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Sammanfattning

Idag &r det bekraftat att de manskliga utslappen av vaxthusgaser (GHG) ar ansvariga for
klimatforandringen [1]. En av sektorerna med ett markbart bidrag till utslappen av
vaxthusgaser &r luftkonditioneringar och varmepumpar (RACHP). Det uppskattas att
RACHP-sektorn var ansvarig for 349 MtCO2-ekv. 2010 och forutspas passera 1596
MtCO2-ekv. ar 2030 [2]. Enligt International Institute of Refrigeration (I1IR) var 63 % av
vaxthusgasutslappen relaterade till indirekta utslapp i kylsystemen och 37 % var relaterade
till direkta utslapp pa grund av utslapp av kéldmedier [3,4]. Efter globala anstrangningar
att fasa ut de CFC koldmedier for att skydda ozonskiktet, som var reglerat i
Montrealprotokollet [5], var det dags att fokusera pa att fasa ned/ut av vaxthusgaser for att
minska utsldppen av dessa medier. Dessa anstrdngningar startade 1997 genom att
underteckna Kyotoprotokollet. Senare forstarktes den genom F-gasforordningen i
Europeiska unionen 2014 och Kigali-tillagget for att minska anvandningen av
HydroFluorCarbons (HFC) koldmedier med 80 % fram till 2047 [6,7,8]. Aven om
Montrealprotokollet omfattade utfasningen av CFC kdldmedier, &r det vért att ndmna att
denna atgard minskade den globala uppvarmningen med 25 % [9]. Detta beror pa de
mycket hoga vardena for global uppvarmningspotential (GWP) for CFC kdldmedier. For
att minska utslappen av vaxthusgaser fran RACHP-sektorn har alternativa kéldmedier med
laga GWP-varden utvecklats for att ersatta nuvarande anvanda HFC med hégre GWP. Den
globala uppvarmningseffekten av RACHP-systemet ar forknippad med direkta och
indirekta utslapp. Darfor maste GWP-vardena for de alternativa koldmedierna och
energieffektiviteten i systemet som arbetar med dessa kdldmedier beaktas néar kdldmedier
med lagre GWP introduceras.

| detta projekt har en omfattande studie av de alternativa kdldmedierna inklusive naturliga
kéldmedier, HFO, HCFO och blandningar gjorts och férdelarna och nackdelarna med varje
grupp av dessa koldmedier diskuteras. Denna studie inkluderar experimentella studier och
simuleringsstudier och resultaten presenteras i vetenskapliga och tekniska tidskrifter.
Resultatet fran detta projekt visar att de alternativa kéldmedierna med laga GWP-varden
maste utvarderas i termer av energieffektivitet, kompabilitet med andra komponenter,
sakerhet, miljopaverkan och prisdverkomlighet for att kunna bli attraktiva for vid val av
utfasning av héga GWP kdldmedier.

Enligt resultaten av denna studie kan naturliga kéldmedier som kolvéten betraktas som
miljovanliga och energieffektiva val, men huvudfragan om brandfarlighet och sakerhet for
dessa medier kvarstar. Trots dessa risker 6kar anvandning av kolvaten och de har inforlivats
i 1SO- och IEC-standarderna. Det finns ocksa syntetiska koldmedier med 1ag GWP
inklusive HFO, HCFO och HFC/HFO-blandningar som har foreslagits och anvénts som
alternativ med forbattrade eller lika bra termodynamiska egenskaper. Denna studie visar
ocksa att anvandningen av HFO koldmedier har vissa fordelar eftersom de ar sakrare ur
brandfarlighet an kolvaten och har néstan liknande termiska egenskaper som de vanligaste
HFC:erna. Det storsta problemet for dessa medier ar dock nedbrytningsprodukterna fran
vissa av dessa kéldmedier, t.ex. R1234yf som introduceras som ett alternativ till R134a i
mobila luftkonditioneringssystem.

Idag har vi vardefull kunskap och verktyg for att utvardera alternativa lag-GWP-
kéldmedier och tack vare den tekniska utvecklingen inom RACHP-industrin och relevant
riskbeddmning och riskhantering kan vi anvanda lag-GWP kolvéten koldmedier i manga
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applikationer. Faktum &r att vi har ont om tid, darfor maste vi for att nd vart netto-
nollmalutslapp for 2050 ta reda pa om vi kan rdkna med HFO:er/HCFO:er som
miljovanliga kéldmedier i framtiden for RACHP-industrin eller inte. Det kan vi gora
genom en omfattande studie om miljopaverkan fran nedbrytningsprodukterna fran dessa
koldmedier. Med ingen eller forsumbar miljopaverkan, gor det mgjligt att anvanda dessa
medier i existerande anlaggningar och nya produkter. Da kommer det att finnas fler val for
olika applikationer. Annars maste vi komma tillbaka till naturliga kéldmedier som skulle
vara de enda koldmedier som kan betraktas som "hallbara och miljévanliga®”.
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Summary

Today, it is well-understood that the human-made emissions of greenhouse gases (GHGS)
are responsible for climate change [1]. One of the sectors with a noticeable contribution to
GHGs emissions is the refrigeration, air conditioning and heat pump (RACHP) sector. It is
estimated that RACHP sector was responsible for 349 MtCO2-eq. in 2010 and predicted to
pass 1596 MtCO2-eg. in 2030 [2]. According to the International Institute of Refrigeration
(IIR), 63% of GHG emissions are related to indirect emissions of the refrigeration systems,
while direct emissions due to the escapes of refrigerants are responsible for 37% of the total
emissions [3,4].

After global efforts to phase out the chlorofluorocarbons (CFCs) fluids to protect the ozone
layer, as an outcome of the Montreal protocol [5], it was time to focus on phasing down/out
of other GHGs to reduce the emissions of these gases. These efforts started in 1997 by
signing the Kyoto protocol. Later, it was reinforced through the F-Gas Regulation in the
European Union in 2014 and the Kigali amendment to reduce the use of hydrofluorocarbon
(HFC) refrigerants by 80% until 2047 [6,7,8]. Although the Montreal protocol covered the
phasing out of CFCs refrigerants, it is worth mentioning that this action reduced global
warming by 25% [9]. This is due to the very high global warming potential (GWP) values
of CFCs.

To reduce GHGs emissions of the RACHP sector, alternative refrigerants with low GWP
values have been developed to substitute currently used HFCs with higher GWP. The
global warming impact of the RACHP system is associated with direct and indirect
emissions. Therefore, the GWP values of the alternative refrigerants and the energy
efficiency of the refrigeration and heat pump systems operating with these refrigerants must
be taken into consideration when introducing refrigerants with a lower GWP.

In this project, a comprehensive study of the alternative refrigerants including natural
refrigerants, HFOs, HCFOs and blends has been done and the advantages and drawbacks
of each group of these refrigerants are discussed. This study includes experimental and
simulation studies and the results are presented in scientific and engineering journals. The
results from this project show that the alternative refrigerants with low GWP values must
be evaluated in terms of energy efficiency, compatibility with other components, safety,
environmental impact and affordability in order to be attractive when choosing to phase
out high GWP refrigerants.

According to the results of this study, natural refrigerants such as hydrocarbons can be
considered as environmentally friendly and energy efficient choices, but the main issue of
flammability and safety for these refrigerants remains. Despite these risks, the use of
hydrocarbons is increasing and they have been incorporated into the ISO and IEC
standards. There are also low GWP synthetic refrigerants including HFO, HCFO and HFC
/ HFO blends that have been proposed and used as alternatives with improved or equally
good thermodynamic properties. This study also shows that the use of HFO refrigerants
has certain advantages because they are safer from flammability point of view than
hydrocarbons and have almost similar thermal properties as the most common HFCs. The
biggest problem for these fluids, however, is the degradation products from some of these
refrigerants, e.g. R1234yf introduced as an alternative to R134a in mobile air conditioning
systems.
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Today we have valuable knowledge and tools for evaluating alternative low-GWP
refrigerants and thanks to the technical development in the RACHP industry and relevant
risk assessment and risk management, we can use low-GWP hydrocarbon refrigerants in
many applications. In fact, we are short on time, so in order to reach our net zero target
emissions for 2050, we must find out whether we can count on HFOs / HCFOs as
environmentally friendly refrigerants in the future for the RACHP industry or not. We can
do this through a comprehensive study on the environmental impact of the decomposition
products from these refrigerants. With no or negligible environmental impact, from these
refrigerants it will be possible to use them in existing facilities and new products. Then
there will be more choices for different applications. Otherwise, we must return to natural
refrigerants, which would be the only refrigerants that can be considered as "sustainable
and environmentally friendly".
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1. Introduction

1.1. F-Gas regulation

The regulations and legislative acts adopted by the European Union led to the successive
phase-out/down of CFCs, HCFCs and HFCs. The F-Gas regulation (EU Regulation
No0517/2014) aimed to reduce greenhouse gas emissions by 2030, and its focus is on a
drastic phase-down of HFCs. This regulation includes a stepwise ban to use refrigerants
with high GWP aiming to decrease the direct emissions (related to GWP values) caused by
the use of HFCs, as shown in Figure 1. The target is to reduce the emissions by 79% by
2030 compared to 2010 as the reference year.

120% Service and maintenance bans GWP Timing
HFC's 2,500 Jan. 2020
F-Gas Baseline
2009-2012 ‘Placing on the market’ (new equipment) bans
100% Damestic refrigerators and freezers 150 Jan.2015
Ty Refrigerators and freezers for commercial use 2,500 Jan, 2020
E (hermetically sealed systems)
& 80%
=2 Refrigerators and freezers for commercial use 150 Jan. 2022
s (hermetically sealed systems)
a2
= Stationary refrigeration equipment 2,500 Jan.2020
3 60% (except equipment for temperatures below -50 °C)
o
% Non A5 Countries (US) Multipack centralized refrigeration systems 150 Jan. 2022
=) for commercial use with a capacity of
2 240 kW (140 kBTU/hr)
e 40% (exceptin the primary refrigerant circuit of cascade
= systems, where fluorinated greenhouse gases with a
v GWP of less than 1,500 may be used)
20% I —— Mavable room air-conditioning appliances 150 Jan. 2020
(hermetically sealed equipment which is movable
between rooms by the end user)
Single split airconditioning systems containing<3kg 770 Jan. 2025
0% T T T T
2005 2015 2025 2035 2045

Figure 1. An overview of the EU F-gas Regulation [10]

A continues reduction in the use of HFCs in European countries is confirmed and reported
by the EEA [11]. The report states that the attempt to phase-down/out HFCs under the EU-
wide regulation (F-gas) and the global HFC phase-down regulation (Kigali amendment to
Montreal protocol) has progressed successfully and met the defined goals so far. The latest
version of the EU F-gas regulation started in 2015 and aimed to reduce emissions by two
thirds by 2030 compared with the 2014 levels. To meet the requirements of the Paris
Agreement, the EU is committed to reduce GHG emissions by 40% in domestic emissions
by 2030 compared to 1990 level, although the European Commission has proposed to
change the reduction target to at least 55%.

The stepwise reduction in the use of HFCs under the EU F-gas Regulation is presented in
Figure 2. As a consequence of the regulation, fluorinated greenhouse gas emissions have
been decreasing since 2015, after the peak in 2014.
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Figure 2. Progress of the HFC phase-down under EU regulation [11]

According to the F-gas regulation, companies in the EU have been reporting the details of
their activities involving F-gases such as annual production, imports and exports. Figure 3
represents the supply, production, import, export and destruction of F-gases in the EU from
2007 to 2019. These data revealed that the volume of total supply of F-gases in the EU
measured in tonnes decreased by 15% in 2019 compared to 2018, while the reduction is
even more significant if considering the carbon dioxide equivalent. In 2019, the total
imports of F-gases to the EU decreased by 14%, the bulk exports decreased by 10%, the
reclaimed F-gases decreased by 20%, and the destroyed amounts increased by 145%
compared to 2018.

From 2007 to 2014, the production of F-gases in Europe decreases successively, except in
2008 and 2009 when the financial crisis affected the whole market. The F-gases production
increased slightly after 2014, but the GWP of the produced gases continued to decrease. In
2018, noticeable reductions in the volume of the F-gases production and their GWP values
were reported. Although the refrigerants such as R134a, R143a and R365mfc were
subjected mainly by the production reduction after 2018, still HFCs were the main
produced F-gases (more than 90% of total), with R134a and R365mfc as the largest parts.
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Figure 3. Supply, production, import, export and destruction of F-gases [11]

The investigation of the supply of F-gases to the EU revealed that the trend in the EU supply
was almost stable from 2007 to 2013 (Figure 4). During this period, the total supply of F-
gases remained below 92000 tonnes and the average GWP was 2464 (varied between 2410
and 2521). The data for the period of 2007-2013 are limited to bulk supply and F-gases in
products and equipment were not included. The maximum supply of F-gases occurred in
2014 when the total supply of F-gases reached to above 120000 tonnes with the average
GWP of 2241. The reduction in the supply of F-gases after 2014 was a consequence of the
regulations entering into force to limit the use of F-gases. The total supply of F-gases
reduced by 15 and 25% in 2019 compared to 2018 and 2017, respectively. The average
GWP of the supplied F-gases reduced from 2027 in 2017 to 1552 in 2019.

Tonnes

140 000 5

120 000 1

100 000 1

80000 1

60 000 -

40 000 -

20000 4

Tonnes

140 000 ~

120 000 +

100 000 o

80 000 o

60 000 o

40 000 A

20000 +

0

Supply Production and — Destruction
reclamation

- Imports Exports

MtCO,e

W Other F-gases (tonnes)
HFCs (tonnes)

— Total F-gases (MtCO,e) mm

— HFCs (MtCO,e)

Bulk HFCs (MtCO,e)

r 350

- 300

I 250

I 200

F 150

- 100

- 50

O O NI D > oA DO
ST NO N

A
Q' K NN NN
R S e N

Figure 4. EU supply of F-gases [11]
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Among HFCs, R134a was the main contributor in the supply of F-gases. In 2014, the
contribution of R134a was 52% of the total supply of F-gases to the EU and it reached to
67% in 2019, indicating the role of R134a in global warming. The details of the supply of
F-gases in 2019 are presented in Figure 5. The data revealed that 61% of total supply of F-
gases to the EU was HFCs, delivered in bulk. The second position belonged to unsaturated
HFCs with a share of 23%. About 13% of HFCs was delivered in products and equipment.
Comparing the percentage of tonnes and percentage of equivalent CO, (CO,e) of the total
supply indicates the prominent role of SFs, NF3 and PFCs in terms of GWP, although they
made up a small proportion of the supply in quantity.

Percentage of tonnes Percentage of CO,e
2% 0.1 % ~—

6 %

61 % 11 %
13 % 66 %
HFCs {bulk) W SF,
HFCs {equipment) MF,
| | Unsaturated H{C)FCs Other F-gases
B PrCs

Figure 5. Total supply by types and groups of F-gases in 2019 [11]

Among all reported applications, the supply of F-gases was dominated by refrigeration, air
conditioning and heating. This sector was responsible for 71% of the 2019 supply in tonnes
and 63% in CO- e. The total supply of F-gases in refrigeration, air conditioning and heating
sector was 55600 tonnes in 2019, which showed a 19% reduction compared to 2018. After
refrigeration, air conditioning and heating sector, the second place in total supply of F-
gases belonged to the foam-blowing sector.

One of the main obstacles to international efforts to limit the impact of greenhouse gases
used in the cooling sector is the illegal trade of these substances. According to the
regulations and legislative acts, the use of some refrigerants is becoming forbidden or
limited. However, some individuals got encouraged to seek alternative sources for these
refrigerants, which provide them large profits due to the lack of policing of the regulations,
such as F-Gas regulation. This causes an illegal trade activity regionally and globally. In
the EU, the illegal imports of HFCs were up to 20% of the allowable quota in 2018, mainly
the most widely used refrigerants R-134a, R-410A and R-404A [12].
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1.2.F-gas revision

The trends in the refrigeration and heat pump industry reveal that F-gas has kicked-of the
renovation in the industry and the result is switching to HFC-free technologies. In fact, F-
gas has a notable influence on accelerating the development of technologies and equipment
using alternative refrigerants with low GWP such as natural refrigerants and HFOs. For
companies, it provides the opportunity to get an advantage over their competitors and the
outcome of this competition is introducing efficient technologies and products to the end
users.

Experts in the refrigeration and heat pump industry believe that the overall approach so far
is positive, but more can be done. According to that, the European Commission has started
the process of updating the F-gas regulation. In June 2020, the European Commission
published a report entitled “Review of EU rules on fluorinated greenhouse gases” which
was a combined evaluation roadmap/Inception Impact Assessment, aiming to evaluate how
the refrigeration market is affected by the implementation of the F-gas regulation and on
what cost the phase-out/down of F-gases was achieved [13].

According to the European Commission’s report, the emissions of F-gas in the EU
increased by 60% since 1990 and F-gases are responsible for 2.5% of overall EU
greenhouse gas emissions [13]. The rules such as F-gas regulation has a remarkable impact
on the emissions, but in the light of Kigali Amendment and the European Green Deal and
the lessons learned during the implementation of F-gas regulations we can combat the
climate change more effectively. Hence, the EU has decided to update the rules. The F-gas
Regulation is currently under review, aiming in to accelerate the phase-out of HFCs and
pave the way for a more widespread use of natural refrigerants.

There are some challenges to tackle in the revision of F-gas regulation such as remaining
in conformity with Montreal Protocol after 2030, further emission savings in support of
reaching the European Green Deal objectives more easily according to the availability of
required knowledge and developed technologies and more effective monitoring of the
refrigerants traffics.

An extensive market study was done to collect expertise from European Heating,
Ventilation, Air Conditioning and Refrigeration stakeholders [14]. This study included
inputs from 125 industry professionals from more than 80 companies active in the EU,
focusing on collecting information on the opportunities and challenges related to being
more ambitious in the new F-Gas Regulation revision. Experts recommended that:

e Accelerating the HFC Phase-Down Schedule: The current F-gas regulation requires
stepwise reductions to 45% of the baseline by 2021; 31% in 2024; 24% in 2027 and
21% in 2030. According to the market study, 77% of respondents believed that the
phase-down schedule needs to be accelerated.
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e Sectoral Bans Key to Driving Sustainability: The market study revealed a widespread
support for more ambitious sectoral bans. It includes sectors which were already
subject to the bans in the F-gas regulation, and also the sectors which were not included.

e European Green Deal Should Speak to F-Gases: Regarding the European Green Deal,
88% of survey respondents believed that it should be updated to more prominently and
more ambitiously include the regulation of fluorinated gases.

e Mandatory Training on Natural Refrigerants: There is no mandatory training on natural
refrigerants and technologies according to the previous F-Gas Regulation revision.
Hence, it affects the tendency of technicians and certified personnel to gain a
familiarity and comfort with natural refrigerants and technology. According to the
survey, 75% of the respondents believed that mandatory training is positive for their
business and they would benefit from this.

o lllegal Trade: It is crucial to have a better monitoring to limit the illegal trade. 91% of
the respondents supported the measure of EU-wide minimum penalties for HFC and
HFC-equipment smuggling.

e Recovery and Reclamation: To minimize the environmental impact of the refrigerants,
it is essential to consider recovery and reclamation as key factors for the life cycle
management.

e Sector-Wide Servicing Bans: According to the current F-gas regulation, the service and
maintenance of commercial refrigeration equipment with a charge size of 40 metric
tons of CO2 equivalent or more using HFCs with GWP of 2500 or more is prohibited
from 1 January 2020. About 74% of the respondents believed that we could have
similar bans for the other sectors beyond commercial refrigeration as well.

Some experts and organizations have provided recommendations on the revision of the F-
gas regulation to accelerate the stepwise reduction plan to mitigate the use of HFCs [15,16]

1.3. Environmental metrics

To have areliable action plan to combat climate change, it is very important to use the right
metrics to evaluate the emissions from a refrigeration/heat pump system. The common
metric is GWP, but as a single proxy, it is not enough. GWP reflects the direct emissions
related to the leakage form the refrigeration/heat pump system and the fact is that the direct
emissions are only responsible for minority of the emissions. The majority of the emissions
belongs to the indirect emissions including the emissions during the production and
disposal phases, and mainly during the operation of the refrigeration/heat pump system
over its lifetime.

14 (73)
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To evaluate the overall emissions, some metrics such as Total Equivalent Warming Impact
(TEWI) and Life Cycle Climate Performance (LCCP) are introduced which reflect both the
direct and indirect emissions. In figure 6, the emissions included in these metrics are

presented.
B EOL refrigerant
(recovery losses) Direct Emissions
Total Equivalent Warming Impact__| Annual refrigerant (related to GWP)
(TEWI) leakage
System running
energy consumption
Life Cycle Climate Performance Equipment

(LCCP) - management Indirect Emissions
(related to CO2
Equipment EOL emissions factor)

Refrigerant
management

Figure 6. Different metrics to evaluate the emissions

The indirect emissions caused by the power consumption can be reduced by improving the
efficiency of the system and using renewable energy. It is of importance especially in
countries where the carbon footprint during the electricity generation is larger (using coal
and fossil fuels as the sources of electricity generation). In that case, lowering the power
consumption can be a temporarily relief until they move toward clean sources of energy to
generate electricity. Therefore, the focus should be on both GWP and efficiency together.
It is also important to note that, although the European power system is projected to be
almost fully decarbonized by 2050, energy efficiency remains an important target. The
heating and cooling demands are predicted to increase remarkably in EU28 by 2050 [15],
therefore, it requires an increase in the electricity input from 520 TWh today to around 830
TWh in 2050. Hence, energy efficiency will be a crucial and accelerating factor for the
optimal decarbonisation of the heating and cooling sectors.

1.4. Low GWP refrigerants

During past decades, chlorine-free HFCs such as R134a, R44A, R407A, R410A and
R507A have been used in the refrigeration and heat pump systems. The use of these
refrigerants have come up with a new challenge according to their greenhouse effect. In
fact, these refrigerants contribute to global warming because of the high GWP values. As
an environmentally friendly substance, a refrigerant must have a low GWP in addition to
zero ODP and negligible impact of degradation products. In this section, some low GWP
alternatives to HFCs will be introduced and discussed.
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1.4.1. Natural refrigerants

Natural refrigerants, which occurs directly in nature, are widely used in refrigeration and
heat pump industry for many years. Ammonia, carbon dioxide and hydrocarbons are the
most commonly used natural refrigerants in RACHP. These refrigerants are climate-neutral
with a very low GWP and zero ODP values. These refrigerants are cost-effective as it is
inexpensive to produce them and they have a long-term availability. To have a better view
about the advantages of these refrigerants, in terms of their ozone depletion and global
warming impacts, ODP and GWP of some selected synthetic and natural refrigerants are
presented in Table 1.

Tablel. ODP and GWP of selected synthetic and natural refrigerants

Classification | Refrigerants ODP GWP
R12 1 10900
cFe R502 0.33 4657
R22 0.055 1810
HCFC R123 0.06 77
R23 0 14800
HFC R32 0 675
R170 0 6
Natural R7ad 0 L
R717 0 0
R718 0 0
e Ammonia

Ammonia is a natural refrigerant composed of hydrogen and nitrogen. Environmentally
friendly characteristics of ammonia make this refrigerant as an attractive potential
alternative to HFCs. Ammonia is used as a refrigerant in many commercial facilities for
more than a century, and today, it is mostly used in large-scale cooling equipment and
refrigeration plants. Table 2 represents properties of ammonia. Ammonia is considered as
the most environmentally friendly refrigerant with GWP and ODP of zero. It is also
interesting to note that, due to its favorable efficiency, refrigeration system using ammonia
have relatively lower contribution to indirect global warming. Ammonia has higher
efficiency than many HFCs counterpart [17-19].

Table 2. Properties of ammonia
Properties values
Critical Temperature (°C) 132.3
Critical Pressure (bar) 113
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Density (kg/m?) 225
Normal boiling point (°C) -33
Specific heat ratio 1.346
ASHRAE number R717
ODP 0
GWP 0
Safety class B2L

Typically, it is possible to use smaller refrigerant piping (smaller pipe diameters) when
using ammonia compare to other common refrigerants. In addition to that, it has a
considerably lower price for per kilogram compared to most of the HFCs. Ammonia can
be employed in cascade systems with CO- to achieve even higher efficiency for low and
very low temperatures.

Ammonia belongs to the safety class of B2, meaning that it is toxic and flammable, and
special safety measures are required for construction and operation of refrigeration systems
operating with this refrigerant. Typically, any leakage of ammonia is easily detectable by
human due to its charectristic odor. When using ammonia, it should be considered that it
has relatively higher isentropic exponent (which specifies a relationship between an
expanding fluid's pressure and density as the fluid flows through the differential
pressure flowmeter [20]) than HFCs such as R134a and consequently higher discharge
temperature is expected with ammonia. Therefore, it may restrict the evaporating
temperature in single stage compression to around -10 °C. High discharge temperature
makes it essential to take into consideration the thermal stability of the lubricant in the
refrigeration system. Ammonia has a very large enthalpy difference which results in a very
low circulating mass flow than many other refrigerants. Although it is desirable feature for
large ammonia plant, it makes it more difficult to control the refrigerant injection in small
capacities. Material compatibility is an inportant factor which should be taken into account
when choosing ammonia as a refrigerant. Ammonia is corrosive to copper and the use of
this metal should be avoided, otherwise the facility will be at risk of a leak. It is
recommended to use steel for pipings, heat exchangers and fittings.

e Carbon dioxide

Carbon dioxide has been used for many years as a refrigerant in the refrigeration industry.
This refrigerant has zero ODP and GWP of one, and is non-flammable and chemically
inactive. These properties makes it an environmentally friendly refrigerant. In addition,
CO: is an inexpensive and plentiful refrigerant with a very high volumetric refrigerating
capacity. To use CO; as a refrigerant in the refrigeration industry, it is essential to take into
consideration its thermodynamic characteristics. It has an extremely high discharge
pressure and requires increased pressure to act as a refrigerant. Comparing to other natural
refrigerants, CO; needs to be pressurized more. CO; has a high heat transfer coefficient due
to the high thermal conductivity and a high density in gaseous phase. Therefore, it has a
good heat transfer performance in evaporators, condensers and gas cooler and requires


https://www.sciencedirect.com/topics/engineering/differential-pressure
https://www.sciencedirect.com/topics/engineering/differential-pressure
https://www.sciencedirect.com/topics/engineering/flowmeter

18 (73)
Energimyndigheten

smaller system with the reduced pipe sizes to operate compared to synthetic refrigerants.
The high density in gaseous phase makes it possible to provide a higher refrigerating effect
with even a low circulating mass. Figure 7 represents the pressure-enthalpy diagram and
comparison of pressure level of CO, and other refrigerants. For the refrigeration systems
operating with CO,, a smaller compressor displacement is needed due to the much higher
enthalpy of evaporation per displaced cubic meter.
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Figure 7. (a) P-h diagram of CO2 and (b) comparison of pressure level [21]

o

The critical temperature of CO; is only 31 °C, meaning that the refrigeration system
operating with CO, must reject heat in trans-critical operation when the ambient
temperature is close to or above the critical temperature. It is noted that, in trans-critical
operation, a higher compressor discharge pressure is required, leading to a higher power
consumption and consequently higher indirect emissions. At the same time, when operating
close to the critical point, a higher condensing temperature is required which results in a
lower COP compared to other refrigerants. CO- can be used as a secondary fluid in low
temperature applications due to its relatively lower pumping power, suitable material
compatibility and desirable heat transfer properties.

There are different designs for the refrigeration systems to utilize CO; as a refrigerant. The
CO; applications can be divided in to subcritical and trans-critical applications. Subcritical
applications suit for application range approximately -10 to -50, while the system has a
good efficiency level. In trans-critical applications, the heat removal process on the high-
pressure side is isobar. The trans-critical units are equipped with a gas cooler instead of a
condenser and a high-density vapour is transported while the pressure remains above
critical point. CO; is also considered as a refrigerant of choice in mobile air conditioning
(MAC) systems.
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e Hydrocarbons

Hydrocarbons such as propane (R290), isobutene (R600a) and propylene (R1270) are
widely used in refrigeration and heat pump industry and known as one of the most basic
elements on earth, consisting of hydrogen and carbon. Hydrocarbons are environmentally
friendly refrigerants with zero ODP and a very low GWP. According to ASHRAE standard
and ISO 817, hydrocarbons are categorized as A3 refrigerants, meaning that they are highly
flammable with Lower Flammability Limit of less than or equal to 0.1 kg m= and heat
combustion of higher than or equal to 19000 kJ kg*. The properties of some of the
commonly used hydrocarbons are presented in Table 3.

Table 3. Properties of some of the commonly used hydrocarbons [22]

R290 | R600a | R1270
Formula CsHs CsHiwo | CsHs
Molecular mass (g mol™) 44 58 42
Ozone depletion potential 0 0 0
Global warming potential, GWP 3 3 3
Safety classification A3 A3 A3
Critical temperature (K) 369.9 407.8 | 364.2
Critical pressure (MPa) 4.25 3.63 4.55
Saturation pressure at 280 K (MPa) 0.588 0.201 | 0.716
Enthalpy of vaporization at 280 K (kJ kg™) 364.5 347.4 | 366.6
Vapor density at 280 K (kg m™) 12.8 5.4 15.05
Volumetric capacity at 280 K (kJ m™) 4646.9 | 1868.9 | 3197
Saturation pressure at 341 K (MPa) 2.50 1.05 2.96

Although hydrocarbons had been used from mid 1800s until the time synthetic refrigerants
were proposed at the end of the 1920s, they have been regaining popularity since 1990s
because of their low environmental impact. The safety concerns regarding the flammability
of these refrigerants are now eliminated as many risk assessment and standards are
available to guarantee the safe use of hydrocarbon refrigerants in many applications. Today,
hydrocarbons are used as a common alternative to HFCs in the various applications from
small sized domestic refrigerators to large-scale systems in chemical plants. R600a is the
most frequently used hydrocarbon in household refrigerators. R290 and R1270 are the
refrigerants of choice in heat pump systems, using by many heat pump manufacturers.

Hydrocarbons have excellent thermodynamic properties which result in a good
performance for the system operating with these refrigerants. They have also good
compatibility with components and lubricants, and the hydrocarbon systems mostly require
relatively low charge. Comparing to R134a and R22, hydrocarbons have much lower molar
mass and liquid density. The heat of evaporation of hydrocarbons is about two times greater
than that of R134a and R22. Figure 8 represents a comparison between critical temperature,
normal boiling point and triple point temperature of some selected hydrocarbons and
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conventional refrigerants. It is noted that, a higher system performance is expected for the
refrigerants with higher critical temperature and normal boiling point.
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Figure 8. Critical, normal boiling point, and triple point temperatures of HC and those
of conventional refrigerants [23]

1.42. HFOs

As there are very limited number of non-flammable and high pressure replacement with
low GWP for some of the HFCs, it is unavoidable to employed refrigerants with some
degree of flammability in refrigeration systems. Today, refrigeration industry pays extra
attention to HFOs. HFO refrigerant composed of hydrogen, fluorine and carbon atoms,
including at least one carbon-carbon double bond. HFOs with two and three carbon atoms
are the candidate to be replaced by HFCs. As shown in Figure 9, the two-carbon HFOs,
except R1132(Z) and R1132), have too low normal boiling point temperature compared to
one or two-carbon HFCs such as R134a, R125 and R32. However, some HFOs with three-
carbon atoms have normal boing point temperature in a suitable range to be used instead
of some HFCs [24].
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Figure 9. Variation of normal boiling point temperature with the number of fluorines of
the (a) one-carbon HFCs and two-carbon HFOs and (b) two-carbon HFCs and three-
carbon HFOs [24]

¢ Global warming potential of HFOs and HFO blends

As a consequence of phasing out/down of refrigerants such as CFCs and HFCs with high
GWP, HFOs have been projected and developed as possible alternative refrigerants. HFOs
have low atmospheric lifetimes and GWP, as they are compounds with a carbon double
bond [25]. The carbon double bond reacts with atmospheric hydroxyl radical much faster
than with HFCs such as R134a with a carbon-carbon single bond. The result is a very short
lifetime of few days for HFOs instead of years to decades for HFCs, meaning that these
refrigerants possess very low values of GWP. In Table 4, HFOs and HFO/HFC blends
which are currently used/likely to be used as refrigerants are presented.

Table 4. Examples of HFOs and HFO/HFC blends

HFO Other known nomenclature GWP
HFO-1234yf Solstice® yf Refrigerant, R-1234yf, <1
Opteon™ YF
HFO-1234ze Solstice® ze, HFO-1234ze(E) 6
HFO-1233zd Solstice® zd, HFO-1233zd(E), HCFO- | 7
1233zd
HFO-1224yd Amolea® 1224yd, HFO-1224yd(Z) <1
HFO-1336mzz Opteon™ 1100, HFO-1336mzz-Z, HFO- | 2
1336mzz(2)
HFO-1243zf - 0.8
HFO/HFC blend Trade names GWP
R-448A (HFO/HFC blend) | Solstice® N40 (R-448A) 1273
R-449A (HFO/HFC blend) | Opteon™ XP40 (R-449A) 1397
R-450A (HFO/HFC blend) | Opteon™ XP40 (R-449A) 601
R-452A (HFO/HFC blend) | Opteon™ XP44 (R-452A) 2140
Manufacturer: Solstice® (Honeywell); Opteon™ (Chemours); Amolea® (Ashai Glass)

Although HFOs have very low GWP, many of them are classified as refrigerants with lower
flammability, classification of “2L”. In general, the flammability of a refrigerant has
influence on its use as safety codes place restrictions on the use of flammable refrigerants
in some applications. A solution to overcome this problem is proposing blends of the HFOs
with nonflammable fluids. In fact, compounding of a nonflammable HFC with a high GWP
and a flammable HFO with a very low GWP yields a nonflammable refrigerant mixture
with a reduced GWP value [25,26].

According to ASHRAE Standard and its Addenda, 24 blends which include some
combination of R1234yf, R1234ze(E), R134a, and R-125 are listed in this standard as of
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January 2020 [26]. The suppression of flammability in the blends strongly depends on the
relatively high concentrations of R-134a and/or R-125. Consequently, it limits the
reduction of GWP values of the blends. For example, 17 out of 24 introduced blends in
ASHRAE Standard are classified as nonflammable refrigerants, but they have GWP above
540, while 12 of them have GWP more than 1000. It is important to note that it is a clear
improvement in terms of global warming potential as the commonly used HFCs such as
R410A (GWP of 1924) and R404A (GWP of 3943) have much higher GWP than the HFO
blends [26].

e Degradation products of HFOs and its consequences

HFOs have the same atoms like HFCs including carbon, hydrogen and fluorine, but are
unsaturated organic compounds. HFOs, introduced to the market, are mostly based on
alkenes like propene (e.g. R1234yf or R1234ze) and sometimes butene (e.g. R11336mzz)
or ethene (e.g. R1132a). Due to the less stable molecules, HFOs experience a fast
decomposition in the atmosphere. In general, the atmospheric degradation of halogenated
refrigerants the halogenated carbonyl compounds such as CF,0O, HCFO, CCIFO, CF;CHO
and CF3;CFO (TFF) are formed as intermediate products. The intermediate products of
HFOs degradation are dependent on the type of HFOs which of course determine the final
products of the degradation [27,28]. Figure 10 represents the atmospheric degradation path
of two substances including R134a and R1234yf as HFC and HFO refrigerants,
respectively.

CF,CFH, CF,CF=CH,

oH*
0,,NO*
0, NO*

CFCFHO® + NO, + H0 CF,CF(O%)CH,(OH) + NO,  CF,CF(OH)CH,0" + NO,

A A
0, |720% A
2 CF,CFO |+ CH,(OH)(")  CF,CF(OH)(*) + HCHO

CF,CFO | + HO," CF;* + HCFO TFF 0,

(a) (b)
Figure 10. Simplified degradation scheme for the OH-initiated addition of (a) R134a
and (b) R1234yf [28]

OH"

The intermediate products are degraded to the final products including CO,, HCOOH, HClI,
HF and CFsCOOH (trifluoroacetic acid or in short TFA). Among these final products, TFA
is the only one that shows persistence in the environment. Except TFA and HCOOH, other
final products are inorganic, while HCOOH or formic acid decomposes in water and air to
CO./H; and CO/H,0, meaning that not persistent in the environment. Figure 11 shows the
atmospheric degradation of R134a and R1234yf to the final products.
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Figure 11. Atmospheric degradation of (a) R134a and (b)1234yf via (TFF, CF3CFO),
CF3 radicals and HCFO to the trifluoroacetic acid (TFA) and hydrogen fluoride [28]

TFA, as a toxic by-product of the atmospheric degradation of HFOs, rapidly partitions into
water droplets in the atmosphere and deposits on land and surface waters via rain, snow
and fog. Some HFOs such as R1234yf causes much more TFA than commonly used HFCs
such as R134a. Table 5 represents HFOs and HFCs (for comparison) substances
degradation products and TFA yields.

Table 5. Substances degradation products and TFA yields [28]

Substance name Molar TFA yield Final products
HFC-245fa up to 10% CF,0, CF3C(O)CHF;
HFC-134a 7-20% HC(O)F, CF3CFO
HFO-1234yf 100% CFsCFO, HCOCI
HFO-1234z¢(E) up to 10% CFsCHO, HC(O)F
HFO-1336mzz (E and Z) up to 20% CFsCHO, CF3CCIO
HFO-1243zf up to 10% CF3CHO, HCOCI, XCH2COCF;
HFO-1225z¢ up to 100% CF3CHO, CF,0, CF3;COCF.X, CF3CCIO
HFO-1225ye(E and Z) up to 100% CF3CFO, HCFO

o HFO emissions estimates-projected up to 2050

The implementation of the EU F-gas Regulation makes it possible to have a projection
about the consumption and emissions of HFOs until 2050. A comprehensive analysis about
the projections on demand, emissions, and degradation products of halogenated refrigerants
in the EU until 2050 is done and the results are reported by the German Environment
Agency [28]. Table 6 shows the overview of the demand and emission quantities of the
individual HFOs in Europe (EU-28) in metric tons. The prediction shows a remarkable
increase in the use of HFOs, as alternatives to commonly used HFCs. A very high level of
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use for R1234yf is estimated as this refrigerant is predicted to be the refrigerant of choice
for mobile air conditioning.

Table 6. Overview of the demand and emission gquantities of the HFOs in Europe (EU-28)
in metric tons (D: Demand, E: Emissions) [28]
Year 2018 2020 2030 2050
Substance D E D E D E D E
R1234yf | 4,016 | 2,926 | 20,003 | 6,903 | 46,030 | 37,439 | 51,223 | 47,658
R1234ze 35 4 9,289 | 4,289 | 12,339 | 5491 | 12,717 | 6,769
R1336mzz | 129 8 878 99 3,513 637 3,513 | 1,159
Total 4,180 | 2,938 | 30,170 | 11,291 | 61,882 | 43,567 | 67,453 | 55,586

Table 7 represents the summary of the quantities of TFA calculated from emissions of
HFOs and HFC-134a (for comparison) in metric tons in the years from 2000 to 2050. Based
on the projected emissions, the amount of TFA caused by HFCs such as R134a will
decrease due to the phase out/down of these refrigerants. In contrast, the increase in the
consumption of HFOs will lead to a significant increase in the TFA quantity.

Table 7. Summary of the quantities of trifluoroacetic acid (TFA) calculated from EU-28

emissions of HFOs and HFC-134a in metric tons in the years from 2000 to 2050 [28]

substance | 2000 2010 2020 2030 2040 2050 Total
R134a 3,895 | 7,595 | 6,352 1,756 1,084 836 202,781

R1234yf 0 0 6,902 | 37,432 | 45,469 | 47,650 | 1,125,699
R1234ze 0 0 429 549 617 677 18,741
R1336mzz 0 0 14 89 127 161 3,233

R134a and R1234yf will be responsible for 96% of the total sum of the TFA input in the
EU while the majority belongs to R1234yf by 81.3% of the TFA input compared to 14.7%
of R134a contribution. The emissions and resulting quantities of TFA in the EU are
presented in Figure 12. The results depict the opposite trend in the emissions and TFA
amount for R134a and R1234yf. In 2000 and 2010, R134a contributed to 93 and 87% of
the annual TFA amount, respectively, while HFOs had negligible contribution in the
emissions and resulting TFA amount. From 2020, the TFA share of R1234yf is predicted
to be dominated with 47%. In 2050, the TFA share of R1234yf will reach to 96%, indicating
higher TFA contribution of R1234yf in the future.
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Figure 12. Development of EU-28 emissions and resulting quantities of TFA of TFA-
forming HFCs, HFOs and HCFOs and blowing agents across all sectors until 2050 [28]

There is no evidence for threat of acute TFA toxicity for humans and also negative effect
on the environment at any of the current or expected concentrations, but, it is well
established that algae such as selenastrum capricornutum (freshwater green alga) are
sensitive to TFA [29]. Moreover, long-term exposure with low concentrations of TFA
through drinking water can potentially damage the liver and have other impacts on humans’
health [29]. Also, unexpected sources of TFA which we don’t know yet can lead to an
increased concentrations of TFA, exceeding the safe level.
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2. Implementation

The investigations in this project consist of a comprehensive simulation modelling,
Artificial Neural Network modelling and experimental study to investigate the energy,
exergy and environmental impact of the alternative refrigerants to HFCs. The software that
has mainly been used in writing the calculation codes for the simulation modelling is
Engineering Equations Solver (EES). Theoretical simulation results and the details of the
modelling procedure are published in scientific journal articles. For ANN modelling, the
code is written in Matlab and field measurement data from a supermarket is used for
training and validation. The details of the field measurement data which were monitored
and recorded for time steps of about few minutes over months of operation are published
in journal papers. For experimental study, a large capacity heat pump system is rebuilt and
modified to investigate the performance of hydrocarbons under different operating
conditions. Using these tools, the energy, exergy and environmental impact of alternative
refrigerants with low GWP are investigated and compared to those of the commonly used
HFCs.

In parallel with simulation and experimental studies, extensive literature review has been
continuously conducted and updated, which can be clearly seen in the project publications.
All the possible group of refrigerants with low GWP are investigated and the advantages
and drawback of each group are discussed. The results of this study has been published in
some scientific and engineering journals which are listed in the publication section.

The principal researcher in this project has been Dr. Morteza Ghanbarpourgeravi. Project
leader and principal supervisor has been Prof. Khodabandeh. The industrial partners in the
project helped in providing access to field measurement data, engaged in discussions and
provided valuable feedback on the research results.
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3. Results

The results from the work in this project are summarized in the following sections which
follow the sequence of the journal papers produced during the project period.

3.1. Theoretical analysis

As a part of this project, many different refrigerants with lower GWP than commonly used
HFCs are evaluated theoretically. The results of the simulations are published in three ISI
journals. In the following sections, a summary of each article is presented.

3.1.1. Paper I: Hydrocarbons as Low GWP Alternatives to HFCs

Hydrocarbons are known as environmentally friendly alternatives to HFCs. As discussed
in chapter 1, these refrigerants are highly flammable, but there are some safety regulations
and precautions to minimize the risk of using hydrocarbons [30-32]. As a part of the
project, the influence of using hydrocarbons as alternative to HFCs, and the influence of
the configuration of heat pumps on their performance are investigated. This section is a
summary of Paper I [33] and the text and graphs are taken from this article.

Three hydrocarbons with suitable critical temperatures including R290, R600a, and R1270
and three configuration including a single-stage cycle (SS), a single-stage cycle with an
internal heat exchanger (IHX) and a two-stage cycle with a flash tank vapor injection
(ECO) were selected for this investigation. The schematic and P-h diagram of these
configurations are presented in Figure 13.
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Figure 13. Schematic and P-h diagram of the heat pump systems: (a) SS, (b) IHX, and
(c) ECO

In this simulation, the temperatures of the secondary fluid in the evaporator inlet and
condenser outlet are kept constant at 5 to 45 °C, respectively. Also, other parameters such
as isentropic and volumetric efficiencies, cooling capacity, superheating and subcooling
temperatures are assumed to be fixed in all cases. It is very important to note that the
simulation results depend on the basis of comparison which is the same heat source and
sink temperatures. Therefore, different evaporation and condensation temperatures are
expected for each case, leading to different results when the basis of the comparison is the
same evaporation and condensation temperatures.

The selected hydrocarbons have a lower mass flow rate than R134a. When the cooling
capacity is fixed (10 kW in this study), a higher value of latent heat of vaporization lowers
the mass flow rates. According to the properties of these refrigerants, the latent heat of
vaporization of R134a is much lower than that for the hydrocarbons, and consequently,
R134a exhibits a larger mass flow rate than the selected hydrocarbons.

The compressor discharge temperature for different configurations and refrigerants is
shown in Table 8. Compared to R134a as baseline refrigerant, R1270 has a slightly higher
discharge temperature. In contrast, R290 and R600a have lower discharge temperature than
R134a. These results suggest that a safe substitution of R290 and R600a for R134a is
possible, and a lower discharge temperature of R290 and R600a could increase the
longevity of the compressor and reduce oil aging. The slightly higher discharge temperature
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of R1270 compared to R134a, under the tested operating condition, is almost negligible as
it is well below the limit that is harmful for the compressors.

Regarding the influence of the heat pump configuration, the use of IHX has a noticeable
influence on discharge temperature. The discharge temperature increases using IHX, but
utilizing vapor injection can decrease the discharge temperature. It makes it important to
assure not to exceed the compressor safe operating temperature limit when using IHX
configuration to supply higher heat sink temperatures.

Table 8. Discharge temperature ("C) for different refrigerants and configurations

refrigerant SS IHX ECO
R134a 59.8 71.7 57.9
R290 58.9 70.4 57.1
R600a 50.3 62.2 49.2
R1270 65.2 76.9 63.1

The relative heating capacity of the heat pumps with different configurations and
refrigerants is presented in Figure 14. Under the operating conditions selected in this study,
the selected hydrocarbons and R13a have almost similar heating capacity and the
differences are very small. The latent heat of condensation and the mass flow rate are the
parameters affecting the heating capacity. R1270 and R290 exhibit slightly higher heating
capacities than R134a, as they have much greater latent heat of condensation, but R600a
had a slightly lower heating capacity than R134a. Although R134a has a lower latent heat
of condensation than R600a, this could be compensated with its much higher mass flow
rate than R600a. Hence, the heating capacity of R134a was found to be slightly higher than
R600a.

R290[]l Reooa [l R1270
1.05

Heating Capacity Ratio (-)

095

SS IHX ECO
Figure 14. Relative heating capacity using R134a as the reference
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Figure 15 shows the relative coefficients of performance of the systems with different
configurations and refrigerants. The heating COP of the system when operating with R600a
was higher than that when using other refrigerants. This can be explained by its lower
power consumption compared with other refrigerants, although it had the lowest heating
capacity. The heating COP of the system when using R290 and R1270 was slighlty lower
than the baseline refrigerant.

R290 R600a [l R1270

1.05

COP Ratio [-)

0.95

SS IHX ECO

Figure 15. Relative COP using R134a as the reference

The influences of the utilization of the IHX and vapor injection on performance parameters
are shown in Figure 16. The influence of utilizing the IHX and vapor injection was obtained
by dividing the performance parameters using the IHX or flash tank vapor injection by a
similar parameter in the single-stage cycle. According to the results, the heating capacity
decreases when utilizing the IHX and vapor injection, while the reduction in heating
capacity was greater with vapor injection than with IHX. For example, the heating capacity
when using R290 decreased by approximately 4.2% when using vapor injection, while it
decreased by 1.4% with the IHX. The heating COP increases with IHX and vapor injection,
while the enhancement when using vapor injection was greater than IHX. Considering the
heating COP improvement, the refrigerant that benefited the most from the IHX was
R600a, with approximately a 3.8% increase in heating COP. A mass flow rate reduction in
both cases, with the IHX and vapor injection, was observed. The decrease in mass flow rate
reduction with the IHX was 10% for tested refrigerants, and it was almost 2% with vapor
injection. The compressor power consumption decreases with both IHX and vapor
injection. The reduction in power consumption was much larger when using vapor injection
than IHX. The IHX and vapor injection utilization had a reverse influence on the
compression pressure ratio and discharge temperature. Figure 16 clearly reveals that the
tested hydrocarbons have almost similar performance to R134a as the baseline HFC
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refrigerant, but the modification of the system configuration has considerable impact on

the performance.
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Figure 16. The influence of (a) IHX and (b) vapor injection on different performance
parameters (Tsource and Tsink 0f =5 and 35 °C)

The relative irreversibility of each component of the system with different configurations
and refrigerants is presented in Figure 17. The results revealed that the compressor was
associated with 40% to 50% of the total system irreversibility in different configurations.
It is due to the high mechanical and isentropic losses in the compressor. The component
associated with a higher proportion of exergy destruction would be the main candidate for
performance improvement, irrespective of its exergy efficiency value. Reducing the exergy
destruction associated with components can lead to the improvement in performance. The
influence of utilizing IHX and vapor injection on exergy parameters is shown in Figure 18.
The utilization of IHX and vapor injection improves the system’s performance remarkably,
while the improvement is much higher with the vapor injection configuration.
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Figure 17. Relative irreversibility diagrams of each component of the refrigeration
system for (a) SS, (b) IHX and (c) ECO configurations and different refrigerants,
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Figure 18. The influence of (a) IHX and (b) vapor injection on exergy parameters

TEWI is the metric used in this study to investigate the equivalent emissions of different
refrigerants and refrigeration cycle designs. Figure 19(a) represents the influence of GWP
and leakage rate on CO; emissions for 10 years of refrigeration system operation with the
recovery factor of 0.7 kg per kWh. Systems with higher efficiency consume less energy to
produce the same cooling/heating and have lower CO2-eq emissions. Figure 19(b) shows
the influence of the COP and COz-eq emission factor (kg per kWh) on indirect COz-eq
emissions. These results reveal that the impact of indirect emissions dominates the total
CO--eq emissions over the lifetime of a refrigeration system in most cases. Hence, it is
essential to consider the refrigeration system’s efficiency when introducing a low GWP
refrigerant as an alternative to a refrigerant with a high GWP.
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Figure 19. Emissions (kgCO--eq) of a refrigeration system as a function of different
parameters: (a) direct and (b) indirect

The use of hydrocarbons with much lower GWP values than R134a decreases the direct
emissions of a refrigeration system. Figure 20 shows the direct CO,-eq emissions of the
system when operating with hydrocarbons or R134a for 10 years. R134a contributes to
COs-eq emissions significantly, whereas using hydrocarbons with very low GWP value
mitigates the CO,-eq emissions, remarkably.

10°

R134a
— — — HCs

Log. Direct Emissions (kg. CO2 Eq.)

—— - ==
——

Leakage Rate (%)
Figure 20. Logarithmic direct CO2-eq emissions of hydrocarbons and R134a at
different leakage rates

As mentioned above, the improvement in the efficiency of the refrigeration system
decreases the total CO,-eq emissions. The influence of using hydrocarbons instead of
R134a and improved design of the heat pump system on total CO,-eq emissions is shown
in Figure 21. The results depicted that the use of hydrocarbons decreases the CO2-eq
emissions significantly, while R600a had lower emissions because of its higher efficiency
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than other studied refrigerants. The improved designs, including an IHX and vapor

injection, reduced the CO,-eq emissions by 1% to 8%, respectively.
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Figure 21. The influence of (a) Refrigerant and (b) the design of the cycle on TEWI

Figure 22 shows the total emission of the heat pump system when operating with R290 in
different countries. According to the results, in a country such as Sweden, where the main
electricity generation sources are renewable energy, the total emissions are much lower
than in other countries. These results support the statement that in addition to the phase-
down of high GWP refrigerants, countries must move toward clean energy sources for
electricity generation to minimize the carbon footprint of refrigeration/heat pump systems.
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Figure 22. TEWI of the refrigeration system when operating with R290 and in different
countries (emission factors are taken from ref. [34])
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3.1.2. Paper II: Global warming impact evaluation of heat pumps using
low GWP refrigerants

The global warming impact of the RACHP system is associated with direct and indirect
emissions. Therefore, the GWP values of the alternative refrigerants and the energy
efficiency of the system operating with these refrigerants must be taken into account
simultaneously. The objectives of the regulations related to the GHGs emissions indicate
that the main focus of these regulations is on limiting the direct emissions of the RACHP
systems by a stepwise phase-down/out of GHGs with relatively high GWP values. To
understand the real impact of a refrigeration system, the indirect emissions need to be taken
in to consideration. The warming impact of the heat pump systems operating with different
low-GWP alternatives to R134a and R245fa as the most commonly used HFCs, is
investigated. The study includes the use of five low-GWP refrigerants for each baseline
HFC, and it is extended to four countries with different levels of emissions in their
electricity production. This section is a summary of Paper II [35] and the text and graphs
are taken from this article.

A single-stage heat pump is selected to investigate the influence of alternative refrigerants
to R134a and R245fa on the warming impact. Due to the high GWP of R134a and R245fa,
these HFC refrigerants should be replaced, and they are set as the reference refrigerants in
this study. The analysis of the heat pump system is divided into two parts. First, the
comparison between R134a and its five selected alternative refrigerants was made in a
medium temperature heat pump (MTHP) when supplying a condensation temperature of
40 °C. Second, R245fa and its five selected alternative refrigerants are employed in a high
temperature heat pump (HTHP) to supply a condensation temperature of 100 °C. The
selected refrigerants and their properties are listed in Table 9, and the pressure-enthalpy
diagrams of these refrigerants are shown in Figure 23. The selected low GWP refrigerants
have comparable thermophysical properties to those of the reference refrigerants.
Concerning the ODP, all selected refrigerants have a zero ODP except R1224yd(Z) and
R1233zd(E), which are known as hydrochlorofluoroolefin (HCFO) refrigerants. It is noted
that the ODP of these two refrigerants is very small (almost zero), which meets the
requirements laid out by current national environmental regulations.

Table 9. Thermophysical properties of the low GWP refrigerants and references [36].

Molecular mass| NBP Torit Perit htg ASHRAE

(kg kmolt) | (°C) (°C) | (MPa) | (kJkg?) GWP ObP safety class
R134a 102.03 -26.08 | 101.06 | 4.06 151.81 1430 0 Al
R290 44,10 -42.12 | 96.74 4.25 284.86 3 0 A3
R450A 108.67 -22.75 | 104.47 3.82 146.57 605 0 Al
R513A 108.43 -29.48 | 94.91 3.65 131.29 631 0 Al
R1234yf 114.04 -29.49 | 94.70 3.38 122.13 <1 0 A2L
R1234ze(E) 114.04 -18.98 | 109.36 3.63 145.69 <1 0 A2L
R245fa 134.05 15.04 | 153.86 3.65 135.59 858 0 Bl
R1224yd(Z) 148.49 14.61 | 155.54 3.34 117.12 <1 0.00012 Al
R600 58.12 -0.50 | 151.98 3.80 258.26 4 0 A3
R1336mzz(Z) 164.06 33.45 | 171.35 2.90 127.08 2 0 Al
R1233zd(E) 130.50 18.26 | 166.45 3.62 142.25 1 0.00034 Al
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Figure 23. Pressure-enthalpy diagrams of the alternative low GWP
refrigerants and reference fluids for (a) MTHP and (b) HTHP

Most of the alternative refrigerants to R134a and R245fa have similar two-phase regions
to the reference refrigerants apart from the hydrocarbons (R290 and R600). In R134a and
its alternative refrigerants, the critical temperature of R290 is much higher than R134a, but
in other selected refrigerants, it is almost equal to or less than that of R134a. In contrast,
the alternative refrigerants to R245fa, except R1224yd(Z), have almost equal or even higher
critical temperatures than R245fa, demonstrating a potential for performance improvement
using alternative refrigerants compared to R245fa.

Since the electricity generation sources have a significant influence on indirect emissions
and consequently on TEWI, four countries where the electricity is generated using different
sources are selected. These countries include Brazil, Sweden, Canada and Poland, where 3
values are 0.074, 0.012, 0.130 and 0.791 kgCO--eq. KWh™!, respectively [34]. As shown
in Figure 24, in Sweden, the main sources of electricity generation are clean and renewable
energies, resulting in much lower emissions than countries such as Poland, where coal is
the main source of electricity generation.

Biofuels Natural gas Nuclear

Hydro Hydro Biofuels

(b)


https://www.mdpi.com/2076-3417/11/15/7123/htm#fig_body_display_applsci-11-07123-f002

37 (73)
Energimyndigheten

Biofuels Natural gas

Hydro Coal Hydro Coal

Others

(c) (d)

Figure 24. Electricity generation by sources in (a) Brazil, (b) Sweden, (c)
Canada, and (d) Poland [37].

In Figures 25 and 26, the COP, heating capacity and compressor discharge temperature
when using the alternative refrigerants to R134a and R245fa are shown and compared.
The x-axis represents the difference between condensation and evaporation temperatures
(DT). The condensation temperatures are assumed to be fixed at 40 and 100 °C in MTHP
and HTHP application modes, respectively, while the evaporation temperature varies to
provide the desired DT.
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Figure 25. R134a and its alternative refrigerants: (a) COP, (b) heating capacity and (c)
discharge temperature.
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Figure 26. R245fa and its alternative refrigerants: (a) COP, (b) heating capacity and (c)
discharge temperature
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In the MTHP application, R134a has the highest COP among the DT range of 50-70 °C,
while the COP values of R1234ze(E), R290 and R450A are close to the COP of R134a.
Among tested refrigerants, R1234yf has the lowest COP, which is on average 4% lower
than R134a. The comparison between the heating capacities of the refrigerants revealed
that the utilization of R290 could provide greater heating capacity than other refrigerants
ata given DT. The heating capacity of R290 and R513A is larger than that of R134a, while
the heating capacity of R1234ze(E) is lower than that of other refrigerants. The discharge
temperature analysis of the refrigerants in the MTHP application revealed that all the
alternative refrigerants have lower discharge temperatures than R134a. The lowest
discharge temperature belongs to R1234yf, which is 15 °C, on average, lower than that of
R134a.

In the HTHP application, the COP of the R1336mzz(Z) is higher than that of other
refrigerants. The COP of R1336mzz(Z) is 24%, on average, higher than that of R245fa. It
was also found that R1233zd(E) and R1234ze(Z) have higher COP than R245fa, but R600
exhibits the lowest COP among all the tested refrigerants. Although R600 shows the lowest
COP value, this refrigerant provides the highest heating capacity, which is 27%, on
average, higher than that of R245fa. The lowest heating capacity is observed when using
R1336mzz(Z) over the operating range. Among alternative refrigerants, R1336mzz(2),
R1234ze(Z) and R1233zd(E) have higher discharge temperatures than R245fa, while the
highest discharge temperature belongs to R1336mzz(Z). The discharge temperature of
R1336mzz(Z) is on average 19 °C higher than that of R245fa. The discharge temperatures
of R1224yd(Z) and R600 are very close to that of R245fa, mostly below 104 °C.

The influence of different parameters on the direct and indirect emissions of a heat pump
system are shown in Figure 27. The contour of the direct emissions for each kilogram of
refrigerant charge confirms that the increment of the leakage rate, and GWP of the
refrigerant, increase the direct COz-eq. emissions remarkably. It is also revealed that for
the refrigerants such as R290, R1234yf, R1234ze(E), R1336mzz(Z), R1233zd(E),
R1224yd(Z), and R1234ze(Z) with very low GWP values, the increase in the leakage rate
does not have a noticeable influence on the emissions. However, for the refrigerants such
as R134a and R245fa with much higher GWP values, the direct CO-eq. emissions increase
significantly with an increase in the leakage rate. This result indicates that the direct CO»-
eq. emissions can be negligible by the utilization of refrigerants with very low GWP values
in RACHP systems.
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Figure 27. CO,-eq. emissions as a function of their inputs: (2) direct and (b)
indirect components.

The analysis of the indirect CO2-eq. emissions revealed that both the indirect emissions
factor and the heat pump system’s power consumption have a remarkable influence on the
indirect emissions. When the source of electricity is clean energy, such as nuclear or
renewable energies, the indirect emissions factor decreases. This results in a reduction of
the indirect COz-eq. emissions of the RACHP systems. Furthermore, the electricity
consumption of the RACHP system, which is inversely proportional to the COP of the
system, influences the indirect CO»-eq. emissions. Hence, the utilization of refrigerants that
increase the system’s energy efficiency or any modifications in the system’s design can
decrease the electricity consumption of the RACHP systems and consequently reduce the
indirect COz-eq. emissions.

The TEWI per kilowatt heating capacity (TEWI/Q) of MTHP and HTHP using the
alternative refrigerants is presented in Figures 28 and 29, respectively. According to the
results, for the economies with low carbon intensity values, such as Sweden and Brazil, the
TEWI/Q of R134a is higher than its alternative refrigerants. Although the COP of R134a
is higher than other selected refrigerants, very low B values in Sweden and Brazil
compensate for the lower COP of alternative refrigerants. For economies with relatively
higher carbon indexes, such as Canada and Poland, the lower COP of R1234yf makes this
refrigerant the worst case among tested refrigerants. However, it has a very low GWP
value. Moreover, R1234ze(E), as an energy-efficient case with a very low GWP value, is
almost the best refrigerant in terms of TEWI/Q in all tested countries, except in Poland.
This is due to a much higher B value in Poland than the other selected countries, which
dominate the role of electricity consumption and consequently indirect emissions on
TEWI/Q.
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Figure 28. TEWI/Q of the MTHP application using R134a and its alternatives
in (a) Brazil, (b) Sweden, (c) Canada, and (d) Poland.

Comparing the TEWI/Q of the alternative refrigerants to R245fa, the results illustrate that
R1336mzz(Z) achieves the lowest environmental impact in all selected countries. It is due
to the much higher COP of the system using R1336mzz(Z) and its very low GWP value.
Similar to R1336mzz(2), it was also found that R1233zd(E) and R1234ze(Z) have lower
TEWI/Q compared to R245fa due to their higher COP and lower GWP values. In a country
such as Sweden, with a relatively small  value, the TEWI/Q of R245fa is notably higher
than the alternative refrigerants, which means the HTHP system can benefit from utilizing
alternative refrigerants. In Poland, where there is a relatively higher B value than other
selected countries, R600 presents a slight TEWI/Q increase compared to R245fa as it
exhibits lower COP compared to other tested refrigerants.
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Figure 29. TEWI/Q of the HTHP application using R245fa and its alternatives
in (a) Brazil, (b) Sweden, (c) Canada, and (d) Poland.

It is important to note that in addition to the type of refrigerant, the value of the TEWI/Q is
strongly influenced by B value. For instance, B value in Poland is more than ten times
greater than that in Sweden; and consequently, the TEWI/Q using alternative refrigerants
to R245fa in Poland is on average 65 times higher than in Sweden. Moreover, the analysis
results reveal that in countries with low carbon intensity values, such as Sweden, the CO--
eg. emissions of RACHP systems even when using HFCs are lower than countries with
high carbon-intensity values, even if low GWP refrigerants are employed in RACHP
systems in those countries. The results confirmed that the TEWI/Q values of R134a and
R245fa in Sweden are much lower than the TEWI/Q of the tested refrigerants in other
selected countries.

As all proposed refrigerants alternative to R134a and R245fa have lower GWP values, the
energy efficiency analysis can determine the TEWI/Q of the system. A higher COP of a
refrigerant can guarantee a lower TEWI/Q. The reason for this is that the proposed
alternatives have lower direct emissions due to their lower GWPs. In comparison, higher
COPs can lead to lower indirect emissions as this parameter is inversely proportional to the
system’s energy efficiency. The comparison between the heating capacity and TEWI of the
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alternative refrigerants and the reference GHGs including R134a and R245fa, is presented
in Figure 30. In the MTHP application, R290 provides greater heating capacity compared
to R134a under the same operating condition (DT = 50 °C), but the utilization of R290
increases the TEWI in the selected countries. The TEWI of R1234yf is very close to the
TEWI of R134a, except in Sweden, where the TEWI of R1234yf is 30% lower than R134a.
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Figure 30. TEWI and heating capacity (for DT=50 °C) of the alternative
refrigerants to (a) R134a and (b) R245fa.

In the HTHP application, R600 provides the highest heating capacity, which is 24% greater
than R245fa. A TEWI increment between 10 and 26% is expected in selected countries
when using this refrigerant. The lowest TEWI belongs to R1336mzz(Z), accompanied by
the lowest heating capacity compared to other refrigerants. The heating capacity of
R1336mzz(Z) is 32% lower than R245fa and its TEWI decreases between 45 and 53%
compared to the reference refrigerant. R1234ze(Z) provides an 11% higher heating
capacity than R245fa, but its TEWI is 7-10% higher in the selected countries, except in
Sweden. A reduction in TEWI by 2% is found in Sweden, making it the only case with a
higher heating capacity, accompanied by a lower TEWI than R245fa.
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3.1.3.  Paper III: Ann Modelling

Among various refrigeration and air conditioning applications, commercial refrigeration
systems which are used in supermarkets contribute remarkably to GHG emissions. Higher
HFC leakages in these systems are expected due to the higher refrigerant charge amount
and probability of failure [38]. For many years, R404A and R507A have been the
refrigerants extended in supermarket refrigeration systems [39]. However, both refrigerants
have a very high GWP value, 3943 and 3985, respectively. From the beginning of 2020, a
ban on stationary refrigeration systems using refrigerants with GWP values equal to or
greater than 2500 (with some exceptions) came into effect, according to the EU F-gas
Regulation. Therefore, manufacturers and users of supermarket refrigeration systems have
tried to consider alternative refrigerants with lower GWP to replace R404A. There are
different refrigerants available for this purpose, such as carbon dioxide, ammonia and
hydrocarbons and HFC mixtures and HFC/HFO mixtures. One of the HFC/HFO mixtures
which have been developed, commercialized and is starting to be used is R449A. With a
lower GWP value than R404A, and still being non-flammable and zero-ODP fluid, this
refrigerant can perform as a drop-in/light retrofit replacement in supermarket refrigeration
systems [40].

It is common to analyse the performance of refrigeration systems by using conventional
approaches, including analytical and experimental methods. Today, it is common to
employ artificial intelligence methods to solve the complicated problems in refrigeration
and air conditioning systems. An artificial neural network (ANN) can be employed as this
method has excellent approximation capabilities. The use of ANNs makes possible to
predict the desired output even in complex refrigeration and air conditioning systems. Its
simplicity, speed, and ability to model a multivariable system are the main advantages of
using ANNs [41,42].

As a part of this project, ANN models for two different supermarket refrigeration circuits
(low and medium temperatures) are employed and the capability of R449A to be used as
an alternative refrigerant to R404A in an existing installation is investigated. The model
outputs are used to evaluate the energy performance of the system for both refrigerants and
are compared to experimental results. Finally, these results are also used to analyse the
carbon footprint reduction caused by the refrigerant replacement. It should be noted that
the experimental data used in this study are from field measurement in an indirect
supermarket refrigeration system installed in 2005 in S6dertélje, Sweden. The detail of the
field measurement data is presented in the reference [40]. This section is a summary of
Paper IIT [43] and the text and graphs are taken from this article.

R449A is one of the first blends using a HFO in their composition since it is composed of
R32, R125, R1234yf, and R134a at a mass concentration of 24.3/24.7/25.3/25.7,
respectively. Both R404A and R449A are non-flammable and non-ozone-depleting
refrigerants. Figure 31 represents the comparison between the most representative
properties of both refrigerants [44]. R449A has a much lower GWP value (about three
times), and it can decrease the direct contribution to global warming through leakages. The
replacement refrigerant, R449A, has a higher critical temperature and pressure than
R404A, indicating the reduction in the power required for the compression process.
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Figure 31. Comparison between the main properties of R404A and R449A

Although the vapor density of R449A is lower, it has a higher latent heat of vaporization
than R404A and could compensate for the lower mass flow rates of R449A. Therefore,
almost a similar cooling capacity for both refrigerants could be anticipated. At 0.1 MPa,
the R449A temperature glide of 5.7 °C indicates that it cannot be considered a near-
azeotropic mixture. For R404A, instead, this parameter only reaches 0.8 °C. The relatively
higher temperature glide of R449A influences the heat transfer performance at the
evaporator and condenser.

e Supermarket refrigeration system

The field measurement data from an indirect supermarket refrigeration system were used
to compare the performance of the two refrigerants, (Figure 32). Each supermarket
refrigeration system consists of three parallel circuits to provide the required cooling
capacities at low temperature (LT) from —35 °C to —25 °C, and medium temperature (MT)
from —9 °C to —5 °C.
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Figure 32. Supermarket refrigeration system used in this study

A simplified diagram of the cooling systems is shown in Figure 33. As can be seen, the
refrigeration system delivers cooling to the secondary refrigeration circuits working with
CO; and propylene glycol/water mixture (38/62 per volume) in LT and MT circuits,
respectively, and the secondary fluid distributes this further to cabinets to cool the products
in them. The heat rejected from the connected cabinets is transferred to a dry cooler through
a secondary fluid circuit and then is rejected to the ambient. In this study, the analyzed
refrigeration system is one of the three refrigeration loops combined in parallel in the
cooling system. The schematic of the supermarket refrigeration systems used in LT and
MT applications is presented in Figure 34.

Cabinets

Dry cooler
o

Figure 33. A simplified drawing of the cooling system

Table 10 represents the details of the components of the refrigeration systems used in this
study. Both systems are based on semi-hermetic reciprocating compressors (higher
capacity for the MT circuit) and plate heat exchangers. The performance of the two
refrigeration circuits using R404A and R449A was monitored and measured for 172 days,
and the data at steady-state conditions were selected for this study. The refrigerant charge
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amount was 12.0 kg for R404A, and it was 12.5 kg when R449A was retrofitted into the
supermarket refrigeration system. An electronic expansion valve was adjusted to obtain the
correct superheating temperature, and the POE lubricant substitution was performed
according to the manufacturer recommendation when retrofitting the refrigerant. The
adjustment of the electronic expansion device and the amount of refrigerant charge
provided approximately comparable superheating and subcooling degrees.

Condenser Condenser
secondary fluid secondary fluid
' ‘ A :
f vy © -9
| ! |
|

:

Receiver Subcooler

o filter
Subcooler

Expansion
valve

. Expansion
valve

[ -0
' ' \
Evaporator Evaporator
secondary fluid secondary fluid
(@) (b)

Figure 34. Schematic of the supermarket refrigeration system: (a) low temperature and
(b) medium temperature circuits

In the LT circuit, the middle evaporating temperature (calculated as the sum of 1/3 of the
dew point temperature and 2/3 of the bubble temperature at the evaporating pressure) varied
between —40 °C and —31 °C for both R449A and R404A systems. The middle condensing
temperature (vapor quality 0.5) was slightly higher in the R404A system than that of the
R449A. On average, the R449A system operated at higher subcooling temperature than the
system using R404A at LT application. Both R404A and R449A systems operated with
comparable superheating degrees, varying between 8 K and 11 K.

Table 10. Components of the supermarket refrigeration system

Low Temperature Circuit Medium Temperature Circuit
Compressor Bitzer 4G-20.2Y semi-hermetic | Bitzer 8GC-60.2Y semi-hermetic
reciprocating reciprocating
Evaporator Alfa Laval PHE Alfa Laval AC-120-150-EQ PHE
Condenser Alfa Laval CB-52-50H PHE Alfa Laval AC-120-110-EQ PHE
Subcooler Alfa Laval Brazed PHE Alfa Laval Brazed PHE
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During the MT system operation, it was observed that the majority of the measured values
for the subcooling and superheating temperatures were 3 £ 2 and 7 + 2 K, respectively. The
measured superheating and subcooling temperatures were slightly lower, 1.5 K on average,
for when R449A was used as the working refrigerant compared to when the system
operated with R404A. A wide range of middle condensing and middle evaporating
temperatures was observed when the medium temperature cooling system operated with
R404A and R449A. The system operated with slightly higher middle evaporating and
middle condensing temperature with R404A compared to R449A. The observed middle
evaporating temperature varied between —20 °C and —10 °C for the R449A system
compared to the range of —17 °C to —8 °C for the R404A system. On the other hand, the
middle condensing temperature changed between 25 °C and 43 °C for the R449A system,
while it was in the range from 29 °C to 45 °C for the R404A system.

The energetic performance of the supermarket refrigeration system using R404A and
R449A was measured and calculated. Then, ANNs were trained using the experimental
data. The experimental results were compared with those from the ANN model to validate
the ANN model. The experimental and ANN modelling results for the two refrigerants at
both LT and MT applications are discussed in this section.

e LT Application

The agreement between the experimental and ANN modelling results for the energetic
performance parameters, including the COP, the cooling capacity, and the compressor
discharge temperature, is shown in Figure 35. The vertical axis represents the ANN
modelling results, while the horizontal axis shows the experimental values. In each graph,
a straight line indicating a perfect prediction and a +10% error band was used to evaluate
the modelling accuracy. Note that for all graphics, the comparisons were made using the
values for both R404A and R449A without distinction. As can be seen, most of the points
are within the £10% error band, indicating an outstanding accuracy of the model. The
results demonstrate that the ANN model predicted the energy parameters of the
supermarket refrigeration system with a high accuracy despite wide ranges of operating
conditions.
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Figure 35. Validation of the (a) COP, (b) cooling capacity and (c) discharge temperature
at low temperature application

Figure 36 represents the field measurement results of the supermarket refrigeration system
for R404A and R449A at the LT application. According to the experimental results, the
supermarket refrigeration system exhibited a better performance when operating with
R449A than R404A. It is observed that at a constant middle condensing temperature of 30
°C, the cooling capacity increases when using R449A as a substitution to R404A. It is
important to note that the supermarket refrigeration system operated with comparable
superheating temperatures for R404A and R449A refrigerants at LT case. However, the
system experienced different ranges of subcooling temperatures with these two
refrigerants. It was observed that the subcooling temperature for R449A is remarkably
higher than that of R404A. Over the range of operating conditions, the subcooling
temperature for the system using R449A was 12 K higher than that of R404A. The higher
cooling capacity of the MT surpasses cabinet thermal requirements, so this excess is used
for a higher subcooling in the R449A LT circuit. Then, the positive effect of subcooling
temperature can explain the higher COP and cooling capacity values for the system using
R449A compared to R404A. It is also observed that the system using R449A has a higher
discharge temperature than R404A. For both refrigerants, the maximum average observed

49 (73)


https://www.mdpi.com/2076-3417/11/23/11333/htm#fig_body_display_applsci-11-11333-f007

50 (73)
Energimyndigheten

discharge temperature (86 °C) is still within the safe limit recommended by the compressor
manufacturer and does not affect the compressor lifetime and oil lubricating properties.
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Figure 36. Experimental values for (a) COP, (b) cooling capacity and (c) discharge
temperature of the supermarket refrigeration system at low temperature application

As mentioned above, the difference in the subcooling temperature of the two refrigerants
can affect the performance of the system. For a better comparison, the ANN model is
employed to compare R404A and R449A under the same operating conditions.

The predicted results of the energy parameters of the supermarket refrigeration system
under the same operating conditions at different possible evaporating temperatures is
shown in Figure 37. According to the predicted results, the supermarket refrigeration
system using R449A exhibited a better energy performance as it has a higher COP than
R404A at different middle evaporating temperatures. However, the cooling capacity was
found to be comparable for R404A and R449A. The COP of the system using R449A was
predicted to be higher by 10%, on average, than R404A over the middle evaporating
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temperature range. The modelling results also confirmed that the discharge temperature for
R449A is higher than R404A under the same operating conditions, about 10 K on average.

25

51 (73)

125

R404A

-] M R449A

I
1-40 -38

P
-36

P
-34

T
-32 -30

Eveporation Temperature (9C)

30

Cooling Capacity (kW)

R404A
— — — R449A

I RTINS ST R
-38 -36 -34 -32

Eveporation Temperature (°C)

(b)

-30

(a)

Discharge Temperature (°C)

120

100

80

R404A
— — — R44%A

- —
_—-
_—— -

60 -
FTIRINN BTN RSN S N
5 -38 -36 -34 -32 -30
Evaporation Temperature (°C)
(©)

Figure 37. ANN modelling results for (a) COP, (b) cooling capacity and (c) discharge
temperature of the supermarket refrigeration system at low temperature application

MT Application

Like the LT case, the ANN model’s accuracy to predict the refrigeration system’s energy
performance is evaluated. The comparison between the simulation and experimental results
are presented in Figure 38. The comparison between the experimental and modelling
results revealed that the accuracy of the ANN model is still acceptable, as happened with
the LT circuit. Although the deviation of the predicted results from the straight line is
observed, most of the points are still within the £10% error band. Therefore, the ANN
model can predict the energy parameters of the supermarket refrigeration system at MT
application with an acceptable accuracy.
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Figure 38. Validation of the (a) COP, (b) cooling capacity and (c) discharge
temperature at medium temperature application

The field measurement results of the supermarket refrigeration system for R404A and
R449A at MT application is shown in Figure 39. The evaluation of the energy parameters
as the constant middle condensing temperature of 35 °C revealed that the supermarket
refrigeration system has comparable COP and cooling capacity. However, similar to the
LT case, R449A increases the compressor discharge temperature compared to R404A. It is
also important to note that the higher temperature for the system using R449A may lead to
more significant heat losses from the compressor body.
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Figure 39. Experimental values for (a) COP, (b) cooling capacity and (c) discharge
temperature of the supermarket refrigeration system at medium temperature application

Figure 40 represents the ANN modelling results of the supermarket refrigeration system
for R404A and R449A at MT application. The modelling is performed under the same
operating conditions to provide a fair comparison between R404A and R449A. It is
predicted by the ANN model that the COP of the system using R449A is slightly higher
than R404A. At the same time, the cooling capacity is similar for both refrigerants over the
middle evaporating temperature range. About 5%, on average, increase in the COP of the
system is predicted when the system operated with R449A compared to R404A at MT
application. Like the LT application, the compressor discharge temperature for the system
operated with R449A is 10 K higher than R404A, while both refrigerants operated within
the safe limit recommended by the compressor manufacturer.
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Figure 40. ANN modelling results for (a) COP, (b) cooling capacity and (c) discharge
temperature of the supermarket refrigeration system at medium temperature application

Finally, the cooling capacity versus COP of the supermarket refrigeration system at LT and
MT applications is included in Figure 41 in order to have a complete overview of the
comparison. The field measurements showed that the COP of the system for the majority
of the measured points varied between 1.2 and 2.4 for the LT application, and it was from
1.5 to 3.0 for the MT case. The system’s cooling capacity was between 10 kW and 25 kW
for the LT application, and it changed between 50 kW and 95 kW for the MT application.
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Figure 41. The cooling capacity versus COP of the supermarket refrigeration system at

low and medium temperatures applications

To explain the higher cooling capacity of the system at MT application, it should be noted
that the displacement of the compressor used at MT was 185 m® h™!. In comparison, it was
84.5 m*h™!at LT application. Usually, supermarkets have higher cooling requirements in
medium (fresh food and drinks) than in low temperature (food freezing).

The COP is higher at MT applications because the pressure ratio is diminished. Therefore,
the specific compression work is significantly reduced, and other influencing parameters
such as compressor efficiency improved. On average, the pressure ratio of the MT system
was 4.5 and 5.6 for R404A and R449A systems, respectively, for the LT system it was 9.8
and 13.23 for R404A and R449A systems, respectively. Then, the compressor efficiencies
were also influenced by the pressure ratio, benefitting the MT circuit.

TEWI analysis is performed to estimate the CO..eq emissions. To calculate TEWI, the
refrigeration lifespan is considered 15 years and the annual leakage rate is assumed to be
12% [45]. As this parameter differs from country to country, six countries with various
indirect emission factors are selected to evaluate the CO,.eq emissions. It is noted that the
carbon footprint of the MT system is studied in this section, and the power consumption of
the supermarket refrigeration system, used in the calculation of the CO..eq emissions,
belonged to the case when the middle evaporating temperature was —15 °C. Therefore, as
an example condition, the corresponding power consumption was extrapolated to 15 years
to estimate the system’s emissions.

Figure 42 represents the total CO..eq emissions of the supermarket refrigeration system
operated with R404A and R449A. R404A has a higher direct contribution to CO..eq
emissions than R449A due to the higher GWP values (about three times) of R404A than
R449A. According to the results, R449A has a lower contribution in total CO..eq
emissions. It means that the phase-out of refrigerants with high GWP values, such as
R404A from the commercial refrigeration system, can reduce direct emissions. These
results also indicate that the energy sources for electricity generation significantly
contribute to the indirect emissions from the supermarket refrigeration system. As
mentioned before, when the primary sources of electricity are renewable clean energy, the


https://www.mdpi.com/2076-3417/11/23/11333/htm#fig_body_display_applsci-11-11333-f013

56 (73)
Energimyndigheten

amount of COz.eq emissions for each kwh would be very low. It can explain much lower
total CO,.eq emissions in a country such as Sweden, with an emission factor value of about
0.012 kgCO,.eq kWh™!, compared to other selected countries. The presented results support
the statement that both the phase-down/out of refrigerants with high GWP values and
moving toward clean energy sources for electricity generation are required to mitigate the
carbon footprint in the commercial refrigeration industry.

5000
[ [ Indirect Emissions [ ] R404A

FH Direct Emissions [ ] R449A
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3000
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1000

o]

Sweden Germany Poland Canada Brazil  Japan

Figure 42. Equivalent CO, emissions of the MT system (Emission factor (kgCO2-eq

kWh) used in this study from Ref. [34] Sw:0.012; Br:0.074; Ca:0.0130; Ger:0.378;
Jp:0.506; Pol:0.791)
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3.2. Experimental study

The recent emergence of hydrocarbon refrigerants is a result of the awareness of the
potential environmental impacts of HFC and even HFO refrigerants. One of the
hydrocarbons that is commonly used in refrigeration systems is propane. R290 has been
commercialized and demonstrated as a promising alternative refrigerant to HFCs with high
GWHP. Low cost, compatibility with mineral and alkyl-benzene oils and availability are
some of the advantages of using R290 for refrigeration applications. However,
flammability as a safety concern is its most undesirable characteristic. As a part of the
project, energy, exergy and environmental impact of a large capacity heat pump operating
with R290 as a low GWP refrigerant is investigated experimentally.

The experimental apparatus that was used in this study is a large capacity vapour
compression refrigeration system. It composed of a main and two secondary circuits,
shown in Figure 43. The main circuit consists of two parallel scroll compressors, a
desuperheater, a four-way valve to reverse the cycle, a filter drier, a receiver, an expansion
valve, a condenser and an evaporator. The details of the component are presented in Table
11. It is noted that the setup was constructed within an EU project named “NxtHPG” [46]
some years ago and we rebuilt it to use it again in the current project.

Table 11. Details of the components of the heat pump

Component Description

compressor Modified from the PSH038 model for R410A. The
swept volume flow rate is 29.6 m%/h at 2900 rpm.

Condenser Alfa-Laval brazed plate heat exchanger model
AC220EQ-76AM-F

Evaporator Alfa-Laval brazed plate heat exchanger model
AC220EQ-76AM-F

Desuperheater Alfa-Laval brazed plate heat exchanger model CB30-
30H

Thermostatic expansion valve | Danfoss TGE TR12

Electronic expansion valve Carel E2V30 with EVD Evolution driver E50
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Figure 43. Schematic diagram of the experimental setup

The COP and the heating capacity of the heat pump at different condensation and
evaporation temperatures are presented in Figures 44 and 45, respectively, to investigate
energy performance of the heat pump. As expected, the COP of the system decreases with
an increase in the condensation temperature, while it increased with the evaporation
temperature. Similarly, an increment in the heating capacity is observed when the
evaporation temperature increases, while it decreased slightly with an increase in the
condensation temperature.
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Figure 44. COP of the heat pump at different condensation and evaporation
temperatures
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Figure 45. Heating capacity of the heat pump at different condensation and evaporation
temperatures

The compressor discharge temperature is presented in Figure 46. It is observed that the
changes of the condensation temperature had significant influence on the discharge
temperature at a given evaporation temperature. For example, more than 25 °C increment
in discharge temperature is observed when the condensation temperature increases from 31
to 55 °C at the evaporation temperature of -8 °C. In addition, the discharge temperature
increased with decreasing the evaporation temperature, as we expected.
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Figure 46. Discharge temperature of the heat pump at different condensation and
evaporation temperatures

The exergy efficiency of the components in the heat pump system at different condensation
and evaporation temperatures are presented in Figure 47. The condenser of the heat pump
shows the highest exergy coefficient at different operating conditions, while all
components have exergy efficiencies higher than 60% in the configuration used in this
study. The exergy efficiency associated with each component of the heat pump revealed
that the changes of the condensation and evaporation temperatures have a weak influence
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on the exergy efficiency values and they remain almost constant by changing the
condensation and evaporation temperatures at tested operating ranges.
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Figure 47. Exergy efficiency of the components at condensation temperatures of (a) 46
°C and (b) 55 °C

Relative irreversibility diagrams associated with each component of the heat pump at
different condensation and evaporation temperatures are shown in Figure 48. Results depict
that the compressor associated with 47% to 63% of the total system irreversibility at
different evaporation temperatures and fixed condensation temperature of 55 °C. Ata given
evaporation temperature of -8 °C, 55% to 57% of the total system irreversibility at different
condensation temperatures belongs to the compressor. In general, compressors have the
highest mechanical and isentropic losses in the refrigeration system. This could explain the
highest relative irreversibility values of the compressors in all cases.

Condenser

Te=-6°C Condenser

EV. Compressor Compressor

Evaporator

Evaporator

(a) (b)
Figure 48. Relative irreversibility diagrams of each component of the heat pump at
different (a) evaporation and (b) condensation temperatures
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TEWI is employed to estimate the CO..eq direct and indirect emissions. To calculate
TEWI, the lifespan of the heat pump is 10 years, and the annual leakage rate for the system
is assumed to be 5%. The indirect emission factor value, B, of 275.9 g CO2 kWh is used
as proposed by the European Environment Agency [24]. CO,.eq emission of the heat pump
at different condensation and evaporation temperatures is presented in Figure 49. The
CO..eq emissions increased significantly with the increase in the condensation temperature,
while a slight increase in the CO..eq emissions are observed with the increase in the
evaporation temperature. The reason is the weak influence of the changes of the
evaporation temperature on the power consumption of the system under the tested operating
conditions. In contrast, the increase in the condensation affects the power consumption
remarkably. The increase in the condensation temperature (from 46 °C to 55 °C) leads to
an increase in the CO,.eq emissions by 14.2%, on average.

260

Emissions (Ton CO2 Eq.)

30 35 40 45 50 55 680
Condensation Temperature (°C)

Figure 49. CO..eq emissions of the heat pump at different condensation and
evaporation temperatures
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4. Discussion

In this chapter, the facts and points about the low GWP refrigerants for the
refrigeration/heat pump systems is discussed.

4.1. GWP20 vs GWP100

When discussing the global warming potential of the refrigerants, the selection of the right
metric(s) is crucial. GWP is known as the main metric to evaluate the global warming
potency of a greenhouse gas relative to carbon dioxide. In the GWP calculation, the time
horizon is very important as the Absolute GWP is calculated by the integrating the
Radiative Forces (RF) due to the emission pulses over a chosen time horizon. For many
years, GWP100 have been adopted due to the high variability in the atmospheric lifetime
of GHGs and it is specified for a time horizon of 100 years. Today, scientists are debating
whether a time horizon of 100 years is a reliable choice or a shorter one must be used. It is
due to the fact that the extreme weather events have shown the urgency to counter global
warming.

It is suggested to use a time horizon of 20 years instead as a shorted time horizon accelerates
the process of reaching net zero and climate neutrality goals in 2050. Using GWP20 thus
means placing greater emphasis on phasing out media with a high but short-term effect on
global warming. With a 20-year time horizon, those substances that initially have a high
impact on global warming, but are rapidly degraded and disappear from the atmosphere,
will, relatively speaking, have higher GWP values than more long-lived substances. Figure
50 shows the values of the two indexes including GWP20 and GWP100 of some GHGs.
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Figure 50. Values of the two indexes including GWP20 and GWP100 of some GHGs.
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The average lifetime of the HFCs in use today is around 21 years which motivates to use a
shorter time horizon, e.g. GWP20. The average GWP20 and the absolute annual emissions
weighted by GWP20 for HFCs are about two times greater than those of the GWP100.
Choosing GWP20 would influence the order of how different refrigerants are phased out.
For example, for the short-lived R32, GWP20 is more than three times as high as GWP100.
Therefore, it is very important to select a reliable metric. Transition to GWP20 has been
supported by e.g. Greenpeace. However, not everyone agrees on the benefit of moving to
a shorter time horizon. The argument for maintaining GWP100 is that in the long run it
must be most important to minimize emissions of persistent substances. Focusing on the
short-lived can mean that emissions of long-lived substances increase and that we thus hand
over the responsibility for today's emissions to future generations. The discussion about
this will certainly continue and at present there is nothing to indicate that e.g. the new F-
Gas Regulation would be based on GWP20 instead of GWP100.

4.2. GWP vs Energy efficiency

As comprehensively discussed in chapter 3, to mitigate the carbon footprint of the
refrigeration/heat pump systems, it is essential to take into consideration the emissions over
the lifetime of these systems including the emissions during the production and disposal
phases, and mainly during the operation of the refrigeration/heat pump systems. This is due
to the fact that the majority of the emissions belongs to the indirect emissions. GWP as a
single proxy only represents the direct emissions and cannot provide all the details
regarding the carbon footprint of a refrigeration/heat pump system. The indirect emissions
can be mitigated through the improvement of the energy efficiency. It requires the
modification of the refrigeration/heat pump system architectures and/or using refrigerants
with better properties which provide higher energy efficiency. It is an important factor
when we search for alternative refrigerants for HFCs, meaning that both the GWP and
energy efficiency must be taken into account for the refrigerant replacement. It is already
shown in chapter 3 that some low GWP alternatives to commonly used HFCs have lower
energy efficiency and consequently higher emissions rate.

Another important fact is that the contribution of the direct and indirect emissions to the
total CO2-eq. is strongly dependant on the sources of the electricity generation, in particular
on the indirect emissions factor. In countries where clean sources of energy are used for
electricity generation, the indirect emissions reduce remarkably. Then, those countries can
put their efforts on phasing down/out the refrigerants with higher GWP. Otherwise, in
countries with higher indirect emission factors, it is much more important to both improve
the energy efficiency of the refrigeration/heat pump systems to reduce the power
consumptions and shift energy production away from sources that release a lot of
greenhouse gases to the clean sources of energy to generate electricity.
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4.3. GWP vs Flammability

Flammability of a refrigerant is an important property which represents the ability to burn
or ignite. The flammability and toxicity characteristics of refrigerants are categorised by
ASHRAE standard 34, as shown in Figure 51. There are other standards such as 1SO 817
and European Standard EN 378, aiming to reduce the risks and hazard to human and
environment when using flammable refrigerants. In fact, the usage of flammable
refrigerants is regulated depending on the location, occupancy level, system type and
refrigerant used.

Subclass
2L

Class 2

(34/m1)
uoIsNqWo) Jo 1eay

00061

Lower Flammability Limit
(kg/m?)

ncreasing 0.1 Increasing severity
probability of a Maximum Burning Velocity of a combustion
combustior (m/s)

—

Figure 51. Flammability classes of flammable refrigerants according to ASHRAE
standard 34 [47]

event

Figure 52 represents some properties of selected refrigerants. It is obvious that most of the
refrigerants with low GWP are flammable. In fact, there is a trade-off between the GWP
and flammability of the refrigerants. Refrigerant with lower GWP are less stable, meaning
a fast decomposition and as such the reactivity increases the flammability. This is the case
for most of the refrigerants. As most of the alternatives to HFC refrigerants such as HFOs
and HCs are flammable, the refrigeration/heat pump industry is ready to employ them.
Today, there are more equipment in the refrigeration/heat pump systems that relies on the
use of flammable refrigerants. Many projects and risk assessment regarding the use of
flammable refrigerants are performed and depending on the applications we know how to
use these refrigerants. Therefore, it is safe to say that all the refrigerants are safe if we know
how to use them.
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Figure 52. Some properties of selected refrigerants [48]

4.4, Refrigerants in the future

When talking about sustainable solutions for the refrigeration/heat pump industry in terms
of the transition to environmentally friendly refrigerants, there are some key parameters
which must be aligned to accomplish a balance. These parameters include affordability,
safety and environmental friendliness. A good refrigerant should be a low GWP, zero ODP,
low cost, easy to detect, easy to manufacture/recycle, non-toxic and highly efficient. Being
non-flammable is also an advantage, but it is already discussed that even flammable
refrigerants can be used safely.

The refrigeration industry began its journey nearly two hundred years ago, starting with
natural refrigerants. As shown in Figure 53, synthetic refrigerants were invented in 1930s
and later due to the increasing safety issues involving in many of the natural refrigerants
commonly used before that time. CFCs, HCFCs and HFCs had been used for some decades
and now we have reached to the point that these synthetic refrigerants have/had significant
impact on the environment. That’s why CFCs and HCFCs are already phased out and now
the usage of HFCs have been limited due to their greenhouse effect.
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Today and as the fourth generation of refrigerants, there are low GWP choices including
HFO/HCFO and natural refrigerants available. Natural refrigerants are environmentally
friendly and efficient, but the main issue is the safety. The use of flammable refrigerants
are growing, both A2L and A3 refrigerants, and they have been incorporated into the ISO
and IEC standards. HFOs and HFC/HFO mixtures have been proposed and used as low
GWP alternatives with improved properties. As shown in Table 12, these refrigerants are
non-flammable or mildly flammable with almost similar properties to the commonly used

HFCs.

Table 12. List of some alternatives to the commonly used HFCs

ASHRAE Trade Name Composition GWP | Safety | Thooiling
Number group (°C)
R450A Solstice N-13 Honeywell R1234z¢e(E)/134a 547 Al -24
R456A AC5X Mexichem R32/1234ze(E)/134a 627 Al -30

Opteon™ XP10 | Chemours
- R513A R513A Daikin R1234yf/134a 573 Al -30

S Chemical
= R515B - Honeywell R1234ze(E)/227ea 299 Al -19
R1234yf various - <l A2L -30
R1234z¢(E) various - <l A2L -19
R444A AC5 Mexichem | R32/R152a/1234z¢(E) 89 A2L - 34
R516A ARM-42 Arkema R1234yf/152a/134a 131 A2L -29
R454A Opteon™XL40 | Chemours 238 A2L —48

R454A Honeywell R32/1234yf
ARM-20a Arkema 251 —47
R32/1234yf/152a
g R454C Opteon™X1 20 Chemours R32/1234yf 146 A2L —46
s R455A Solstice L-40X | Honeywell R32/1234yf/ICO2 146 A2L —52
R457A ARM-20a Arkema R32/1234yf/152a 139 A2L —43
R459B LTR Mexichem | R32/1234yf/1234ze(E 143 A2L —44
)

R465A ARM-25 Arkema R32/1234yf/290 143 A2 —52
. R32 various - - 677 A2L - 52
1 R452B Opteon™XL55 | Chemours 676 A2L —51
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Solsticel-41y Honeywell R32/125/1234yf
R454B Opteon™X1 41 Chemours R32/1234yf 467 A2L —-51
R459A ARM-71a Arkema R32/1234yf/1234ze(E 461 A2L -50
)
R466A Solstice N-41 Honeywell R32/125/1311 696 Al —52

Table 13 shows the examples of alternative solutions based on the applications including
HFO, natural and mixture refrigerants. As can be seen, there are HFOs and HCFOs among
the alternative choices. As already discussed, HFOs have zero OP and a very low GWP,
and HCFOs have a negligible ODP and very low GWP. But, the main concern when talking
about these refrigerants is the degradation products of some of these refrigerants. Although
the concentration of TFA and its salts is well below the limit which is harmful for the
human health and the environment, still it is under investigation whether the concentration
of TFA and its salts can increase locally due to the very short lifetime of these refrigerants.
Regarding the TFA yields of some HFCs, it is stated that the relatively long-life time of
these refrigerants may lead to a well distribution of them in the atmosphere, but for the
HFOs, the localized increased in the concentration of TFA may cause a serious problem in
the future if theses refrigerants become the refrigerant of choices in the refrigeration/heat
pump industry. So, this is the time to decide about HFOs as we are running out of time and
we don’t have some decades to make another mistake about using synthetic refrigerants
with environmental impact. The environmental impact and in particular the degradation
products of HFOs and HCFOs must be well-investigated to see if we can rely on these
refrigerants or not.

Table 13. Examples of alternative solutions based on the applications

3rd generation 4th generation
Application | Refrigerant | NBP (°C) | Refrigerant NBP (°C) Safety GWP
group
R1224yd(Z) 14.6 Al 1
c\:1Vi?It:rrs R1344 gy | R123476(E) ~19.0 A2L 1
(centrifugal) ' R1234yf -295 A2L 1
R513A —29.2 Al 573
R1234yf -295 A2L 1
Domestic R600a -11.7 A3 3
refrigeration R134a ~261 R152a -29.2 A2 138
R513A —29.2 Al 573
Air R290 —420 A3
conditioners R410A -514 | R32 -51.7 A2L
R32/.../... - A2L
R717 -333 B2L 1
Ingiustrlgl RAOAA 457 R717&R744 - B2L 1
refrigeration (cascade)
R32/.../... - A2L 100-300

Figure 54 represents the trade-offs involved in choosing the ideal refrigerants. It provides
a comparison between the properties of some commonly used refrigerants. As discussed
earlier, the improvement of some of these properties may lead to the degradation of other
attributes. It can be seen that CO2 makes an excellent replacement choice, but the systems
operating with CO2 require a very high operating pressure which affects the compressor
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efficiency and also is dangerous for some applications. R290 passes all the requirements to
be known as an ideal refrigerant, but it is highly flammable which limits its application in
some applications. HFO1234yf is introduced as the refrigerant of choice in mobile air
conditioning systems to be used instead of R134a, but the degradation product of this
refrigerant and its impact on the environment has raised serious question about the use of
this refrigerant. We can also add other refrigerants such as R32 and ammonia, but they have
their own advantages and drawback, similar to the other choices explained here. The fact
is that, the refrigeration/heat pump industry must have more options available and the
technology development must be toward energy efficient systems operating with different
alternative refrigerants including natural refrigerants and HFOs and its blends.

Environmental Low GWP :|
Impact (<150)

HC (R290)

HFC (R410)

Non-Flammable
A1

coz

Heat Transfer
Pressure Drop

Compressor
Impact

No Glide
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Figure 54. The trade-offs involved in choosing the ideal refrigerants [50]
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5. Publication

In our project, we had some publications in ISI journals, a conference and also
“Kyla&Varme” magazine. These publications are listed below:

Journal publications:

e Ghanbarpour, M. Babiloni, Badran, B.E. Khodabandeh, R. Energy, Exergy, and
Environmental (3E) Analysis of Hydrocarbons as Low GWP Alternatives to R134a in
Vapor Compression Refrigeration Configurations, Applied Sciences 11 (13), 6226

e Ghanbarpour, M. Babiloni, Badran, B.E. Khodabandeh, R. Theoretical Global
Warming Impact Evaluation of Medium and High Temperature Heat Pumps Using
Low GWP Refrigerants, Applied Sciences 11 (15), 7123

e Ghanbarpour, M. Babiloni, A.M. Makhnatch, P. Badran, B.E. Rogstam, J.
Khodabandeh, R. ANN Modeling to Analyze the R404A Replacement with the Low
GWP Alternative R449A in an Indirect Supermarket Refrigeration System, Applied
Sciences 11 (23), 11333

e Makhnatch, P. Mota Babiloni, A. Lépez-Belchi, A. Khodabandeh, R. R450A and
R513A as lower GWP mixtures for high ambient temperature countries: Experimental
comparison with R134a, Energy, 166, 2019, 223-235

Conference:

e Future refrigerant mix estimates as a result of the European Union regulation on
fluorinated gases, Proceedings of the 25th IIR International Congress of Refrigeration:
Montréal, Canada, August 24-30, 2019.

Kyla&Varme Magazine:

o Uppdatering av F-gasforordningen pa vag

e Miljopaverkan av HFO-kdldmedier

e Begrénsning av fluorerade vaxthusgaser i hela EU (del 111.)
e Begrénsning av fluorerade vaxthusgaser i hela EU (del 11.)
o Begrénsning av fluorerade vaxthusgaser i hela EU (del I.)

e Oljor for kylsystem

e Smuggling av kéldmedier till Europa

o Suitable fluids for high temperature heat pumps
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