35 < EEI < 50
E 50 < EEI < 65
F 65 < EEl < 80
G EEI = 80

Figure 2.97 Energy efficiency classification according to regulation 2019/2018 of European
Commission
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Figure 2.10i Energy labels for direct salesfrigerators (a), beverage coolers (b) and-meam
freezers (c) according to regulation 2019/2018 of European Commission
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Chapter 371 State of the art on lowi GWP refrigerants in commercial
refrigeration systems

In this chapter a state of thet @n lowi GWP refrigerants in the commercial refrigeration sector is
presented. The chapter is divided in two parts: in the first one, studies aboutdewWP blends and
hydrocarbons, mostly used in small commercial refrigeration appliances, are rewnelethg also

works containing environmental impact studies. In the second part, the state of the art on the use of
carbon dioxide as refrigerant is presented, mostly regarding energy and environmental assessment of
supermarket refrigeration systems wittodelling approaches and others relating on experimental
activities on field tests or laboratory test benches in case of small cooling capacity appliances.

3.1 Lowi GWP blends and hydrocarbons

3.1.1 Theoretical thermodynamic comparison studies

In the last decadespecially in Europe, a refrigerant shift in small commercial refrigeration appliances

is occurring due to the limits imposed by&das regulation as discussed in Chapter 2. The research of
new blends starts from molecule composition investigation andetelopment of models to evaluate
thermophysical propertieA first study relying on the development of thermodynamic models to
evaluate the properties of alternative refrigerants used in refrigeration and air conditioning sector is
carried out by McLinde et al. (1997)The authors developed models to be applied on both pure and
refrigerant mixtures by means of the use of mixing parameters added to the equation of state. The authors
obtained high grade of accuracy assessing their developed method witbtHehergy mixture model

of Lemmon and Jacobsen.

Domanski et al. (2013) carriegut a thermodynamic study of different substances starting from a
database of 100 million; then the database is further reduced to 1200 and finally to less than 65, after the
screening and the application of constraints on thermodynamic characteristics, toxicity, flammability,
and chemical stability of the molecule inside the plant and in the atmosphere. This latter characteristic
affects the GWP value. A fair comparison isrieat out by considering a theorical thermodynamic cycle,

of different system architectures, with the definition of Pareto front between the reciprocals of volumetric
cooling effect Qo (1 Qot) and COP (1 COB as shown in Figure 3.1 where each refige is
represented with scatters.

35



10° 3 T T T T 3
g’: (a) 3
2: R 123 ! ]
7: 10° E |sobutane R-1234ze(E) 4
2 U /R 134a 5
é 4: C)\r'\ R 1234yf R 125'-
3 2k 5.0 S=propane
9 10*E i 22 R.32 R-410A |
¥ i ]
Al thermodynamic limit j
10-5 1 | 1 |
0.10 0.1 0.12 0.13 0.14 0.15

1/COP

Figure 3.1i Pareto front (x) and defined substances (0) as a function of reciprocal volumetric cooling
effect and COP atelap= - 10°C and Tona= 40°C (Domanski et al., 2013)

A tradeoff is found between theolumetric cooling effect and COP: a high value of this latter is found

in refrigerants with high critical temperature, but lower volumetric cooling effect has been found. From
the screening process emerged that only a small number of substances dableeand they are blends

of R134a, R32, R125 and R143a or natural refrigerants such as-fhyahmolefins, hydrocarbons
(propane, isdutane), ammonia and carbon dioxide. The authors stated that, due to high taxation in EU,
the costs of highh GWP HFCsis increasing, advantaging the IGWGWP ones. It is found that the
optimal lowi GWP refrigerant is not the same for all applications, but it should be selected considering
several trad®ffs between thermodynamic characteristic, safety (toxicity anehnfiability) and
environmental impact.

These results are extended in Domanski et al. (2017) where the same refrigerants are compared with the
reference refrigerants R410A and R404A, in air conditioning and refrigeration operating conditions
respectively. Thee refrigerant circuit diagrams are considered with the assumptions of finite temperature
difference between air and refrigerant in heat exchangers, isentropic efficiency equal to 70% and pressure
drops inside the heat exchangers. The simulated reversen@le diagrams are shown in Figure 3.2.
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Figure 3.2 Simulated reverse vapour diagram cycles, basic cycle (a), cycle with liquid line / suction
line heat exchanger (LL/SL) (b), twestage economizer cycle (c) from Domanski et al. (2017)
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Theresults are presented in terms of dimensionless COP and volumetric efficiency referred to R410A
and R404A. Firstly, the results between ideal and real thermodynamic cycle are compared. Then, the
effects of the different plant schemes on performances andifference of refrigerants basing on their

own thermodynamic characteristics are compared. Considering the case of refrigeration operating
conditions with R404A, the differences between basic cycle and tgtage economizer cycle are
illustrated as showin Figure 3.3.
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Figure 3.3i Dimensionless results (referred to R404A) of simulations in refrigeration operating
condition of screened substances for basic refrigeration cycle (a) anstage economizer cycle (b)
(Domanski et al., 2017)

In Figure 33b the COP values are higher than the ones in Figure 3.3a thanks to the advantage of the two
stage economizer refrigeration cycle than the basic one. Most of the evaluated substances have lower
COP value than R404A in the basic cycle, while the oppositgtsin occurs with twastage refrigeration

cycles. Moreover, most of the lowGWP substances are flammable or highly flammable, since these
two characteristics are related one to each other. In fact, higher number of halogenated groups (fluorine,
chlorine and bromine) increase the chemical stability of the molecule with a reduction of flammability

as shown in Figure 3.4. Moreover, higher molecule stability leads higher GWP value. A double bond
between the carbon atoms helps to reduce the GWP, but antledime it increases the flammaubility.
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Figure 3.4i Heat of formation and number of fluorines for different two carbons HFC substances
(Domanski et al., 2017)
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HerediaAricapa et al. (2019)eviewed the possible loiwGWP mixtures replacement of R13804A

and R410A in refrigeration and air conditioning appliances. The results of thermodynamic analysis are
reported in Figure 3.5a, 3.5b and 3.5c¢, respectively, for R134a, R404A and R410A replacements, where
pressuré enthalpy diagrams are shown. Theimlaypotheses are isentropic compression, no pressure
drops in heat exchangers and isenthalpic expansion process.
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Figure 3.51 Pressuré enthalpy thermodynamic cycle of R134a (a), R404A (b) and R410A (t) low
GWP mixtures replacements (l¢eia-Aricapa et al., 2019)

For R134a replacements, little differences have been found in saturation curves except for R430A and
R436A which have higher latent heat. In Figure 3.5b, instead, the replacements have a wider saturation
curve width than R404Ainally, R410A is in the middle in terms of latent heat. Furthermore, the COP

of the thermodynamic cycles is evaluated and reported in Figure 3.6. Each refrigerant is indicated by
each bar where GWP value and ASHRAE safety classification index are repodedFigure 3.6, the

low i GWP mixtures having the highest COP value are R430A, R407H and R466A that are the
replacement of R134a, R404A and R410A respectively. R430A and R407H have GWP value of 110 and
1378 meaning that the first can be used as loegmtive refrigerant (after 2022) and the second as only
mid-term (until 2022) replacement according t@sBs regulation in hermetically sealed commercial
refrigeration appliances. R466A GWP value is equal to 696, below of value limit of 750 for spétrtype
conditioners. In terms of ASHRAE safety class index, the R430A is A3, R407H is A1 and R466A is
A2L. Other R134a good lowv GWP mixtures replacements are R515A and R516A with the last being
A2L and that can be considered a ldnterm alternative tharskto its GWP = 95. R459B is another
feasible R404A long term alternative since it has the second highest COP value, it is A2 class and has a
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GWP = 143. Finally, ARM20A can be another lortgrm alternative to R410A with its GWP = 139 and
the lower flammabity (A2L, ASHRAE class).
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Figure 3.6 COP, GWP and Ashrae safety classification index for each IGWP mixture
replacement of R134a (a), R404A (b) and R410A (c) (Herdéapa et al., 2019)
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3.1.2 Experimental studies

Also, experimental assessments are carried out to compare the differénGMik replacements with
the referencdluids. MotaBabiloni et al. (2018)analysed experimentally the two blends R454C and
R455A as R404A replacement in a estage vapour comprasn cycle test bench with internal heat
exchanger (IHX) shown in Figure 3.7.
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Figure 3.7i Experimental test bench used in M&abiloni et al. (2018)

Tests at different condensing and evaporating temperatures representing the medium temperature and
low temperature refrigeration conditions are carried out. From the results emerged that R454C and
R455A have COP 15% and 10% higher than the one of R404A. Conversely, the cooling capacity
difference is within the measurement uncertainty. Even if the preséadéiX is beneficial for system
performances, the authors stated that the new mixtures can be used in the same plant without it, since
only 4% COP improvement is measured, with the compressor discharge temperatures are close to the
operational limit vale. The discharge temperatures, cooling capacity and coefficient of performance are
shown in Figure 3.8 as a function of evaporating temperatures.
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Figure 3.8i Measured discharge temperature (a), cooling capacity (b) and coefficient ofrparfce
(c) as a function of evaporating temperature for all tested refrigerants (Bakaloni et al., 2018)

Among the R404A alternatives studied by Heredliwapa et al. (2019), R407H is analysed
experimentally by Tammaro et al. (2018) in whiblk auhors carried out an experimental campaign on

a walkin monoblock refrigeration unit. A soft optimization of a watkmonoblock refrigeration unit is
performed in terms of capillary length tube and refrigerant charge with R407H and R452A using similar
appoach of Pisano et al. (2014). The results have been compared to the ones of R404A in standard
configuration. The cooling capacity with R407H is slightly lower than that of R404A. Instead, it has
higher coefficient of performance with a 60% longer capillang 17% less refrigerant charge with
benefits in running and sep costs. Finally, the coefficient of performance of R407H in the optimized
configuration is found to be 4% higher than the one of R452A tested with the same configuration of
refrigerant chege and capillary length tube of R404A. A summary of the results is reported in Table 3.1,
where each configuration is indicated in terms of dimensionless refrigerant charge and capillary length
tube (referred to the one with R404A), and the results abgeevalues of evaporating and condensing
temperatures, evaporator superheat, condenser subcooling, compressor discharge temperature an
dimensionless cooling capacity and COP (referred to R404A) are reported.
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Table 3.1i Results of comparison amongadysed blend in the optimal configuration (Tammaro et al.,

2018)
Fluid C?ﬁ(l)”ﬁ]:y) L (cr:]t;?l’rfgi Tev,mid Tco,mid SHs SC Tdischarge Qev, norm | COP
- - [°Cl | [°C] | [K] [K] [°C] - -
R404A 1 1 -13 459 | 17.2 3 82.9 1 1
R407H 1.6 0.83 -12.2 | 454 | 141 3.7 110.2 0.95 | 1.08
R452A 1 1 -12.7 | 47.7 14 3.2 87.2 0.94 | 1.04

R407H is studied also by Llopis et @0(7),considering a direct expansion commercial refrigeration
system (composed by compressondensereceiver unit connected tocammercial horizontal island
display cabinet for frozen product) by means of experimental campaign carried out in a climatic chamber.
Tests with-20°C product temperatures and three values of ambient temperature 25°C, 35°C and 45°C
with mixtures of R404A ad R407H are carried out. 0%, 10%, 20%, 30% and 100% are considered as
R407H weight percentages being R404A its complement. From the experimental campaign it emerged
that the increasing of R407H percentage causes an increase of COP, compressor disghenate e

and cooling capacity as shown in Figure 3.9 where 100% of R404A and 100% of R407H are compared
for different values of condensing temperatures.
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Figure 3.97 Average compressor discharge temperature (a), average mmmsumption (b), 24h
Energy Consumption (c) as a function of condensing temperatures (Llopis et al., 2017)

Sethi et al. (2016) studied two alternative mixtureR404A, the R448A and R455A in three different
commercial refrigeration applications. Thestitls a 560W sel€ontained refrigerator, shown in Figure
3.10a, where experimental and modelling approach is used to compare the thermodynamic cycle and
performances of the three refrigerants. Up to 6% reduction of power consumption is measured with the
new blends, with similar value of cooling capacity, resulting in a better efficiency. A similar approach is
used for a condensing unit (its diagram is shown in Figure 3.9b) foriwaldd rooms with the blends
R404A and R448A. From the analysis, higheolow capacity is found with R448A, resulting in up to

10% higher efficiency.
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Figure 3.10i Seltcontained refrigeration system (a), condensing unit for walkeezer (b) analysed
in Sethi et al. (2016)

The mixtures for R404Aeplacement, namely R454C, R459B, R457A and R455A, are analysed by
Llopis et al. (2019), in a starmlone commercial refrigeration system for fresh product compliant to ISO
239532. The experimental test bench used in the work is shown in Figure 3.11.
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Figure 3.11i Experimental test bench used in Llopis et al. (2019)

The tests are carried out in the configurations with and without receiver. With this latter configuration,
24 hours tests varying the refrigerant charge with steps of 100gpared out; the optimal value is
obtained in correspondence of the minimum value of the energy consumption. The results of the 24 hours
tests are shown in Figure 3.12 for the different refrigerant and charges in the optimization phase.
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Figure 3.12i 24h energy consumption of the different tests in charge optimization phase (Llopis et al.,
2019)

Finally, in the tests without receiver a 24h energy consumption reduction of 2.07% with R454C, 10.76%
with R459B, 10.48% with R457A and 2.95% with R455A haverb®und than the case with R404A;

these values are higher in case of configuration with receiver. With the new refrigerants the optimal
charge, in most of configurations, is below the value of R404A resulting in an increase of evaporating
temperature anohitigating the negative effect of the high temperature glide.

In small commercial refrigeration appliances, it is possible to easily replace R404A with hydrocarbons,
since for these applications 150g (safety limit for flammable refrigerants accordin@7@&EN016 and
IEC603352-89) of refrigerant are enough to achieve the design cooling capacity. Mastrullo et al. (2014)
carried out an experimental activity in a light commercial vertical freezer to replace R404A with propane.
The authors tested two configations: the first with the same components of the standard refrigerator
with R404A; instead, the second an optimized one with reduced volume heat exchangers to reduce the
refrigerant charge. A reduction of 30% of refrigerant charge is achieved with agsldfion in heat
exchangers volumes. Then the refrigerant charge and the regenerative capillary tube length are optimized
obtaining a 34% reduction of energy consumption than the case of standard system with R404A.
Makhnatch et al. (2017), presenteddrofit of an indirect supermarket refrigeration system from R404A

to R449A working in medium temperature conditions with the secondary fluid temperature ranging from
-9°C to-4°C. The plant layout is shown in Figure 3.13 where the simplified scheme aschtmatic
representation of vapor compression system are shown.

45



-

Dry cooler \@ ®

o

1. Compressor

2. Condenser

3. Subcooler

4. Expansion valve
5. Evaporator

Cabinets — 7+ ! T
|

(@)

Evaporator Condenser
secondary fluid secondary fluid
I 1 I I

%9 é 099!
Q| g © Q@

condenser

subcooler (b)

Figure 3.131 Indirect refrigeration system layout (a) and compression vapour cycle scheme (b) from
Makhnatch et al. (2017)

R449A required only a small adjustment of thermostkigansion valve and a 4% higher refrigerant
charge. An increase of compressor discharge temperature of 15K, a 12.8% reduction of cooling capacity
but similar COP than R404A (around 3.6% less) was observed with R449A. From a TEWI analysis of
the system wit both refrigerants, it emerged that the new configuration has a lower environmental impact
thanks to lower direct emissions despite similar value of the indirect ones.

In the last part of work of Sethi et al. (2016) a centralized supermarket systend iocktEmisburg

(Ohio, US) using R404A is analysed. Firstly, field tests are carried out with R404A for four months, then
the plant is recharged with R448A. The control logic of the plant is modified to have 6K of temperature
difference between refrigeraand air inside the condenser. An energy consumption reduction ranging
from 9% to 20% depending on ambient temperature is registered for R448A than the case with R404A.
In all the applications 10K 15K higher discharge compressor temperatures are measuegdif they

are below the compressor operational limit.
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3.1.3 Environmental impact comparison studies

Environmental impact analyses on small commercial refrigeration appliances are carried out by Llopis
et al. (2020) and Cascini et al. (201f) the first work, the authors used the results presentelbois

et al. 017) to carry out an environmental impact analysis using an innovative approach to evaluate
TEWI index. The increment of energy consumption due to refrigerant leakages, ndewhén the

classic TEWI evaluation procedure, is considered. Different scenarios of refrigerant charge reduction and
daily energy consumption increase are considered with refrigerant annual leakage ratio (ALR) of 2%,
5% and 10%, as shown in Figure 3.1@amparing the new and the classic approaches, emerged that the
classic TEWI index is often underestimated. In fact, higher direct and indirect emissions are calculated
with the new evaluation approach. Even if the difference in direct emissions raoge88r6% to
148.9%, its contribution to the total one is negligible; instead, the difference in the indirect emissions
ranges from 4.7% to 19.2% depending on the country due to different value of carbon dioxide emission
factors. In Figure 3.14b the TEWIfféirences between the classic and proposed approach are shown as
a function of ALR for each refrigerant and country.

In the second work, instead, the authors evaluated the carbon footprint of two monoblock refrigeration
systems for walin cold rooms opetang at MT and LT refrigeration condition respectively. A life cycle
assessment approach is used considering the carbon dioxide emission factor of raw material extraction
and transformation phase, refrigerator and refrigerant production phase, commissibiaise,
refrigerator operation phase, maintenance and dismissing phases. Three different refrigerants R404A,
R410A and R407F are considered, and laboratory tests are performed at MT and LT refrigeration
conditions to evaluate the energy consumption ofithiefor the evaluation of indirect emissions. There

is not a unique configuration having the lowest environmental impact; in fact, this depends by the
refrigerant and the operating conditions. For instance, in MT refrigeration conditions (cold room
tempeature equal to 0°C), R410A is the refrigerant with the lowest environmental impact. Instead, the
R407F with a lower leakage ratio value could be the best option in MT whereas it has the lowest
environmental impact in LT. The authors found, also, thaintlieect emissions cover a range between
roughly 70% to 89% of the total one as shown in Figure 3.15, underlining the importance of the
improvement of components and plant layout efficiency.
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Figure 3.14i Refrigerant charge reduction (left) amidily energy consumption increase (right) as a
function of time (a), TEWI difference between classic and proposed evaluation approach as a function
of ALR for each refrigerant and country (b) (Llopis et al., 2017)
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Figure 3.15/ Total emissions of MTR dri.TR monoblock system (Cascini et al., 2015)
3.2 Carbon dioxide

3.2.1 Theoretical thermodynamic comparison studies

In the last decades the necessity to reduce the HFC emissions have increased the attention towards th
use of carbon dioxide as refrigerant, thartkgs GWP = 1, no flammability and no toxicity (ASHRAE

safety class = Al). Due to its thermodynamic peculiarities, such as a lower critical temperature than
widely used HFC refrigerants (critical point ¥ 31°C and p= 73 bar), it became widely used in north
European couimlCO0i eefrngBeoatyon units where it w
part of yearly operational time and in transcritical heat pumps for sanitary hot water production.

In transcitical condition the gascooler pressure and temperature are not correlated as in subcritical state;
moreover, considering the refrigeration schdmé.iao et al. (1999), shown in FiguBel6a, an optimal
gascooler pressure for a fixed value of outlet galsr temperature that maximize the COP can be found

as shown in Figure 3.16b.
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Figure 3.161 Transcritical carbon dioxide refrigeration diagram with IHE (a) and COP as a function
of gascooler pressure for a fixed value of outlet gascooler tetyse (b) (Liao et al., 1999)

This means that the gascooler pressure should be regulated to ensure the highest COP according to th
trends in Figure 3.16b. In the last part of the work, the authors proposed a correlation to evaluate the
optimalgascooler pressure as a function of outlet gascooler and evaporating temperature.

I n southern European countri B€00t hreefaarglkeamt dioo
disfavoured since it will operate in transcritical condition for a large fayearly operational time
resulting in worse performances than widely used refrigerants. Hneymainly affected by
thermodynamic losses durirgmpression anthmination phase, for this reasonthesecountries it

startedto be used in LT side of cas@adkefrigeration systems coupled with H&H@ primary circuit or
indirectsupermarketefrigeration systesias heat transfer fluiborking in subcritical condition. Further
improvements in refrigeration plant layout and higher components efficiency aedeed o0 mak e 0
-COx0 refrigeration systems more competitive fro
The use of C@in secondary loop indirect refrigeration systems coupled with HFC or HFO fluids brings
beneficial effects in terms of environmental impact rédncof supermarket systems as stdigdullo

et al. (2016) thatompared different indirect system architectures with direct expansion supermarket
refrigeration system (DXS). An energy consumption and environmental impact assessment (TEWI) is
carried outconsidering five scenarios of different cities: Chicago, Albuquerque, Phoenix, Rome and
Athens. The couple R134a / €@ used as working fluid in cascade system (CS), R1234ze AE€0
working fluids in cascade and indirect systems (COM, CSC,-DSECSCD) and R404A in direct
expansion system (DXS). In all scenarios, even if a 2% and 5% higher energy consumption than DXS
and CS, respectively, is found for the four R1234ze # §6tems, they have the lowest environmental
impact as shown by the bar graphFigure 3.17a and Figure 3.17b, respectively. The differences are
mainly due to lower GWP value of R1234ze (GWP = 3) and (GWP = 1) than R134a (GWP = 1430)

and R404A (GWP = 3922).

49



100 +

- : 100 — = >
¥ Chicago ™ Albuquerque ®Phoenix ®Rome ® Athens ¥ Chicago W Albuquerque @ Phoenix WRome ™ Athens

9% + 9

2 80t 80 +

z 71 70 4

Relative TEWT [%]
(DXS as Baseline)
(CS as Baseline)

Relative TEWT [%]

60 T 60 T+

50 4

50 +

COM CscC CSC-D FCSC-D (a) COM OS¢ CSC-D FCSC-D

(b)
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A possible solution to overcome the thermodynamic limit of carbon dioxide in transcritical state consists
in splitting the lamination and compression phase in two parts using a doublecatdigeiration;
Cecchinato et al. (2008) carried out a thermodynamic analysis of differerstage thermodynamic

cycles as shown in Figure 3.18. Some of them are characterized by only split lamination phase, others
only split compression phase and others have both transformations split in two parts. Also, the basic
cycle (one compression and lamination phase, rawslhin Figure 3.18) is analysed.
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Figure 3.18i Singlethrottling, doublecompression cycle (STDC) (a), doulieottling, auxiliary
compressor vapour cycle (DTAC) (b), douthieottling, doublecompression split cyck®TDC_SC)
and pi h diagram (c), doubkthrottling, doublecompression open flash tank cycle aridipdiagram
(DTDC_OFT) (d) Cecchinato et a|2008

Each cycle is optimized in regards of energy consumption by means the calculation of the optimal value
of intermediate pressure and in case of split cycle the refrigerant mass flow rate of the auxiliary stream
is optimized. Simulations at different evaporating and ambient temperatures are carried out and it was
found that the highest energy consumption o#ida is achieved with the most complex cycles
(DTDC_SC and DTDC_OFT) with an efficiency increase of 70% and 16% in the condB@iG /

+35°C and +4°C / +30°C respectively (evaporating / ambient temperature). Conversely, the single
throttling and doubleeompression cycle showed about 50% efficiency increase. Finally, the authors
underlined that the best solution is always a good compromise between installation and running costs.
Moreover, technical improvements of components efficiency and reliabiliyldhbe apported to get

more realistic the outcomes of the thermodynamic analysis.

Doubl e compression andC@o0 orre fdroiugod reattiham tsy s tneggms
the scientific literature by means of energetic and environmentattrapalysis and in some works are
compared with the HFC based systemsGullo et al. (2016), eight configuratioase compared among
cascade system (R134a / g xonventional and improved booster system, two booster systems with
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mechanical subcooling dnother two with mechanical subcooling and parallel compression. The

simulated refrigerant plants are shown in Figure 3.19.
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Figure 3.191 Cascade system (a), conventional booster system (b), booster systemeetitimical
subcooling (c), booster system with parallel compression (d), booster system with mechanical
subcooling and parallel compression (e) (Gullo et al., 2016)

The cities of Athens and Valencia are considered to carry out the simulations andatmashfat the

new solutions have similar energy consumption saving than the baseline cascade system (R334a/ CO
but lower environmental impact up to 9.6%.

Further improvements to the GBasic booster refrigeration plants are implemented such asejeaitdr

block at the outlet of gascooler working with vapour and liquid phase. This feature is investigated in the
work of Gullo et al. (2017)where an energy consumption analysis among different plants layout is
carried out in five different scenarios repented by Oslo, London, Frankfurt, Milan and Athens. Six
layouts are considered: R404A DXS, £€nventional booster system, booster system with parallel
compression, booster with mu#éjector block, booster with parallel compression and overfed MT
evapaators and booster with parallel compression with overfed MT and LT evaporators. The layouts of
multi-ejector booster refrigeration systems are shown in Figure 3.20. The use of ejector allows not also
the recovery of a part of lost energy during the latongphase (referring to a basic booster cycle) but

also allows to overfeed the evaporators, thus increasing the evaporating temperature with benefit on
system performances. This latter has the lowest annual energetic consumption as shown in Figure 3.21.
In cold climates the plant with parallel compressor has similar energy consumption than the conventional
booster due to less operational time of parallel compressor than in warm climates, thus limiting the
advantages of this solution.
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Figure 3.20i Multi-ejector booster refrigeration system with MT overfed evaporators (a) and MT and
LT overfed evaporators (Gullo et al., 2017)
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Figure 3.21i Annual energy consumption of different plant layouts in 5 scenarios (Oslo, London,
Frankfurt, Milan and Atkns) (Gullo et al., 2017)

In a similarwork, Gullo et al. (2016) analysdbe energy consumption and the environmental impact of
multi-ejector overfeed booster refrigeration systems equipped with energy recovery system for space
heating and cooling. Three values of integrated air conditioning load are considered equal ©@086%, 1
and 200% of MT refrigeration condition cooling capacity. Different plant layouts are compared
considering different locations: Rome, Lisbon, Valencia, Athens and Seville. The performances of the
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integrated system are compared with the baseline coafignrcomposed by R404A DXS + R410A air
conditioning system. Up to 25% reduction of annual energy consumption can be achieved with the
integrated system than the baseline. This advantage increases with higher value of AC loads. Different
layouts of integreed booster C®system, shown in Figure 3.22, are studied, and compared with other
systemdy Gullo (2019)The integrated systemaapable to meet the requirements of supermarket space
heating and cooling, and it is compared with R404A DXS + reversgbhegi (RHP) and R134&C0O;

cascade system + RHP considered as baseline configurations, R448A cascade system + R1234ze RHP
indirect refrigeration system + R1234ze RHP. The considered booster systems are PC (booster with
parallel compressor), PC + LEJ (lster with parallel compressor PC and liquid ejectors LEJ) and PC +
MEJ (booster with parallel compressor PC and npliase ejectors MEJ liquid + vapour). The
assumptions used in the calculations are based on results of field tests regbaeadientiic literature.

Warm (Barcelona, Lisbon, Athens, Seville, Tunis, Palermo and Tenerife) and hot (Sydney, Guangzhou,
Phoenix, Rio de Janeiro, New Delhi, Mombasa) climates are considered in the calculations. The only
CO; integrated plants have the lowest aahenergy consumption and environmental energy impact
(TEWI index) compared to the baseline solutions in warm climates up to 32% and 75.8% respectively,
and in hot climates up to 33.3% and 89.5%, respectively.
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Figure 3.22 Schematic lgout of integrated booster system with IHX (a) and with MEJ (ypblse
ejector) block in space heating mode (b) and space cooling mode (c) from Gullo (2019)
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All the improvements to the basic booster x@anscritical system studied separately in sdienti
literature are fused together in one system in the woKaodmpour et al. (2017)ndeed, the authors
proposed as i mul at i ve s iofthby r todk bo@sder fsystera equipped with flooded
evaporators, air conditioning (AC) and heat recovetggration. The proposed system is compared with
a R404A direct and indirect system, two cascade systems (ammoniah@@ropane / C£) and with

COh standard boosteroftegst em.sy$Fhemfsbtatsehown i n
thermodynamic digram.
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Figure 3.23i i St-af-thea r t & boGst&r refrigeration system (a) and thermodynaniicp
diagram (b) (Karampour et al., 2017)

The annual energy consumption and greenhouse gases emissions are evaluated consilienaigshe
of Barcelona and Stockholm with the refrigeration, air conditioning and space heating loads and water

supply and return temperature depending on ambient temperature as shown in Figure 3.24a and Figure
3.24Db respectively.
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Figure 3.24i Refrigeration, air conditioning and space heating loads as a function of ambient
temperature (a) supply and return water temperature as a function of ambient temperature (b)
(Karampour et al., 2017)
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The proposed system has less energy consumption andhgusengases emissions than the others in
Stockholm. In Barcelona, instead, the most efficient and environmentally friendly system is the ammonia
| CO; cascade one.

Islam et al. (2017) carried oafTEWI assessment of different supermarket refrigeratidersygs cascade

and direct type with R134a and R507A as refrigerants used in different combination in MT and LT side,
and transcritical C@direct expansion system. The system with R134a in MT and LT side apd CO
transcritical system have the lowest TEWI. Moreover, the authors demonstrated that the TEWI of the
transcritical cycle decreases with higher COP values, since the indirect emisswansa higher
percentage of total ones. Furthermore, a refrigerant leakages annual costs evaluation is carried out and
they range from 900% to 1300%.

The energy assessment of supermarket refrigeration systems in China isocaroge®un et al. (2020),

that compared twstage R134a refrigeration system, transcriticab 6@bster system and transcritical
booster system with parallel compression and subcooler. The climates of the cities Qigihar, Tianjin,
Wuhan, Guangzhou and Guiyang are considered. Aremeagy consumption of each plant is compared

in all climates, and it is shown in Figure 3.25 together with SEER value.
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Figure 3.25 Annual energy consumption (a) and SEER (b) of the analysed systems in different
climates (Sun et al., 2020)

From the comparison it was found that the booster system has worse performances than Rstage two
system especially in hot climates with 39°C ambient temperature. In fact, in this condition the COP of
the CQ booster plant is half than that of the R134a-stage. The use of parallel compressor allows to
increase COP value of 49% with 39°C ambient temperature, reaching the same COP level than the two
stage plant with a further improvement of SEER that ranges from 11.5 % to 17.8 % (depending on the
climate.
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3.2.2 Experimental studies

Experimental analyses on G@frigeration systems by means of field tests of supermarket systems or
laboratory tests for smaller appliances are, also, present in scientific literature.

Sawalha et al. (2015) compartee performaces of 5 transcritical supermarket refrigeration systems
(named from TR1 to TR5) with field test campaigns. All the systems are installed in Sweden and their
layout are shown in Figure 3.26. The systems TR4 and TRS5 are equipped with flash gas removal,
compressor with higher efficiency and works with higher evaporating pressures than TR1 to TR3;
moreover, all the systems have heat recovery for space heating. From the measurement 35% to 40%
higher total COP is measured for TR4 and TR5 than the TR1 to TR8nsy/ghanks to the
aforementioned features and the fact that they are installed after 2010 than TR1 to TR3 systems (installed
in 2007). The contribution of each feature, installed only in TR4 and TR5 systems, on COP increase is
evaluated with a softwarehé flash gas removal contributes for up to 16%,- 8K higher evaporator
temperature contributes for up to 14%, the same improvement is achieved also with higher compressor
efficiency.
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Figure 3.26i Schematic layout of TR1 (a), TR2 ariRi3T(b), TR4 and TR5 (c) from Sawalha et al.
(2015)

The TR1 to TR5 systems are compared to others working with HFC refriger&atwalha et al. (2017);
field test measurements of three systems (named RS1, RS2 and RS3) installed in Stockholm are carried
out. The layout of the systems is shown in Figure 3.27. The medium temperature side CQk),(COP
low temperature side COP (CGfPand total COP (CORr) are evaluated as in Sawalha et al. (2015).
TR4 and TR5 have higher C@Pthan the RS systems, conversdlyese latter have high COP
Nevertheless, TR4 and TR5 C®F is higher than the one of HFC systems with lower energy
consumption of 20%. The C®&*r values of the modelled systems are shown in Figure 3.28a, as a
function of condensing temperature. G@Rind CORyr values of RS and new conception TR systems
are instead shown in Figure 3.28b as function of outdoor temperature together with Stockiinaorsin
distribution.
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Figure 3.27i Schematic layout of RS1, RS2 and RS3 systems from Sawalha et al. (2017)
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Tests with small scalexperimental facility with C@are also carried odtty Cabello et al. (2012})hat
investigated the optimal position offlh gas injection in a orstage transcritical refrigeration system
whose layout is shown in Figure 3.29.

‘_'_® @ @5 ® Pressure Transducer

@ T-type Thermocouple (surface)

@ T-type Thermocouple (immersion)

A - Semihermetic compressor D/D’ - Pressostatic expansion valve G - Evaporator
B~ Gas-cooler E - Liquid receiver H -~ Magnetic volumetric flow meter

C —Internal Heat Exchanger F - Electronic expansion valve | = Coriolis mass flow meter

Figure 3.291 Schematic layout of test facility used in Cabello et al. (2012)

The investigated positions are indicated with a, b and-gure 3.29. The advantage of flash gas bypass

is to keep lower the receiver pressure thus having low evaporator inlet quality and proper refrigerant
distribution avoiding improper operation of thermostatic valve. Up to 9.8% and 7% increase of cooling
capaity and COP, respectively, are achieved than the configuration without injection valve. The cooling
capacity, COP, compressor discharge temperature and suction superheating with evaporator water/glycol
mixture temperature of 5°C and gascooler water teleperature of 25°C and 35°C are shown in Figure
3.30, and similar trends are found with water/glycol mixture temperature of 15°C. The effect of vapour
injection is also beneficial for the compressor that works with lower discharge temperatures. The
advanage of flash gas vapour injection increases at higher gascooler water inlet temperature, meaning
that greater efficiency can be achieved in warm and hot climates with a real plant, than the configuration
without it.
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Figure 3.30i Coolingcapacity (a) and COP (b) as a function of liquid receiver pressure, total
superheating, and compressor discharge temperature without and with vapour injection (c) (Cabello et
al., 2012)
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