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1. NOMENCLATURE

AC Alternating current

AD Anaerobic digestion

AHU Air handling unit

Al Air impingement

AIS Active insulation system

ANL Argonne National Laboratory

ASD Adjustable speed drive

ASH Ani sweat heater

ASHRAE The American Society of Heating, Refrigerating and Air-Conditioning Engineers
BAT Best available technology

BS British standard

CCHP Combined Cooling Heat and Power
CES Corporate environmental sustainability
CFD Computational fluid dynamics

CHP Combined heat and power

CHTC Convective heat transfer coefficient
Cl Carbon intensity

CO; Carbon dioxide

cop Coefficient of performance

CTES Cold thermal energy storage

DC Direct current

DCKV Demand control kitchen ventilation
DDY Design day in a year

DSR Demand side response

DX Direct expansion system

EC European Commission

ECHA EU European Chemicals Agency
EEB European Environmental Bureau
EEI Energy efficiency index

EER Energy-efficiency ratio

EEV Electronic expansion valve

El Energy intensity

EiF Entry into force

EN European norm

EPR Evaporator pressure regulator
EPW EnergyPlus weather

ESEER European seasonal efficiency ratio
ETS Emissions Trading System
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EU European Union

EVs Electric vehicles

FAO Food and Agriculture Organization of the United Nations
FC Frequency converter

FEA Finite element analysis

GHG Greenhouse gas

GW Giga Watts

GWP Global warming potential

HC Hydrocarbon

HFCs Hydro fluorocarbons

HFOs Hydrofluoro olefins

HTF Heat transfer fluid

HVAC Heating ventilation and air conditioning
HVAC&R Heating, ventilation, air conditioning and refrigeration
IDF Intermediate data format

IHX Internal heat exchanger

IIR International Institute of Refrigeration
IPCC Intergovernmental panel on climate change
IR Infra-red

ISO International standards organisation
kWh Kilo Watt hour

LBNL Lawrence Berkeley National Laboratory
LCA Life Cycle Analysis

LED Light emitting diode

Im Lumen

LPA Liquid pressure amplification

LSHE Liquid suction heat exchange

LT Low temperature

LULUCF Land use, land-use change, and forestry
MAC Marginal abatement cost

MECs Motor Efficiency Controllers

MEPS Minimum Energy Performance Standards
MGT Micro gas turbine

MS Medium-sized

MT Medium temperature

MW Microwave

NG Natural gas

NREL National Renewable Energy Laboratory
OA Outside air

ORNL Oak Ridge National Laboratory

OsSM OpenStudio model
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PCM Phase change material

PF Power factor

PFAS Per- and polyfluoroalkyl substances
PHA Polyhydroxyalkanoate

PLA Poly(lactic acid)

PLC Programmable logic controller
PNNL Pacific Northwest National Laboratory
psi Pounds per square inch

PSv Passive stack ventilation

PTAC Packaged terminal air conditioner
PU Polyurethane

PV Photo voltaic

PVC Polyvinyl chloride

RAC Room air conditioner

RDC Refrigerated display cabinet

REACH Registration, Evaluation, Authorisation and Restriction of Chemicals
RES Renewable energy source

RH Relative humidity

SBEM Simplified building energy model
SCOP Seasonal performance factor

SEC Specific energy consumption

SHGC Solar Heat Gain Coefficient

SHS Superheated steam

SMPC Stochastic Model Predictive Control
SS Small-sized

SST Saturated suction temperature
tCO2e Tonnes of CO; equivalent

T Temperature

TE Thermoelectric

TEC Total energy consumption

TEV Thermostatic expansion valve
TEWI Total equivalent warming impact
TFA Trifluoroacetic acid

TFC Thermostatic flow control

TFC Thermostatic flow control

TRL Technology readiness level

TWh Tera Watt hours

TXV Thermostatic expansion valve

UK United Kingdom

UNRCCC United Nations Framework Convention on Climate Change
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us United States

uv Ultra-violet

VAV Variable airflow volumes
VFD Variable frequency drive
VIP Vacuum insulated panels
VSDs Variable speed drives
WLD Warm liquid defrosting
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2. EXECUTIVE SUMMARY

In this road map we question how the retail food sector can decarbonise and rapidly reach net zero.
As part of the work we provide independent reviews of 95 different technologies/strategies that retail
stores could apply to reduce carbon emissions and energy consumption. Scope 1 and 2 emissions are
covered which encompass emissions from direct fuel use (electricity/gas) and emissions from leakage
of refrigerants. Scope 3 emissions are not included as these will originate mainly from the companies
that supply supermarkets and their emissions are covered in other road maps being developed under
the ENOUGH project.

The reviews were used to identify the individual technologies/strategies that had the most potential
in retail stores. Only technologies with a high technology readiness level (TRL) were considered as most
of the technologies/strategies were already available on the market. The carbon emissions from those
that were not available were very difficult to quantify and often had very varied application times and
the claimed savings often varied widely. Results were presented as potential carbon savings
(high/medium/low) and payback time.

Mathematical modelling was then used to assess impacts from 2020 through to 2050 taking into
account changes due to global warming and changes in the grid carbon conversion factor as well as
the impact of combined technologies/strategies. Three scenarios were considered for a medium (2,100
m?) and a small (600 m3) store:

1. Do nothing: the impact of changes due to global warming (an RCP 4.5 climate change scenario
was applied) and changes to the electrical grid carbon conversion factors were considered.

2. Minor retrofit (+ do nothing): shorter term options that could be applied for stores that were
not due to be replaced in the near future or undergo major refurbishment.

3. Major retrofit ((+ do nothing + minor retrofit): more significant changes that would require the
store to be closed for a period of time.

The impact of applying technologies to a completely new build supermarket was not considered as the
vast majority of the technologies could be applied as part of a major retrofit to a supermarket.

The impact of the scenarios was applied to 6 locations (UK, France, Lithuania, Norway, Italy, Poland)
which were selected for their varied climatic conditions, grid carbon conversion factors and their
baseline use of fuels and refrigerants. Results from the reviews and modelling identified routes for
stores to reduce emissions and enabled the creation of a road map thought to 2050.

The modelling predicted overall energy savings ranging from 55 to 94%. The savings were in Rome
where 95% of the energy was saved in the medium store and 70% in the small store. This showed the
benefits of solar panels in a country where there was abundant sunshine. The energy savings in other
countries were broadly similar but the reductions were due to a variety of reasons and not always due
to the application of the same technology.

Carbon emissions could be reduced by 61 to 97%. In medium stores the greatest reduction was seen
in Rome and was mainly due to the energy saving potential from the solar panels. In the small stores
the greatest percentage carbon reduction was seen in Oslo and this was mainly due to the high impact
of reducing fugitive emissions (and moving from an HFO to R744) in a country where the electrical grid
intensity was already very low.

From the work we recommend 6 major opportunities for supermarkets which are presented in the
diagram below:
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3. ABOUT THIS ROAD MAP

Studies have estimated that 26-35% of global greenhouse gas emissions are a result of food and
agriculture. Approximately 18-29% of these emissions are related to the food supply chain (the
remaining proportion is related to land use, crop and animal production)'?. The food industry is
important both economically and is integral to many of the UNs sustainable development goals. The
food sector often has a large impact on the GDP of a country, and this is especially the case in less
developed countries.

Refrigeration has a significant role to play in creating secure, sustainable and resilient food chains. The
International Institute of Refrigeration (lIR) estimate that 778 million tons of food is preserved by
refrigeration in the world each year. Theoretically, 1,661 million tons should have benefited from
refrigeration and so there is a significant shortfall in access to cooling. Approximately 13% of the food
produced in the world is lost because of a lack of refrigeration which if correctly refrigerated could
feed 950 million inhabitants per year®. In low-income countries most of the food is lost at the start of
the chain and this is due to poor logistics, lack of cooling and poor handling and practices. In high
income countries food is mainly wated at the consumer end of the cold chain. It is essential to limit
food loss and waste as this not only contributes to carbon emissions but results in less food being
available for consumption.

This road map focuses on the supermarket sector. In this report, supermarkets are often used to
describe all sizes of food retailer, from convenience to hypermarket. There is evidence to suggest that
the retail sector has relatively high scope 1 and 2 emissions* compared to other sectors of the food
chain. In 2014 there were approximately 105 million retail food outlets covering 96,391 m? in Europe.
As part of eco-design and labelling studies the European Commission (EC) estimated that the annual
energy consumption of refrigerated products was estimated at 65 TWh in 2015, corresponding to 26
million tonnes of CO, equivalent®. Refrigeration is often the largest energy load in a supermarket. The
energy consumption of supermarkets depends on business practices, store format, product mix,
shopping activity and the equipment used for in-store food preparation, preservation, and display. The
annual electrical energy consumption can vary widely from around 700 kWh/m? sales area in
hypermarkets to over 2,000 kWh/m? sales area in convenience stores. The refrigeration systems

! Poore, J., & Nemecek, T. (2018). Reducing food’s environmental impacts through producers and consumers.
Science, 360(6392), 987-992.

2 Crippa, M., Solazzo, E., Guizzardi, D. et al. Food systems are responsible for a third of global anthropogenic GHG
emissions. Nature Food (2021).

3 ]IR. The Role of Refrigeration in Worldwide nutrition (2020), 6th Informatory Note on Refrigeration and Food.
4 Scope 1 covers emissions from sources that an organisation owns or controls directly — for example from

burning fuel. Scope 2 are emissions that a company causes indirectly when the energy it purchases, and uses is
produced.

> Moons, H., Villanueva, A., Calero, M., Ardente,F., Mathieux, F., Labanca, N., Bertoldi, P. and Wolf, 0. (2014).
Ecodesign for Commercial Refrigeration. Preparatory study update Final report. ISBN 978-92-79-39543-7 (PDF),
ISSN 1831-9424 (online), doi:10.2791/11459.
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account for between 30 % and 60 % of the electricity used, whereas lighting accounts for between
15 % and 25 % and the HVAC equipment and other utilities such as bakery use the remainder®.

Previous work has shown that there is considerable potential to reduce emissions from supermarkets.
This road map presents quantified evidence on the levels of carbon that could be saved, the
technologies and strategies that could be applied and looks forward to 2050 to predict whether a zero-
carbon supermarket is feasible.

4. INTRODUCTION

In June 2021, the EU adopted a European Climate Law which aims to reach net zero GHG in the EU by
2050. In addition, the EU has a goal of reducing emissions by at least 55% below 1990 levels by 2030
(including Land use, land-use change, and forestry - LULUCF). This is implemented through the ‘Fit for
55’ package which is a set of policy proposals by the European Commission to achieve the 55%
reduction target’. To achieve this target the EU has proposed a number of measures which include:

e the strengthening of the emissions reduction targets for each Member State;

e a Carbon Border Adjustment Mechanism, putting a carbon price on imports of iron and steel,
cement, aluminium, fertilizers and electricity;

e anincrease of the target for renewable energy production to 40% by 2030;

e an update of energy efficiency targets for each Member State to 36-39% by 2030;

e a revision of the EU Emissions Trading System (ETS), and a new ETS for road transport and
buildings;

e a revision of the Energy Taxation Directive, introducing an EU-wide minimum tax rate for
polluting aviation and shipping fuels;

e higher CO, emission standards for cars and vans, requiring average emissions of new cars to
come down by 55% from 2030 and 100% from 2035 compared to 2021 levels;

e anobligation for fuel suppliers at EU airports to blend increasing levels of sustainable aviation
fuels in jet fuel through the ReFuelEU Aviation Initiative;

6 Kolokotroni, M., Mylona, Z., Evans, J., Foster, A. and Liddiard, R., 2019. Supermarket energy use in the UK.
Energy Procedia, 161, pp.325-332.

7 https://www.consilium.europa.eu/en/policies/green-deal/fit-for-55-the-eu-plan-for-a-green-transition/.
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e a maximum limit on the GHG content
of energy used by ships calling at
European ports through the FuelEU
Maritime Initiative;

Number of retail
outlets in Europe

e the introduction of an overall EU
target for carbon removals by natural
sinks, equivalent to 310 million tonnes
of CO, emissions by 2030; and

e anew EU Forest Strategy, setting out
a plan to plant three billion trees
across Europe by 2030.

Hypermarkets
= Discount stores
= Supermarkets

= Convenience

Adapted from: Karampour M.,
Sawalha, S. and Arias,J. Eco-
friendly supermarkets - an
overview. Report 2, SuperSmart.

All this impacts the food cold chain which has

significant emissions of carbon. In particular
8 P Typical size Type of products

supermarkets in Europe generate significant Food products

oy .. 2
quantities of carbon emissions and so have a TS >4,300m*  \on-food products
major role to play the aimed for 55% reduction e 400-2.500 mz  Mainly food products
. . . ’ Limited non-food products

target. Across Europe it is estimated that in Food brod
2022 there are 300,000 food retailers with a RS <o00m e B

) Non-food products
turnover of €2,4 trillion®. The majority of Convenience store <400 m? Limited number of products,

. Predominantly food
stores are small convenience stores of <400 v

m2. Supermarkets and hypermarkets saw a decline in sales in 2021 with only online and discounters
posted highest results than in the previous year. This was due mainly to the financial crisis, the COVID
pandemic and some changes in consumer habits.

Supermarkets and hypermarkets can vary in size from 400-20,000 m? and have refrigeration capacities
of between a few hundred Watts to 1.5 MW?. In Europe it is estimated that the carbon emissions from
retail stores is ~26 megatons COz.. The emissions originate from the energy that is used to operate the
display cabinets and the heating ventilation and air conditioning (HVAC) system plus emissions also
from any gas used for heating and emissions from leakage of refrigerants. Refrigeration consumes the
greatest proportion of the electricity energy in a supermarket with 35-50% of all energy used to power
the refrigerated cabinets™.

The focus of this report is to assess the technologies and strategies available to supermarkets to reduce
their carbon emissions. This covers the emissions that they generate today and also how emissions
moving forward 2050 could be reduced to ultimately assess how a supermarket could become zero
carbon. During the work 95 different technologies and strategies were reviewed in detail to assess
their opportunities to reduce carbon. This covered technologies that could be applied to the retail
display cabinets, the HVAC system and also any cooking that is carried out in store.

8 https://www.retail-index.com/sectors/foodretailersineuropeandworldwide.aspx

° EN environment, RTOC Montreal protocol on substances that deplete the ozone layer. 2022 Report of the
refrigeration, air conditioning and heat pumps technical options committee.

10 Kolokotroni, M., Mylona, Z., Evans, J., Foster, A. and Liddiard, R., 2019. Supermarket energy use in the UK.
Energy Procedia, 161, pp.325-332.
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5. CURRENT TRENDS

1.1. The environment

The world is experiencing higher temperatures due to global warming. Globally mean near-surface
temperature were 1.11 to 1.14 K warmer between 2012 and 2021 than during the pre-industrial level.
This makes the last decade the warmest on record. In Europe temperatures have increased even faster
over the last decade, with an increase of 1.94 to 2.01 K (depends on data set used). 2020 was the
warmest year in Europe since instrumental records began. In particular hight levels of warming were
observed across Eastern Europe, Scandinavia and at eastern part of Iberian Peninsula®®.

United Nations Framework Convention on Climate Change (UNRCCC) member countries have
committed to the Paris Agreement. This aims to limit global temperature increase to below 2°C (above
pre-industrial levels) by 2050 and ideally to limit the increase to less than 1.5 K*2..

Projections on future temperatures from climate change models indicate that in Europe, land areas
will continue to increase in temperature throughout the century at a rate higher than the global
average. Depending on the assumptions applied to the models, temperatures could at best increase
by 1.2 to 3.4 Kand at worst by 4.1 t0 8.5 K (by 2071-2100, compared to 1981-2010). Areas of particular
concern are north-eastern Europe, northern Scandinavia and inland areas of Mediterranean countries,
whereas western Europe, especially in the United Kingdom, Ireland, western France, Benelux countries
and Denmark expect the lowest levels of warming®Z.

It is clear that extreme temperature events are becoming more common, and this is having an impact
on refrigeration systems. Many reports over the last summer stated that food retail refrigeration
systems were breaking down due to the hot ambient temperatures. This has meant that many of the
top retailers have had to empty cabinets and have been unable to sell refrigerated products. Even if
the refrigerated cabinets can continue to keep working, warmer ambient temperatures are having a
major impact on costs to run a food retail outlet. A recent report from Imperial College has indicated
that a 2°C increase in average UK summer temperature increased refrigeration energy demand by
6%2. The same report also found that refrigerated cabinets broke down more in hotter weather
increasing maintenance bills. All of this is bad news for food retailers, consumers and the environment
as the additional costs will have to be absorbed and food may be wasted if cabinets can no longer cope
with the warmer conditions.

Options are available to prevent refrigeration breakdowns. Good maintenance and monitoring can
make sure cabinets and refrigeration plant have the best operational performance before they are
stressed by warm conditions. Reducing the load on the refrigeration plant though the application of
energy efficient technologies can also be beneficial. These options will enable current plant to operate
for longer but ultimately design of both the refrigerated cabinets themselves and refrigeration systems
need to be adapted to cope with the new higher ambient conditions. As food retail refrigeration
systems are expected to have an operating lifetime of 15-20 years, there is a need to make sure new

1 https://www.eea.europa.eu/ims/global-and-european-temperatures.

12 https://www.eea.europa.eu/ims/global-and-european-temperatures

13 https://www.imperial.ac.uk/news/198934/warmer-summers-risk-chilling-energy-bill/
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systems are able to cope with what is likely to become common rather than rare high ambient
temperature events.

Although increasing ambient temperatures impact the performance of refrigeration systems, the
impact of climate change goes much further. Associated issues such as droughts and reduced
availability of water have an impact on the whole food chain. Food may no longer be able to be grown
in certain locations and the whole cold chain system may need to be redesigned to cope with these
changes. Climate change may also have wider ranging impacts such as migration of populations from
areas where crops can no longer be grown and may have significant impacts on the food security of
nations.

1.2. The move to natural refrigerants

There has been a significant move across European food retailers to move away from HFC refrigerants
in the last decade. In particular CO, (R744) has been applied widely as a refrigerant in larger remotely
operated systems (see below). In smaller integral systems there has been a transition to hydrocarbon
refrigerants, in particular propane (R290). This is primarily due to national environmental pressure plus
also legislative pressures from the European F-gas regulations (Regulation on the Use of F-Gases (EU
517/2014, 2014))* to reduce the GWP of refrigerants applied in food retail. The F-gas Regulation has
a step-by-step reduction plan that calls for a 79% reduction in GWP-related emissions from the use of
hydro fluorocarbons (HFCs) by 2030, using 2010 as the reference year. Except for primary cascade
cycles (which are permitted to use refrigerants with GWP up to 1500) the regulation prohibits the use
of any refrigerant with a GWP higher than 150 in centralised food retail refrigeration systems larger
than 40 kW (applied since January 2022). From the same date refrigerators and freezers for
commercial use (hermetically sealed equipment) cannot contain a fluorinated refrigerant with a GWP
of greater than 150. Stationary systems which fall between the large (>40 kW) centralised systems and
the hermetically sealed equipment are able to use HFC refrigerants with a GWP of <2,500 (with a
derogation for equipment intended for application designed to cool products to temperatures below
-50°C).

Currently regulations affecting the use of refrigerants apply across the EU and the United Kingdom
(UK). Even though the UK is no longer part of the EU, the UK has to date mirrored the European
legislation. European legislation on the use of F gases is due to be updated and proposed
amendments were published in April 2022. These new regulations are designed to strengthen the
previous measures and introduce new measures. In particular the proposal is intended to enhance
the ambition of the regulation by a tighter quota system for HFCs which will reduce the HFCs placed
on the market by 98% by 2050 (compared to 2015, based on GWP). It will also improve enforcement
and implementation and apply harsher penalties for non-compliance. Monitoring will be more
comprehensive with enhanced reporting and verification procedures. The proposed regulation also
includes hydrofluoro-olefins (HFOs) (alongside HFCs) for prevention of emissions, leak checks, record
keeping, recovery and labelling. The main clauses affecting food retail systems are presented in Table
1.

14 https://climate.ec.europa.eu/eu-action/fluorinated-greenhouse-gases/eu-legislation-control-f-gases_en.
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Table 1. Main impacts of proposed new F-gas regulation.

Refrigerators and - that contain other fluorinated 1January Now includes
freezers for greenhouse gases with GWP of 150 2024 ‘other fluorinated
commercial use (self- or more greenhouse gases’
contained equipment)
12 Any self-contained - that contains fluorinated 1January New clause
refrigeration greenhouse gases with GWP of 150 2025
equipment or more
14 Stationary refrigeration - that contains, or whose 1January Now includes
equipment functioning relies upon, fluorinated 2024 ‘other fluorinated
greenhouse gases with GWP of greenhouse gases’
2,500 or more except equipment
intended for application designed
to cool products to temperatures
below - 50 °C
15 Multipack centralized - with a rated capacity of 40 kW or 1 January Link to Annex 1
refrigeration systems more that contain, or whose 2022 added

for commercial use

functioning relies upon, fluorinated

Retail road map

greenhouse gases listed in Annex |
with GWP of 150 or more, except
in the primary refrigerant circuit of
cascade systems where fluorinated
greenhouse gases with a GWP of
less than 1,500 may be used

1.2.1. Carbon dioxide (R744)

Until 2020, worldwide there are several ten thousand stores employing CO,-based systems and CO; is
rapidly replacing older technologies in commercial refrigeration for new and refurbished stores.
Results show that Europe has adopted CO; applications for commercial and industrial refrigeration at
a much higher rate than any other region, largely due to the EU F-Gas Regulation and ambitious
legislation in some European countries, by requesting a tax on refrigerants based on their GWP™. As
store owners try to future-proof their refrigeration systems, CO; is quickly taking over as the preferred
alternative in new supermarkets in Europe. In late 2018 it was estimated that there were 16,000 stores
in Europe operating on transcritical CO>. In 2020 this number had risen to 29,000 a growth of 81% since
2018 (Figure 1). In Europe, around 90% of installations are in supermarkets, 5% are in convenience
stores and 5% are in not supermarket industrial sites.

15 https://www.skatteetaten.no/en/business-and-organisation/vat-and-duties/excise-duties/about-the-excise-
duties/hfc-and-pfc/
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Figure 1. CO; transcritical stores status in 2020 (Koegelenberg et al, 2020%).

Technology-wise, refrigeration systems are becoming more compact, simple to install and to service.
The standardisation of CO, booster type refrigeration systems and the expansion of commercial
availability by numerous providers have decreased the cost of the technology in recent years. CO;
based systems saw a rise in energy efficiency of up to 25% and a decrease in their equipment costs of
30% between 2008 and 2016 (Gullo et al., 20187). Much of the efficiency has been gained by use of
mechanical subcooling, ejectors, vapor injection, and parallel compression to gain efficiency at higher
ambient conditions (CO, operates trans-critically above 31°C) and the possibility to operate the
evaporators in non-superheated mode, thereby raising the suction pressure of the compressors by
several bars. CO; systems are therefore now able to compete on costs with HFC systems.

Further cost reduction is anticipated due to the increasing global development of the CO, refrigeration
market and greater competition (Skacanova and Battesti, 2019%8). Shecco have projected using
research data collected from major heating, ventilation, air conditioning and refrigeration (HVAC&R)
equipment manufacturers that continuous growth will continue in the European market going
forward. Figure 2 shows 2 scenarios for CO; store growth
by 2030. The cautious scenario assumes competition More information -

from other low-GWP refrigerant technologies. The Read more about low GWP refrigerants in:

projections estimates that there will be a total of Refrigerant - Carbon dioxide (CO2, R744)
65,000-85,000 stores employing CO, technology in

16 Koegelenberg, I., Laumen, Z., Stausholm Chritiansen, T., Yoshimoto, D., Dusek, J., Aleu, P. and Cooper, N. World
Guide to Transcritical Refrigeration, Part Il. https://issuu.com/shecco/docs/r744-guide-part2.

7 Gullo, P., Tsamos, K.M., Hafner, A., Banasiak, K., Yunting, T.G. and Tassou, S.A., 2018. Crossing CO2 equator
with the aid of multi-ejector concept: A comprehensive energy and environmental comparative study. Energy,
164, pp.236-263.

18 Skaganova, K.Z. and Battesti, M., 2019. Global market and policy trends for CO2 in refrigeration. International
Journal of Refrigeration, 107, pp.98-104.
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Europe by 2030 and that there will be between 4,000 and 6,000 new CO; stores opening each year
between 2020 and 2030.

90,000 1
80,000 H
70,000 -
60,000
50,000 -
40,000 -

30,000 -

Numbers of stores

20,000 -
10,000 -

Figure 2. Projected number of CO; transcritical stores by 2030 in Europe (Skacanovd and Battesti,
2019).

1.2.2. Hydrocarbons

For smaller integral refrigeration systems there has been a significant move to the use of propane
(R290) in Europe in recent years due to its inherent efficiency and low GWP of 3 (AR4). Hydrocarbon
(HC) refrigerant system charges are generally less than 150 g to comply with EN 60335-2-
89:2010+A2:2017 (Household and similar electrical appliances. Safety - Particular requirements for
commercial refrigerating appliances with an
incorporated or remote refrigerant unit or More information -

compressor). The newer |EC 60335-2- Read more about hydrocarbon refrigerants in:
89:2019 allows a higher charge of a
flammable refrigerant of up to 500 g,
depending on the exact refrigerant applied.

Refrigerant - HC refrigerants

1.2.3. The application of low/lower GWP refrigerants

Although the market trend is to move to natural refrigerants, there is also an uptake of low GWP
HFC/HFO alternatives. These are chemical blends with low or lower GWP than the traditional HFC
refrigerants such as R404A that have historically been applied (Table 2). Many of the blends are
flammable or mildly flammable (mainly A2L classification). The charge for flammable or mildly
flammable refrigerant is controlled through either EN 60335-2-89:2010+A2:2017 or IEC 60335-2-
89:2019. For mildly flammable alternatives (A2 and A2L), the limit in the EN standard is 150 g but this
is increased to up to 1.2 kg in the IEC standard. For larger charges, EN378 must be applied (Figure 3).
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Much of the current use of low GWP alternatives is to retrofit existing remotely operated supermarket
estates (there is little value in retrofitting integral refrigeration systems which are hermetically sealed).
Many new refrigerants have higher pressures, higher flammability and exhibit glide and so are not drop
in options for existing systems. Some refrigerants

classified as Al are more suitable for direct retrofitting,
to keep existing systems in operation before a
complete replacement with a natural working
fluid system is economically feasible for the #Refrigerant - HFO refrigerants and blends
owner. These include R407A, R407C, R407F,

R448A, R449A or R452A as replacements for R404A; and R450A R544 and R513A for R134a in systems
<40 KW that are not hermetically sealed. However, these are only short-term options to comply with
legislation that is likely to become more stringent in the future.

More information -

Read more about low GWP refrigerants in:

Some supermarkets are converting HFC systems to operate with A2L refrigerants such as R454A. This
requires careful assessment of risks and risk mitigation to ensure that any flammability risks are

mitigated.

& s o3

o A2 B2

A2L B2L

NO FLAME
PROPAGATION Al Bl
LOWER
TOXICITY

o
T

Figure 3. Toxicity and flammability classification of refrigerants.

Table 2. Typical lower GWP refrigerants applied in supermarkets, their type, classification and GWP.

Refrigerant Type Classification GWP 1
reference

R1234ze(Z) 0.315

R1234yf HFO A2L 0.501 6
R1234ze(E) HFO A2L 1.37 6
R1270 HC A3 2 4
R290 HC A3 3 4
R455A HFC/HFO blend A2L 145 4
R454C HFC/HFO blend A2L 148 4

19100 year horizon

Page 26 | 295



EUROPEAN FOOD CHAIN SUPPLY
TO REDUCE GHG EMISSIONS BY 2050

Refrigerant Type Classification GWP?Y
reference

@BENOUGH el roa map

R454A HFC/HFO blend

R450A HFC/HFO blend Al 601 4
R513A HFC/HFO blend Al 631 4
R32 HFC A2L 771 6
R448A HFC/HFO blend Al 1387 4
R449A HFC/HFO blend Al 1397 4
R134a HFC Al 1530 6
R407C HFC Al 1700 4
R407F HFC Al 1824 4
R410A HFC Al 2100 4
R407A HFC Al 2107 4
R452A HFC/HFO blend Al 2140 4

Some HFC and HFO refrigerants are also considered to be per- and polyfluoroalkyl substances (PFAS).
PFAS substances are known to be highly persistent in the environment, contaminating groundwater,
surface water and soil, and causing serious health effects. In Europe the current working definition of
a PFAS substance is that it contains at least one fully fluorinated methyl (CFs) or methylene (CF,) group
not directly attached to any hydrogen, chlorine, bromine or iodine atom. This covers refrigerants such
as R134a which is still used in supermarkets and is one of the constituents of R404A which may still
remain in a few supermarkets. PFAS substances include products such as trifluoroacetic acid (TFA).
TFAs are deposited on land and in water where there is the potential to accumulate in terminal water
bodies and plants. Currently it is unclear whether TFAs have significant environmental impact, but
ultimately, under the precautionary principle, the risk should be mitigated if possible. The overall
impact of these issues related to refrigerants is the subject of ongoing debate and object of a joint
proposal of five EU Countries to ECHA. Responsible end-users, reporting annually their sustainability
achievements (taxonomy), will find it more difficult to justify use of PFAS polluting refrigerants.

In early February 2023 the EU European Chemicals Agency (ECHA) published a proposal from Denmark,
Germany, the Netherlands, Norway and Sweden to restrict PFAS chemicals under the EU’s chemicals
REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals) regulation. This proposes
a restriction on the manufacture, use and sale of certain f-gas substances and blends. Refrigerants
included are both HFCs and HFOs and include HFC-125, HFC-134a, HFC-143a, HFO-1234yf, HFO-
1234ze(E), HFO-1336mzz(Z) and HFO-1336mzz(E). If accepted the proposal would apply 18 months
after entry into force (EiF). This is quite some time away as the ECHA’s scientific committees for Risk
Assessment and for Socio-Economic Analysis first need to check that the proposed restriction meets
the REACH legal requirements. This should occur in March 2023. If the proposal passes this test then a
scientific evaluation of the proposal will start by the committees. Consultation will be held over

20 https://echa.europa.eu/registry-of-restriction-intentions/-/dislist/details/0b0236e18663449b.
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approximately a 12-month period so that the ECHA can consult with industry (the period may be
extended in this case due to the complexity of the issues). After that the European Commission and
EU Member States will decide on potential restrictions. However, irrespective of whether this initiative
becomes a legal requirement, there is now considerable ongoing risk when applying HFC and HFO
refrigerants.

1.3. Changes in shopping habits

Consumer shopping habits changed rapidly in the COVID-19 pandemic. The use of internet shopping
saw rapid increases during the pandemic in some countries. For example, in the UK pre-pandemic
ecommerce accounted for 8.7% of all grocery sales. This rose to 15.4% in the pandemic and has since
fallen back to 13.3% of all grocery sales?’. Increases in ecommerce during the pandemic in other
European countries were not as significant and this was partially related to the ability of retailers in
these countries to service the home delivery demand. Figure 4 shows the sales growth in home delivery
in European countries between 2019 and 2020. In all cases sales growth increased or remained stable
with an overall increase in growth of 36.6% (overall online sales growth from 19.5% in 2019 to 56.1%
in 2020). Certain countries (in particular, The Netherlands, Norway, Sweden, Turkey and the UK) all
saw particularly high growth in ecommerce sales in 2020.

Although demand for home delivery has decreased it appears that a significant number of consumers
who used home delivery during the pandemic will continue to use home delivery or a click and collect
service. More than 50% of consumers intend to continue ecommerce shopping for at least some part
of their grocery needs?.

250%
200%

150%

yowt

100%

P
50%

2019 =m2020 ~—2010 European average 2020 European average
Source: European Commission Directorate-General for Economic and Financial Affairs
Figure 4. Online food and grocery sales 2019 versus 2020.
2 https://www.retailgazette.co.uk/blog/2022/03/two-years-on-how-covid-has-changed-the-uks-grocery-

sector-forever/
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Changes in shopping habits have also affected shopping location. Consumers have switched to more
local sources, partly due to the pandemic, but also due to personal and sometimes financial motives.
This was partially due to the pandemic where consumers wished to stay closer to home (or may even
had restrictions on their movements) and potentially had more time to visit multiple smaller retailers?2.

1.4. Changes in eating habits

Rising energy costs have had an impact on consumer cooking habits. According to a report from BBC
Good Food, since the pandemic (where consumers cooked more) many consumers are reporting using
the hob less and microwave more to save energy?. Consumers are also reporting that they cook meals
that require less cooking and cook less energy intensive meals. In extreme cases some consumers are
reporting that they no longer use their oven. Consumer trends are to plan meals better and batch cook
to better utilise energy. There is also an increase in the purchasing of frozen food. This is likely to have
been partially driven by changes in shopping habits in the pandemic (fewer shopping trips and the wish
to store foods in case of lock downs). This also drove an increase in purchase of non-perishable foods.
Increased energy costs and the financial crisis are also reported to be having an impact on food waste
in the home with 3 in 5 consumers in the UK stating that they are reducing the amount of food they
waste and consequently are buying less food?.

There is a general trend for consumers to consume perceived ‘healthier’ plant based and more
sustainable options. Before the financial crisis (which has changed food choices to those more based
on cost) a survey conducted by research company Toluna showed there was a reduction in the
consumption of meat-based products with 50% of people saying they have started or were continuing
to reduce their meat intake. Since 2019 meat eaters have reduced from 83% to 78%?°. There is also a
growing trend for veganism and vegetarianism (7% saying they planned to consume a vegan diet and
12% a vegetarian diet). There is a growing need for alternative plant-based products which are
generally perceived by consumers as being healthy?®.

There is a growing trend for health-based foods. Consumers are also becoming more aware of how
their food choices affect the environment and so are more aware of sustainability and interested in
provenance and sourcing of foods they buy. In particular packaging has a high profile with consumers
who are much more concerned about single use packaging than in the past. One developing trend is
for personalisation of food where consumers use technology to select foods that suit their health,
welfare and lifestyle choices?’.

All these trends have an impact on supermarkets who will provide choices to consumers according to
demand. Currently the major trend is to provide customers with cheaper alternatives and deals to
reduce the cost of eating. Although this has been exacerbated by the financial crisis it is a trend that
has been ongoing for several years. In the past consumers still bought treats and would trade up to

2https://www.theguardian.com/business/2021/mar/23/uk-local-grocery-shopping-could-last-beyond-
pandemic-poll-small-stores-food-drink

B https://www.bbcgoodfood.com/article/bbc-good-food-nation-survey-results-2022.
Zhttps://www.foodmanufacture.co.uk/Article/2022/09/23/How-are-consumers-changing-their-eating-habits
25 https://tolunacorporate.com/dietary-trends-and-plant-based-perceptions-in-the-uk/

26 https://www.foodmanufacture.co.uk/Article/2022/05/30/how-are-consumers-diets-changing

27 https://sialamerica.com/white-papers/the-4-biggest-consumer-food-trends-shaping-2022/
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more expensive options for special occasions. This has reduced due to lack of disposable income.
Although current supermarket trends are very much driven by food costs, there is still a strong trend
for consumers to be very aware of sustainability issues and want brands and supermarkets to be
honest in their claims and avoid greenwashing.

1.5. Saving energy and the financial crisis

The financial crisis has impacted both retailers and customers. In 2019, households in the EU spent
13.0% of their total expenditure on food and non-alcoholic beverages. This was the third-largest
category of household expenditure after housing, water, electricity, gas and other fuels (23.5%) and
transport (13.1%). The amount of expenditure varies quite considerably between European countries
with some countries spending over 25% of their income on food and others as little as 8% (Figure 5)%.
Household incomes in real terms are decreasing due to increasing prices and limited rises in salaries
and benefits. In the UK, household income is projected to decrease by 7% in real terms over 2 years,
according to the Office for Budget Responsibility. This is the case for most EU countries where wages
will decline in real terms in 2022%.

Reducing energy consumed also saves cost. With increases in global energy cost the need to improve
efficiency is never more relevant. Irrespective of refrigerants and systems selected, it is vital to apply
a systems-based approach to the whole supermarket design, installation and operation. Reducing
loads through use of energy saving technologies has a major
role to play in both retrofit and new installations. An overall

integrated approach is essential to assess the whole system Read more about integration in:

More information -

to ensure that interactions between equipment and Boreholes and ground sink condensers
energy saving technologies has an overall energy S

reduction for the supermarket as a whole.

Household expenditure on food and non-alcoholic beverages, 2019
(% of total expenditure)
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Figure 5. Household expenditures per country in Europe in 2019.

28 Eyrostat. https://ec.europa.eu/eurostat/web/products-eurostat-news/-/ddn-20201228-1
29 proutat, J-L. European household account: a turbulent story. Eco flash, N°22-11 29 June 2022.
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1.6. Legislative pressures

Several pieces of legislation apply directly to carbon emissions in supermarkets. The main regulation
that influences energy consumption is Ecodesign. F-gas regulations influence fugitive emissions (see
section 5.2).

1.6.1. Energy labelling (Ecodesign)

The Ecodesign Directive

is considered one of the HENERG'I % HENERG'I ﬁ HENERG'/
most successful
regulations applied in
Europe. A recent report
from the European
Environmental Bureau
(EEB) estimated that
Ecodesign could
account for a third of XYZ «wh/annum XYZ «wh/annum XYZ kwh/annum
the total emissions

reductions needed to ﬁ {J;::i ﬁ &xvec 3,{%; &xm

SUPPLIER’S NAME MODEL IDENTIFIER

SUPPLIER'S NAME MODEL IDENTIFIER SUPPLIER'S NAME MODEL IDENTIFIER

achieve  the 55% X¥Z L oem’ e XYz S
AT P

greenhouse gas ;}t ngoc Sx%v¥ e sxvec

reduction target by XYZ e §

2030%°.

The energy used by Figure 6. Energy label for (left to right: refrigerating appliances with a direct
retail display cabinets is sales function, except for beverage coolers and ice-cream freezers, beverage
legislated via energy coolers, ice-cream freezers.

labelling and the

application of Minimum Energy Performance Standards (MEPS). Regulations for refrigerating
appliances with a direct sales function (commercial refrigerated cabinets) came into force on 1 March
2021 and are covered by:

e Commission Delegated Regulation (EU) 2019/2018 of 11 March 2019 supplementing
Regulation (EU) 2017/1369 of the European Parliament and of the Council with regard to
energy labelling of refrigerating appliances with a direct sales function.

e Commission Regulation (EU) 2019/2024 of 1 October 2019 laying down Ecodesign
requirements for refrigerating appliances with a direct sales function pursuant to Directive
2009/125/EC of the European Parliament and of the Council.

The regulations cover refrigerated display cabinets, beverage coolers, ice cream freezers, gelato-
scooping cabinets and vending machines. The regulations are expected to lead to energy savings of 48

30 schweitzer, J-P, Toulouse, E. and Zill, M. Delays in ecodesign implementation threaten 55% climate target and
cost citizens billions, Brussels, September 2021. EEB, ECOS and CoolProducts.
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TWh in 20303, There is a legal requirement to label the energy efficiency of all refrigerating appliances
with a direct sales function if they are sold in Europe (the UK has similar regulations that currently
mirror the EU regulations). Retail display cabinets are labelled from A to G (A being the most efficient
and G the least). For most supermarket cabinets the label is calculated as an energy efficiency index
(EEI) using the EN 1SO 23953-Refrigerated display cabinets test standard.

Several types of environmental impact are considered within the Eco-design preparatory phase and
include:

1. Material, energy and water resources.
2. Waste.

3. Emissions to air, water and soil.

4. Hazardous substances.

5. Physical impacts in the use phase.

These impacts can occur in manufacturing, use or end of life. Although the Energy Labelling directive
focuses on energy use, it can also cover the consumption of other resources and impacts, for example
water consumption, noise levels during use, or the GWP of refrigerants. Generally, with most
refrigeration equipment, the use phase has the greatest environmental impact and so tends to be the
focus of regulation. Generally, refrigerant leakage is not directly addressed in eco-design as it is
considered to be tackled via F-gas regulations (see above). Therefore, the focus is usually on MEPS and
energy labelling.

Increasingly there is greater emphasis on maintainability and access to spare parts. For example, in the
Ecodesign regulation for refrigerating appliances with a direct sales function there are requirements
placed on spare parts and re-use of components. From 1 March 2021 certain spare parts must be
available for a minimum of eight years after the last unit of the model is placed on the market. The
listed items must be able to be replaced with commonly available tools without permanent damage to
the appliance and instructions for fitting the items must be readily available. The items must also be
publicly available on the free to access website of the manufacturer; importer or authorised
representative at the latest two years after the first unit of the model is placed on the market. Spare
parts must be delivered within 15 working days of an order for the component being received. Certain
components should be fitted by professional repairers and there is a process for repairers to register
with manufacturers, importers or authorised representatives to be able to access maintenance
information.

1.7. Temperature control

In supermarkets, there are primarily two temperature ranges for the food: medium temperature (MT)
for chilled food preservation and low temperature (LT) for frozen goods. Depending on national and
international food safety laws, chilled food is generally kept between -1°C and 8°C. Frozen food has
less regulation but is generally kept below -18°C if quick frozen and below -12°C in other cases. The

3lhttps://ec.europa.eu/info/energy-climate-change-environment/standards-tools-and-labels/products-
labelling-rules-and-requirements/energy-label-and-ecodesign/energy-efficient-products/refrigerators-direct-
sales-function_en
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refrigerant evaporation temperature range is normally between -15°C and 5°C for the MT level and
between -30°C and -40°C for the LT level to provide the necessary food temperatures.

6. FUTURE ISSUES AND TRENDS

1.8. Increased use of renewables

Increased use of renewable energy in supermarkets is a growing trend2. This is partially to support the
charging of electric vehicles (EVs) for both consumers and home delivery but also to mitigate the large
increases in energy seen over the past 6 months. If supermarkets can also store energy (electrically or
thermally) it enables them to increase demand side response (DSR) periods or use the stored energy
at periods when energy costs are higher. The energy

demanded by the supermarket can be quite varied over
time and economically there is an optimum level
of renewable power that can be justified. The
share of the energy produced with the PV plant Renewable energy (solar electricit
can be increased dramatically (20 to 70%) by

applying some form of energy storage®.

More information -

Read more about renewables in:

1.9. Integration (of heating and cooling)

A supermarket should be considered as a complete energy system (including the building HVAC, hot
water, lighting, food retail and food service refrigeration) and the best overall energy use evaluated*.
This includes the integration of systems to share heat and coolth efficiently.

Retailers have already considered the integration of heat from
the refrigeration system to provide store heating (if required) or
hot water. Generally, this has been from CO, systems where the
opportunities for heat reclaim are greater. The annual energy
demand for commercial refrigeration could be reduced by Heat pumps and heat reclaim
heat recovery from the refrigeration plant and energy Cold air retrieval

recovery from exhaust air (Hafner et al., 20123%; Sawalha,
20133%).

More information -

Read more about integration and
heat reclaim in:

Recover exhaust heat

32 https://www.tescoplc.com/news/2020/from-solar-farms-to-electric-delivery-fleets-tesco-takes-action-to-hit-
net-zero-in-uk-by-2035/

33 Franco, A.; Cillari, G. Energy Sustainability of Food Stores and Supermarkets through the Installation of PV
Integrated Plants. Energies 2021, 14, 5678. https://doi.org/10.3390/en14185678.

34 EN environment, RTOC Montreal protocol on substances that deplete the ozone layer. 2022 Report of the
refrigeration, air conditioning and heat pumps technical options committee.

35 Hafner, A., Poppi, S., Neksd, P., Minetto, S. and Eikevik, T.M., 2012, June. Development of commercial
refrigeration systems with heat recovery for supermarket building. In Proceedings of the 10th IIR Gustav
Lorentzen Conference on Natural Refrigerants, Delft, The Netherlands (pp. 25-27).

36 Sawalha, S., 2013. Investigation of heat recovery in CO2 trans-critical solution for supermarket refrigeration.
International journal of refrigeration, 36(1), pp.145-156.
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1.10. Integration into electricity grid

Retailers have recently embraced how they can benefit from integrating into national electrical grids.
Retailers as whole estates of hundreds of supermarkets can provide significant reductions to grid
demand if switched off. Most DSR periods are requested by grid operations at peak energy usage times
(typically early evening). Although DSR does not save energy, it enables the more carbon intensive
power generation facilities to be turned off/down during DSR periods and so carbon is saved.

Operators are often paid to remove load from the grid making DSR
an economic proposition for retailers. Generally, retailers can More information -
switch off the refrigeration to cabinets for approximately 30
minutes (a typical defrost period) before temperatures start
to rise to unacceptable levels. Potential exists to incorporate
thermal cold storage or battery energy storage into supermarkets to extend this period.

Read more about DSR in:

Dynamic demand

1.11. Training and skills

Skills to maintain and operate supermarkets is paramount. Skills cover not only the maintenance and
optimisation of the refrigeration systems, HVAC system and supermarket buildings but also how
equipment is managed and operated. The reviews expand on issues such as the way display cabinets
are loaded with food and operated and the opportunities to select better operating equipment that
will save carbon.

Most supermarkets are maintained by facility management companies on behalf of the retail chains.
Few retailers employ their own service engineers or personnel who oversee maintenance or
installation of new equipment. There is a shortage of skilled technicians, and in particular engineers
with skills and experience of natural refrigerants. Lack of skills in these areas is a serious barrier to the
uptake of natural refrigerants (such as R744 and R290)*” and has resulted in some retailers making the
decision to continue using lower GWP HFC or HFO alternatives, not realising the environmental- and
economic benefits of clean cooling solutions.

In supermarkets it is common for the display cabinet refrigeration system and HVAC system to be
overseen by separate teams, often with specialist skills. If there is a lack of coordination between the
management of the refrigerated cabinets and the
HVAC system this can restrict integration of
systems which limits the uptake of carbon
saving ‘cross over’ technologies. This is
partially due to a skills gap where system Training and maintenance

designers, end-users, and engineers are not

skilled across a range of systems but is also related to the way supermarket estates are managed.

More information -

Read more about low GWP refrigerants in:

1.12. Circular economy

The EU has developed a ‘Circular economy action plan’ which was adopted in March 2020. It is one of
the main parts of the European Green Deal. The plan aims to make sustainable products the norm in
the EU while halving municipal waste in Europe by 2030.

37 https://www.thebesa.com/news/skills-gap-threatens-cooling-sector-s-safety-and-environmental-aims/
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The plan impacts the entire life cycle of products and aims to encourage reduction in waste and
circularity in the use of resources. Much of the initiative related to food is targeting food waste, water
use and general sustainability of food distribution and consumption. Packaging is also targeted with
the aim to increase use of recycled plastics and to use plastics more sustainably.

As part of this initiative the Commission is planning legislation on the right to repair products. The
Sustainable Products Initiative will revise the Ecodesign Directive, and it is currently in the public
consultation phase. The initiative aims to make products more durable, reusable, repairable,
recyclable, and energy efficient as well as to provide end users with a practical means to self-repair
their products or choose a third-party service provider instead of going through the manufacturer.

Previously EU initiatives have focused more on end of
life whereas the shifts attention to the entire lifecycle
of a product. Like the Ecodesign Directive, the
Sustainable Products Initiative will provide a general Read more about re-use and recycling in:
framework, and sector-specific legislation for Packaging

different product categories. In addition, there

More information -

Waste technologies and impact of changes
is an intention to introduce an EU Digital (landfill, AD, incineration etc)

Product Passport with information on
components and their potential for recycling.

7. SUPERMARKET SYSTEMS

1.13. Overall energy use

Smaller sized retail stores tend to have higher energy intensities. This is because smaller stores sell
more perishable food in proportion to other goods and therefore have a higher capacity of
refrigeration system per floor area. In the UK, for an average supermarket sales floor area of 469 m? a
mean energy intensity (calculated as the ratio of electrical energy consumption throughout the sales
floor area) of 866 kWh/m?/yr was shown by Foster at al. (2019)®. From another study with larger
stores (Foster et al., 2018)3 an average energy intensity of 566 kWh.m?/yr was given for a sales floor
area of 3,306 m2.

1.14. Systems applied

Depending on the size of the supermarket and the quantity and type of fresh and/or frozen food
products, there are most commonly three types of refrigeration systems:

38 Foster, A., Brown, T., Evans, J. and Maidment, G., 2019. Relationship between specific energy consumption
and size of supermarket stores. Refrigeration Science and Technology, 2019, pp.4973-4980.

39 Foster, A., Evans, J. and Maidment, G.G., 2018, April. Benchmarking of supermarket energy consumption. In
5th lIR International Institute of Refrigeration Conference on Sustainability and the Cold Chain.
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Self-contained, ‘plug-in’ or integral display cases, in which the refrigeration system is built into the
cabinet and the condenser heat is discharged into the sales area. This type of equipment is
commonly used in smaller stores but may also be used in larger stores in combination with a water
loop system to cool the condensers or air conditioning systems (to remove the heat from the
cabinets which is discharged into the store) that
often incorporate the use of free cooling More information -

from outside ventilation. Typically, self- Read more about water loop systems in:

contained display cases are factory Water loop systems (plus R1270)

assembled and have a refrigerant charge
of between, 0.1 and 1 kg.

Remotely operated systems are generally divided into condensing units and distributed systems

or centralised systems each of which may be directly or indirectly operated:

e Condensing units and distributed systems consist of a condenser and one or two compressors
that are installed on the roof or in a small machine room. In small supermarkets and
convenience stores, refrigeration is provided by condensing units to a few of the display
cabinets. In these systems heat is rejected to ambient. Typically, refrigeration capacities range
from 1 kW to 20 kW. Systems are factory built but are installed on-site, where pipework to
connect the cabinets and condensing unit are added. Most systems have a charge of between
2 and 15 kg.

Centralised systems are applied in medium or larger supermarkets (>400 - 20,000 m?). Systems
supply a large number of cabinets from one or several large central systems in a plant room. Pipe
runs are often long as the cabinets are located long distances from the refrigeration plant.

Remotely operated systems may be direct or indirect systems.

Direct systems are most common in most European countries. In these systems the refrigerant
circulates from the machinery room via a common liquid supply to the display cabinets where it
evaporates and returns through a common suction line as a vapour to the compressor rack (set of
multiple compressors) in the machinery room (Figure 7). Racks of medium sized compressors or a
smaller number of larger compressors are applied. Due to their larger size, they have a greater
compression efficiency (60-70%) compared to smaller compressors which are used in integral
cabinets (where compression efficiency is generally ~40-50%). Using a rack of compressors
enables the overall system to have modulation and less compressor cycling. The condensers are
situated outside the building (often on the roof). Most usually the condensers are air cooled but
may occasionally be water cooled or adiabatically cooled. Traditionally it is common to have a
separate refrigeration system for the chilled/medium cabinets (MT) and the frozen/low cabinets
(LT). However, many R744 systems operate using a coupled booster system where both MT and
LT are operated from compressors that are applied at 2 levels in series (Figure 8). This is a simpler
and less costly option that is available for both large and smaller stores. Cascade systems can also
be applied where an evaporator-condenser heat exchanger connects the LT and MT systems
(Figure 9). Traditionally the chilled cabinets will have an evaporation level of -10°C+4K and frozen
cabinets -32°C4K. There are, however, examples of R744 based display cabinets that can operate
with evaporating temperatures much higher than this. For example, chilled display cabinets are
available where the evaporating temperature can be close to 0°C, which increase the energy
efficiency of the system significantly, and eliminates the demand for defrosting. Centralised direct
systems often have a large refrigerant charge of 100 to 3,000 kg. Consequently, if there is a leak
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of refrigerant this can be significant. Historically leakage was 15-20% of the charge per year, but
this has reduced considerably due to improved design and maintenance, environmental,
legislative and financial pressures to achieve leakage rates of 5% per year.

e Indirect systems use a heat transfer fluid (HTF) or secondary refrigerant that is cooled via a heat
exchanger by the primary refrigeration system and then pumped to the display cabinets where
heat is extracted, and the fluid is then returned to be re-cooled. The heat transfer fluids typically
applied are single phase liquids (such as brine or glycol), ice slurry or CO,. The primary refrigeration
system is either in a plant room or on the roof of the store. Using a HTF means that the primary
systems needs less refrigerant charge and that the charge is contained in a small area where it can
be better manged and controlled. Consequently, it is simpler to apply a flammable or toxic
refrigerant to the primary circuit as the refrigerant is not distributed to areas where customers
are present or areas where there may be sparking components. The negative is that there are
thermal losses in the system and pumping energy can be significant, especially for low
temperature systems where the HTF may be extremely viscous. However, the advantage is that it
is simple to incorporate thermal storage into the system which allows efficient use of renewable
energy and integration into the grid. Generally indirect systems are less energy efficient than
direct systems and are more costly to install.

Another indirect system that is occasionally applied is the direct use of centrally cooled air to
directly cool a chilled display cabinet.

—1 —
Condenser Condenser
MT cabinet ;; ;;
Compressors LT cabinet Compressors
MT cabinet
LT cabinet
X — X

Figure 7. Simple direct expansion (DX) system.
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Figure 8. R744 booster system.
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Figure 9. Cascade system.
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8. BEST AVAILABLE TECHNOLOGY (BAT)

What are the most efficient display cabinets currently available? The most efficient (lowest energy
efficiency index (EEl)) commercial refrigerated cabinets from Topten® are labelled as A, B or C
according to their type. (Figure 10).

vertical (plugin), M1 || | || ~ M1 (all M-packs equal to or greater
than -1°Cand equal to or less than 5°C)
Vertical (remote), M1 || N N NN B MO (all M-packs equal to or greater

than -1°Cand equal to or less than 4°C)

Vertical (plug in), L1 | | T : L1 (the warmest M-pack should have a

highest temperature equal to or lower

Horizontal (plug in), MO _ B than -15°C and the lowest

temperature of all M-packs equal to or
lower than —18°C)

Horizontal (plugin), L1 | NN -

Horizontal (remote), M1 C

EEI

Figure 10. Most efficient refrigerated cabinets listed on Topten.

All cabinets listed on Topten apply natural refrigerants. Therefore, all remote cabinets use R744 and
all integrals use R290. Efficiency is achieved by applying:

e Doors on all vertical cabinets (hinged doors).

e Double glazing on chilled cabinets and triple glazing and low e glazing on frozen cabinets.
e LED lightsome all cabinets.

e Off cycle defrost on chilled cabinets.

More information -

e Energy efficient fans on all cabinets. Read more about efficient display cabinets in:
e Variable speed drives (VSDs) on some Cabinet replacement with high efficiency

integrals. version
e 70 mm wall thickness on frozen cabinets.

40 https://www.topten.eu/
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9. TECHNOLOGIES/STRATEGIES

Energy saving technologies/strategies were initially identified and listed. In total 95 technologies and
strategies were reviewed (see Detailed technology/strategy reviews). Technologies/strategies were
only included if they had the potential to reduce carbon emissions. A comprehensive review of each
technology was carried out and any references
listed. The reviews included all available published | SCOPE 1 EMISSIONS

information, or any information obtained directly Scope 1 covers emissions from sources that
from manufacturers of the equipment. The | ;. ;.nonisation owns or controls directly —

for example from burning fuel.

reviews compared and contrasted available
information (peer reviewed papers, conference
papers, grey literature, manufacturers data, | SCOPE 2 EMISSIONS

personal experience) to provide a critical Scope 2 are emissions that a company
assessment of the validity of the information. The causes indirectly when the energy it

proportion of greenhouse gas emissions that a purchases and uses is produced.
technology could save and any constraints around
the use/application of the technology were
reported. In addition, the cost for application of the technology and the technology readiness level
(TRL) level were listed if available. If a technology was not currently available, the approximate time
until it could be deployed was estimated (Table 3).

The 95 technologies and strategies were classified according to whether they could be applied rapidly
to a current supermarket (minor retrofit) or would require more extensive modification (major retrofit)
(Table 4). Whether savings were scope 1 or 2 were assessed. The TRL level of the technology is noted
in Table 4. Only options with a TRL of 8-9 are considered for full assessment as it is not possible to
guess the impact that lower TRL technologies might have in the future.

Table 3. Review summary information included at the end of each review.

Information Comments

Scope 1 emissions savings (% or another Overall savings that the review indicated.
quantifiable metric)

Quality of scope 1 emissions information How robust is the available information?

Scope 2 emissions savings (% or another Overall savings that the review indicated.
quantifiable metric)

Quality of scope 2 emissions information How robust is the available information?
TRL level Marked as:

TRL1-4

TRL5-7

TRL8-9

TRL 1 - basic principles observed

TRL 2 —technology concept formulated
TRL 3 — experimental proof of concept
TRL 4 — technology validated in lab

TRL 5 —technology validated in relevant environment
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Information Comments

TRL 6 — technology demonstrated in relevant environment
TRL 7 — system prototype demonstration in operational environment
TRL 8 — system complete and qualified

TRL 9 —actual system proven in operational environment

Maintainability issues Any relevant issues are listed.
Legislative concerns Any relevant issues are listed.
Payback time (years) Time to recover cost of technology. This is equal to the saving in

electrical energy per year divided by the cost of the technology.
It does not include other ongoing costs, e.g. maintenance, cost of
finance etc.

Table 4. List of technologies/strategies assessed, when they can be applied and the type of emission
saving.

Where applled Carbon savings
Technolo Sector in TRL
ey supermarket level Minor Major Scope 2
retrofit retrofit

Display cabinets:

Adiabatic condensers Refrigeration 8-9
Aerofoil air-guide Refrigeration 8-9
Anti-fogging glass Refrigeration 8-9 v/(as part
of doors)
Anti-sweat heater control Refrigeration 8-9 v/(as part v v
of doors)
Boreholes and ground sink condensers Refrigeration 8-9
Cabinet lighting controls -dimming/ switching/ Refrigeration 8-9 v
occupancy sensors
Cabinet replacement with high efficiency version Refrigeration 89 v v
Centralised air distribution Refrigeration 5-7 4 v
Defrost on demand Refrigeration 89 v v v
Defrost type Refrigeration | Varied 4 v
Distributed refrigeration system Refrigeration 8-9 v v
Doors on cabinets Refrigeration 8-9 v v
Dynamic demand Refrigeration 8-9 v v
Economisers Refrigeration 89 v v
Ejectors Refrigeration 8-9 v v
Electronic expansion valves Refrigeration 8-9 v v
Expanders Refrigeration 1-4 v v
Fan motor outside of cabinet Refrigeration 1-4 v v
Flooded evaporators (added to R744) Refrigeration 8-9 v v
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Where applled Carbon savings
Sector in TRL
esiboiey supermarket level Minor Major
retrofit retrofit
5-7

Heat from light outside cabinet Refrigeration
Heat pipes Refrigeration 1-4 v
Hydrophilic and hydrophobic coating on Refrigeration 1-4 v
evaporators
Improved axial fans Refrigeration 5-7 v v
Improved cabinet loading Refrigeration 8-9 v v
Improved cabinet location Refrigeration n/a v v
Improved glazing Refrigeration 8-9 v/(as part v v
of doors)
Increased cabinet set point Refrigeration n/a v v v
Internet shopping Refrigeration 5-7 v v v
Lighting (cabinets) - efficiency Refrigeration 8-9 v v
Lighting (store) - efficiency Refrigeration 8-9 v v
Liquid pressure amplification (LPA) Refrigeration 5-7 v v
Liquid-suction heat exchangers Refrigeration 8-9 v v
Loading (food) — reducing heat load Refrigeration 8-9 v v v
Magnetic refrigeration Refrigeration 1-4 v v
Motor Efficiency Controllers (MECs) Refrigeration 8-9 v v v
Nanoparticles in refrigerant Refrigeration 1-4 v v
Night blinds and covers Refrigeration 8-9 v v v
Novel heat exchanger designs Refrigeration 5-7 v v
Peltier cooling Refrigeration 5-7 v v
Pipe insulation Refrigeration 89 4 v
Pipe pressure drops minimisation Refrigeration 8-9 v v
Recommissioning Refrigeration 8-9 v
Reducing/floating head pressure Refrigeration 8-9 v v
Reducing thermal radiation Refrigeration 8-9 v v
Refrigerant - Carbon dioxide (CO,, R744) Refrigeration 8-9 v v v
Refrigerant - HFO refrigerants and blends Refrigeration 8-9 v v v v
Refrigerant - HC refrigerants Refrigeration 8-9 v v v
Secondary systems Refrigeration 8-9 v v v
Shelf risers and weir plates Refrigeration 8-9 v v v
Short air curtains Refrigeration 8-9 v v
Store dehumidification Refrigeration 8-9 v v
Store temperature control (increase/decrease set Refrigeration 8-9 v v v
points)
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Where applled Carbon savings
supermarket j
retrofit retrofit
Strip curtains Refrigeration 8-9 v
Suction pressure control Refrigeration 8-9 v v v
Tangential fans Refrigeration 8-9 v v
Thermal store Refrigeration 8-9 v v v
Thermostatic flow control (TFC) Refrigeration 1-4 v v
Training and maintenance Refrigeration 8-9 v v v
Trigeneration Refrigeration 5-7 v v
Two stage compression Refrigeration 8-9 v v
Vacuum insulated panels (VIP) Refrigeration 5-7 v v
Variable Speed drives (VSDs) Refrigeration 8-9 v v
Water loop systems Refrigeration 8-9 v v
Ovens:
Air impingement Cooking 89 v v
Automatic shutdown Cooking 8-9 v v v
Control of exhaust hood Cooking 8-9 v v
Doors instead of open front/back Cooking 8-9 v v (gas) v (elec)
Efficient/improved oven design Cooking 1-4 v v (gas) v (elec)
Improved combustion efficiency (gas/oil) Cooking 8-9 v v
Improved oven control e.g., active exhaust control | Cooking 5-7 v v (gas) v (elec)
Keep oven loaded Cooking 8-9 v v (gas) v (elec)
Motor efficiency (mixers, conveyors etc.) Cooking 8-9 v v
Position away from chillers/freezers Cooking 8-9 v v (gas) v (elec)
Recover exhaust heat Cooking 1-4 v v (gas) v (elec)
Reduce heating up time Cooking 8-9 4 v (gas) v (elec)
Reduce thermal mass of tins Cooking 5-7 v v (gas) v (elec)
Switch off conveyors when not in use Cooking 8-9 v v (gas) v (elec)
HVAC:
Air conditioning HVAC 8-9 v v (gas) v (elec)
Cold air retrieval HVAC 8-9 v v
Controls (advanced) HVAC 8-9 v v v
Boilers with higher efficiency HVAC 8-9 v v (gas) v (elec)
De-stratification fans HVAC 8-9 v v (gas) v (elec)
Door air curtain HVAC 8-9 v v v
Fan motors with higher efficiency HVAC 8-9 v v
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Where applled arbon savings
Technolo Sector in TRL
By supermarket level Minor Major Scope 1
retrofit retrofit
8-9

Heat pumps, heat reclaim and radiant heat HVAC
Natural/passive ventilation HVAC 8-9 v v (gas) v (elec)
Variable frequency drives HVAC 8-9 v v

Other/ancillaries:

Building fabric optimisation Ancillaries 8-9 v (gas) v (elec)
Building glazing optimisation Ancillaries 8-9 v v v (gas) v (elec)
Building lighting efficiency Ancillaries 8-9 v v

Renewable energy (solar electricity) Ancillaries 8-9 v v (gas) v (elec)
Renewable energy (solar thermal) Ancillaries 8-9 v v (gas) v (elec)
Packaging — low carbon options Ancillaries 8-9 v v v (gas) v (elec)
Waste technologies and impact of changes Ancillaries 8-9 v v (gas) v (elec)

(landfill, AD, incineration etc)

1.15. What can we learn from the reviews?

The technologies/strategies were initially assigned to the following groups to identify which would
save the most carbon across a whole supermarket:

Potential to save carbon:

Low (L): <5% potential saving

Medium (M): >5%, <10% saving

High (H): >10% saving
Payback time:

<1lyear

<3 years

<5 years

>5 years

Neutral/limited information

Negative payback (only a carbon saving)
Therefore, technologies and strategies can be divided into sectors of relevance (Figure 11). Those in:

e (Category 1 have the highest carbon savings potential and shortest payback and so are things
that should be considered immediately,
e (Category 2 have high carbon savings potential but will take longer to payback,
e Category 3 have less carbon saving potential but have short paybacks,
e (Category 4 have lower carbon saving potential and are longer to provide paybacks.
Other technologies outside of these categories could also be considered but are likely to be of lower
relevance.
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(D) High carbon saving @ High carbon saving with
with short paybacks |onger paybacks

@ Medium carbon -

saving with short
paybacks

Carbon saving potential

<lyear <3 years <5 years >5 years Neutral Negative

Payback level

Figure 11. Potential carbon savings and payback sectors.

Technologies with a TRL of 8-9 were assessed using the above methodology. Results are presented in
Figure 12, Figure 13, Figure 14 and Figure 15. It should be noted that several technologies had
overlapping impacts or could not be applied in tandem. For example, if doors were applied to cabinets
there was no benefit of also applying aerofoils, strip curtains or night blinds and covers. In these cases,
the technology with the greatest benefit was considered in the modelling.

It was clear that most of the reviewed technologies were available today. Those that had a lower TRL
were difficult to assess as there was very limited information on the of performance the technologies.
It was therefore not possible to assess looking forward when the lower TRL technologies would be
applied or their benefits.
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Figure 12. Refrigeration minor retrofit options.
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Figure 13. Refrigeration major retrofit options.
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Figure 14. Options to cooking.
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Figure 15. Options for Air conditioning and building fabric.
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1.16. What strategies should we apply to get to zero carbon in supermarkets?

The options with the most potential
were then applied into an Energy
Plus model of a typical European
small (600 m?) and a larger (2,100 m?)
supermarket in 6 European countries
(UK, France, Lithuania, Norway, Italy,
Poland) to assess their individual and
combined potential to reduce carbon
emissions.

1.16.1. Scenarios

Three scenarios were considered in
the modelling:

4. Do nothing
5. Minor retrofit
6. Major retrofit

The impact of building a completely
new  supermarket  was not
considered as no technologies
reviewed had sufficiently high carbon
savings or sufficiently low paybacks.

1.1.1.1 Do nothing

This considered the carbon savings if
supermarkets did
nothing above what
would occur naturally
and there were no
changes to current
regulation and
legislation. The impact of
changes due to global
warming and changes to
the electrical grid carbon
conversion factors were
applied for 2020, 2030,
2040 and 2050. An RCP
45 climate change
scenario was applied.
This is described by the
Intergovernmental Panel
on Climate Change (IPCC)
as a moderate scenario

WHY WE MODELLED A TYPICAL SUPERMARKET

To be able to assess the technologies and strategies
for a whole supermarket we need to consider the
interactions between all the heating and cooling
systems in a store and also whether there are
interactions between individual technologies. For
example, one technology may reduce the need for
cooling in a store, but at the same time increase the
need for heating. Technologies interact and so you
cannot just assume that you can add the benefits of
each technology together. For example, adding doors
to cabinets will reduce the impact of store heating
technologies as the cabinets will add less cooling to
the store. Outputs can also be dependent on time of
the year and location. This can only be assessed
though an integrated modelling approach to identify
overall carbon emissions and energy savings. This
combines the operation of the refrigeration for the
display cabinets, HVAC (heating and cooling) and
other store items such as cookers and cold store.

iR

Ambient Current carbon
A | (average) conversion factor
France Low Electric
Italy Medium
Lithuania Medium
Norway
Poland

UK
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in which emissions peak around 2040 and
then decline. Where possible the grid

conversion factors for energy resources DO « Assume changes to electrical

were applied forward to 2050. It was not gT“er?“O”'ﬁarbO” conversion factor
. . . . . . > ¢ Global warming continues as

possible to identify predicted electrical grid noth] ng P

conversion factors into the future for

Norway or Italy and so it was only possible

to assess impact for the 2020 scenario for

these countries.

The impacts of climate change and changes M.I nor » Doors on cabinets

to the grid carbon conversion factors were * HFO refrigerants (small stores)

T . . - * Increase dead band of store
assessed individually and if applied ret rOf] t S DA

together. In all cases the impact on energy
consumption and carbon emissions were
assessed.

1.1.1.2  Minor retrofit
* Apply R744 (to small stores)
* Better cabinets (20%)

* Change heating to heat pumps from
gas or resistive electrical heating

* RES (solar)

Retrofit options can be considered as a
shorter-term option for supermarkets.

Major
Minor retrofits are really only suitable for I'etrOf]t

stores that are not due to be replaced in the
near  future or undergo major
refurbishment. The modelling in the ‘do nothing; scenario was extended to the retrofit options
identified as being most useful to reduce carbon with the best paybacks. These were:

1. Doors on cabinets (we did not consider aerofoils, strip curtain or night blinds, which came out
as having higher carbon savings, as these are not applied with doors)

2. HFO refrigerants (small stores)

3. Increase dead band of the store ambient temperature by 2K

Each retrofit option was applied from 2020 onwards, in addition to the ‘do nothing’ scenario,
individually to assess benefits for each store type, country and over the same time periods as in the
‘do nothing’ scenario. Technologies were then applied together to assess the impact of interactions
and to identify the overall benefits for energy and carbon reduction.

1.1.1.3 Major retrofit

Some technologies would be more difficult and may require the store closing for a period of time,
these are considered a major retrofit. Technologies applied were in addition to the ‘do nothing’ and
‘minor-retrofit’ scenarios and considered energy consumption and carbon emissions for the 2
supermarket types through to 2050. The technologies applied were:

1. Apply R744 to smaller supermarkets (it was assumed that all new supermarkets would apply

natural refrigerants)

2. 20% better cabinets

3. Change heating to heat pumps from gas or resistive electrical heating (for relevant scenarios)

4. RES (solar)
As in previous scenarios, each technology was applied individually and then all technologies were
applied together.
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1.16.2. How to interpret the results

Results from the predicted carbon emission savings can be used to assess reductions in emissions over
time. When integrated, this shows accumulated carbon emissions reductions. Although there are
ambitions to reduce carbon emissions to zero by 2050, this is a rather arbitrary target and the rate at
which this is achieved is also important. The earlier that carbon emissions are reduced, the less overall
emissions occur, which is a significant factor in reducing global warming. By applying the 3 scenarios
we calculated the total carbon savings that can be achieved from 2020 to 2050 and the impact of
accelerating the move to climate friendly technologies. For example, the accumulated carbon
emissions from 2020 to 2050 in a worked example would be for (Figure 16):

Do nothing: 1718 tCOy
Minor retrofit: 1042 tCOz
Major retrofit: 375 tCOz

Do nothing 17181C0,.

Minor retrofit

1042 tCO,,

CO,, emitted

Major retrofit

2020 2025 2030 2035 2040 2045 2050

Figure 16. Diagram showing impact of when technologies are applied (example only).

Other options can then be selected to assess impacts of when changes are made on accumulated
carbon savings (Figure 17). For example:

e [fthe store did nothing until 2030 and then caried out a major retrofit the accumulated carbon
emissions would be 747 tCO2. (option 1)

e If they did nothing until 2025, then applied minor retrofit and in 2035 and carried out a major
retrofit the accumulated carbon emissions would be 780 tCO3. (option 2).

e If they carried out a minor retrofit immediately and then a major retrofit in 2025 the
accumulated carbon emissions would be 475 tCO2. (option 3).

This demonstrates that it is imperative to apply technologies as quickly as possible and that delays
have significant impacts on accumulated carbon emissions.
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Figure 17. Diagram showing impact of when different scenarios are applied (example only).

1.16.3. Assumptions applied in the modelling

Openstudio with EnergyPlus as the ‘front end’ was used to simulate the heat flow in the supermarket
and thus allow carbon emissions to be calculated. Complete information on the modelling approach is
shown in Section 12.

The modelling was based on a medium sized (total store size of 2,100 m?) supermarket case study in
Paris. The inputs to the model are shown in Section 12.4.8.

A smaller supermarket (600 m?) was also modelled. The smaller supermarket was assumed to use
R448A refrigerant instead of R744, and the quantity of refrigerant was assumed to be 232 kg.

These two sizes of supermarkets were then modelled at different locations, where the weather file of
each location was used. The 6 locations were, Paris (France), London (UK), Kaunas (Lithuania), Warsaw
(Poland), Oslo (Norway) and Rome (ltaly).

The type of heating was also changed to what tended to be used in those countries. Heating was
natural gas for UK, Italy and Poland, electric resistive heating for France and electric heat pump for
Lithuania and Norway (nominal COP of 2.75).

1.16.4. Scenario 1: do nothing

The impact of climate change and grid electricity conversion factor were considered individually to
assess impact and whether there was any benefit in assessing the additive impacts.

Impact of climatic temperature change: Figure 18 (2,100 m? store) and Figure 19 (600 m? store)
show the impact of climatic temperature change on energy consumption for the 6 locations in 2020
and 2050. The graphs present information divided into heating, cooling (HVAC), lighting, interior
equipment, fans, pumps, water systems and refrigeration (display cabinets).

Overall differences between energy consumed in 2020 and 2050 were small (less than 2% for both the
larger and small store). The low impact of increasing climatic temperature was due to a balance
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between the heating and cooling demands on the supermarkets. As climatic temperatures increased

there was less energy demand for heating, but this was balanced by the increased energy demand for
cooling and refrigeration.

W Heating W Cooling Interior lighting M Interior equipment  MFans  ®Pumps M Water systems W Refrigeration
900,000

800,000

700,000
600,000
500,000
100,000
300,000

o l

2020 2050 2020 2050 2020 2050 2020 2050 2020 2050 2020 2050

100,000

Annual energy consumption (kWh)

Kaunas London Oslo Paris Rome Warsaw

Figure 18. Impact of climatic temperature change on annual energy consumption between 2020 and
2050 for the 2,100 m? supermarket in the 6 locations studied.
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Figure 19. Impact of climatic temperature change on annual energy consumption between 2020 and
2050 for the 600 m? supermarket in the 6 locations studied.

Impact of changes to electrical grid conversion factors: over time the carbon intensity of the
electricity grid is predicted to decrease considerably. Figure 20 presents (where available) the changes
to the grid intensity factors in the 6 countries. Information on predicted grid carbon conversion factors
was only available for 4 of the countries modelled (France Lithuania, Poland (to 2040 only) and the
UK). As can be seen, the grid intensity factors reach almost zero in Lithuania, the UK and France by
2050. No information on future grid intensities was available for Italy and Norway. However, Norway
already has a very low grid intensity that is the lowest of the 6 countries considered. Poland has the
highest intensity in 2020 and although it is predicted to reduce considerably, it is still the highest of
the 6 countries considered in 2040.
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Figure 20. Grid electrical carbon conversion factors for the 6 countries studied (where available).

The significant changes to carbon intensity over time had a major impact on emissions for the
supermarkets studied. Figure 21 presents the total carbon emissions for the 2,100 m? store and Figure
38 presents the total emissions for the 600 m? store. Although carbon emission factors reach almost
zero in the UK by 2050 the store emissions did not reach zero in the UK by 2050 due to the assumption

that store heating will still be fuelled
by natural gas. In France and Lithuania
where heating is provided by
electricity, the total emissions
reached almost zero for the medium
stores by 2050. Although forward
emission figures for Norway were
unavailable, the store in Oslo would
also be close to zero emissions in 2050
as it seems unlikely that the 2020
carbon intensity would increase. None
of the small stores reached close to
zero emissions and this was due to
them using R448A as the refrigerant
(GWP of 1387) and sometimes gas
heating.

Although the carbon emitted at an
instantaneous point in time is

important, it is equally important, if not more, to consider the total carbon emitted over a period of
time. The accumulated carbon emitted between 2020 and 2050 when the ‘do nothing’ scenario was

applied is presented in

DO NOTHING SCENARIO

If the case study supermarkets make no changes to
how they operate between 2020 and 2050, it is only
possible to reach close to net zero if the grid carbon
conversion factor is almost zero, no gas is used for
heating and the refrigerant applied has a very low
GWP. Near net zero would only be achieved in 2050
for the medium case study stores in Lithuania and
Norway.

The accumulated carbon emitted up to 2050 should
be considered and not just the final emissions in
2050. The rate at which change occurs is therefore
important and should be considered in any carbon
reduction assessment.

Page 53 | 295




EUROPEAN FOOD CHAIN SUPPLY
TO REDUCE GHG EMISSIONS BY 2050

%ENOUGH Retll road map

Table 5 for the 2 supermarket configurations. Clearly Paris has the lowest accumulated carbon
emissions and Warsaw the highest.
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Figure 21. Impact of grid carbon emission factor change on total carbon emitted by the 2,100 m?
supermarket in the 6 locations studied.
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Figure 22. Impact of grid carbon emission factor change on total carbon emitted by the 600 m?
supermarket in the 6 locations studied.
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Table 5. Accumulated carbon emitted between 2020 and 2040/2050 for Kaunas, London, Paris and
Warsaw for the BAU scenario.

Accumulated tCO. emitted between 2020 and

2040/2050
2,100 m? supermarket 600 m?supermarket
Kaunas (2050) 2,759 2,346
London (2050) 2,090 2,006
Paris (2050) 835 1,391
Warsaw (data for 2040 only) 5,713 3,545

1.16.5. Scenario 2: minor retrofit

Initially each retrofit technology was applied individually and then in combination to the 2 store
formats (2,100/600 m?) and the impact assessed to 2050 assuming the same changes as applied in the
‘do nothing’ scenario. The following technologies were applied, and the following assumptions were
made:

Increase store ambient dead band temperature by 2K: The store cooling set point was increased by
1°C and the heating set point reduced by 1°C.

HFO refrigerants: This was only applicable to the small store format as R744 was applied to the large
store format. A refrigerant with a GWP of 150 was assumed.

Doors on cabinets: Doors were added to the open fronted chilled cabinets.

The impact of the technologies alone and combined on energy consumption are shown in Figure 23
(2,100 m? store) and Figure 24 (600 m? store). The impact of the technologies alone and in combination
on carbon emission are shown in Figure 25 (2,100 m? store) and Figure 26 (600 m? store).

The impact that the technologies applied had in combination on carbon emissions between 2020 and
2050 are presented in Figure 27 (2,100 m? store) and Figure 28 (600 m? store) where available
information was available for grid carbon conversion factors.

Energy and carbon emissions for each scenario are presented in Table 6. Table 7 shows the total
cumulative carbon emissions between from 2020 to 2050 when implementing the ‘combined minor
retrofit’ scenario for the two supermarket configurations.

Increase store ambient dead band temperature by 2K

ENERGY: Changing the store dead band temperature had varied impacts in the different
countries but within a country resulted in relatively similar percentage savings in energy in
both sized stores. Energy savings were greater in countries that applied either gas or direct
electrical resistive heating (London, Paris, Rome and Warsaw) and lowest in those that applied
heat pumps (Olso and Kaunas). This was because of the electrical conversion efficiency of the
heat pumps which had a COP of 2.75, versus direct electrical heating with a conversion of 1,
and gas with a conversion of 0.8.

CARBON EMISSIONS: Reductions in emissions again tended to be greatest in countries where
gas or electric resistive heating was applied. The exception was Warsaw, and this was due to
the high grid carbon emissions factors in Poland (0.75 kg CO,./kWh for electricity versus 0.184
kg CO2./kWh for gas). This meant that although increasing the store dead band was beneficial,
the benefits were not as great in terms of reducing carbon emissions as the grid conversion
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factor was so much higher for electricity than gas. This will obviously change moving forward
as the electrical grid conversion factor is predicted to reduce in Poland. The impact of
increasing the dead band temperature in the store was most beneficial in countries that
benefited from the increase and decrease in the set point. Some location such as Oslo and
Kaunas only benefitted from reducing the heating set point as they were colder locations.

HFO refrigerants

CARBON EMISSIONS: HFO refrigerants were only added to the small stores and only had an
impact on carbon emissions (not energy use). The overall impact on carbon emissions from the
whole supermarket of changing to a low GWP refrigerant was greatest in the countries with
the lowest grid emission conversion factors (Oslo and Paris). In these locations changing to a
low GWP refrigerant reduced overall carbon emissions by 82% in Oslo and 53% in Paris. In
Warsaw which has the highest grid electricity conversion factor, the saving was only 11%.

Doors on cabinets

ENERGY: The impact of adding doors was always higher in the small store as a greater
proportion of the energy was used for refrigeration. Individually adding doors saved between
18 and 35% of the overall store energy. The impact of adding doors reduced the need for
heating in the stores. The stores with heat pumps saw less reduction in energy than the stores
which heated using resistive electrical heating (Paris) of gas (London, Rome and Warsaw). This
was due to the greater thermal conversion efficiency of the heat pumps as described above.

CARBON EMISSIONS: Adding doors to the cabinets reduced the need for heating in the stores
and so tended to be most beneficial in the coldest countries (Lithuania, Norway and Poland).
Adding doors to the small stores in Oslo whilst the small stores still operated on R448A had
only a small impact as the grid carbon conversion factor was low and the refrigerant, so the
refrigerant emissions dominated the carbon emissions.

Overall impact

ENERGY: Overall energy savings from applying changes to the store dead band and adding
doors reduced energy use by between 19 and 37%. Overall impacts were always higher in the
locations that applied gas or electrical resistance heating.

CARBON EMISSIONS: Reductions in carbon emissions varied from 18 to 84%. Reductions were
always higher in the small stores due to changing from R448A (with a GWP of 1387) to an HFO
refrigerant with a GWP of 150. Percentage carbon reductions were particularly high in Oslo
and Paris due to the low grid carbon intensities in these countries which meant that the carbon
emissions were dominated by fugitive emissions and not electrical energy use. In the medium
stores, the greatest percentage reductions in carbon emissions were in London, Paris and
Rome where gas or electrical resistance heating was applied. Gas was also applied in Warsaw
but due to the high electrical grid carbon intensities the same level of carbon savings were not
apparent.

As in the BAU scenario Paris had the least carbon accumulated emissions (to 2050), while
Warsaw had the most (to 2040).

Page 56 | 295



EUROPEAN FOOD CHAIN SUPPLY
TO REDUCE GHG EMISSIONS BY 2050

%ENOUGH Retall road map

900,000
= 800,000
= 700,000
c
k]
B 600,000
£
2 500,000
c
o
(¥}
= 400,000
<
o
£ 300,000
o
©
S 200,000
£
c
< 100,000
0
*5\\& & -(\"}6 6{’.& i\\& & -(\Q}% «é{\ i\\&’ & ‘(\9}9 &“"& ﬁ*q% & ‘(\"’0 «“’& \é\(‘% S ‘0"}% «é\‘ \é\(& Sy -o"}% \5‘\‘
e > S x5 EN > 3§ x5 £\ > 38 x$ E8) > 5§ x$ £8) 5§ 8 £8) S &
S CH PO S N S CH & & & & & L e & L £
0(\ Q‘Z‘ & & 0(\ o & D“ oo QG) & D“ o Qe & 0\ o an, & 0* Q@ & 00
P & & ¢ P & & Q& & O & & P& P& E
\q,"' & <« ‘q,"' & S «q,\ & S e W ,\e," & A ,\Q," & B
& o & o RS & o & o <
Kaunas London Oslo Paris Rome Warsaw

Figure 23. Impact on annual energy consumption of the minor retrofit options applied individually and
combined for the 2,100 m? stores in the 6 countries in 2020.
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Figure 24. Impact on annual energy consumption of the minor retrofit options applied individually and
combined for the 600 m? stores in the 6 countries in 2020.
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Figure 25. Impact on annual carbon emissions in 2020 for the minor retrofit options applied

individually and combined for the 2,100 m? stores in the 6 countries in 2020.
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Figure 26. Impact on annual carbon emissions in 2020 for the minor retrofit options applied
individually and combined for the 600 m? stores in the 6 countries in 2020.
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Table 6. Energy use and carbon emissions for the minor retrofit scenarios in 2020.

Retail road map

Medium store Small store
Kaunas London Oslo Paris Rome Warsaw Kaunas London Oslo Paris Rome Warsaw

Baseline kWh/year 665,511 | 774,882 | 664,181 | 732,956 | 727,371 | 829,152 328,828 | 389,056 | 327,803 369,144 | 372,569 | 412,450
(BAU) tCO2e/year 203.3 149.9 54 42.0 152.1 471.2 132.8 107.5 34.8 533 110.1 269.8
Store dead kWh/year 645,733 | 725,285 | 644,039 | 692,842 | 687,182 | 776,007 318,939 | 362,750 | 317,844 | 349,053 | 351,192 | 385,950
band % change 3.0% 6.4% 3.0% 5.5% 5.5% 6.4% 3.0% 6.8% 3.0% 5.4% 5.7% 6.4%

tCO2e/year 197.6 140.7 5.2 39.5 144.6 459.8 129.8 102.6 34.7 52.2 106.1 263.8

% change 2.8% 6.1% 3.0% 6.0% 4.9% 2.4% 2.3% 4.5% 0.3% 2.2% 3.6% 2.2%
HFO (small kWh/year n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
store only) % change n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

tCO2e/year n/a n/a n/a n/a n/a n/a 104.1 78.8 6.1 24.6 81.4 241.1

% change n/a n/a n/a n/a n/a n/a 21.6% 26.7% 82.5% 53.8% 26.1% 10.6%
Doors on kWh/year 551,917 | 547,862 | 547,311 | 546,594 | 564,308 | 598,788 255,633 | 253,328 | 253,200 | 257,339 | 272,311 262,581
ZZE:E;S % change 17.1% 29.3% 17.6% 25.4% 22.4% 27.8% 22.3% 34.9% 22.8% 30.3% 26.9% 36.3%

tCOze/year 168.9 107.3 4.4 31.2 120.4 394.6 110.4 82.0 34.2 46.9 90.7 222.2

% change 16.9% 28.4% 17.6% 25.8% 20.8% 16.3% 16.9% 23.7% 1.7% 12.0% 17.6% 17.6%
Combined kWh/year 536,994 | 527,729 | 532,742 | 528,194 | 549,515 568,527 251,544 | 249,044 | 249,233 | 253,222 | 267,958 | 256,106
minor retrofit o\ nge 193% | 31.9% | 19.8% | 27.9% | 245% | 314% | 235% | 36.0% | 24.0% | 31.4% | 281% | 37.9%

tCOze/year 164.4 103.5 4.3 30.3 117.4 385.8 80.5 52.5 5.5 18.0 61.1 191.0

% change 19.1% 31.0% 19.6% 27.9% 22.8% 18.1% 39.4% 51.1% 84.3% 66.3% 44.5% 29.2%
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Figure 27. Impact on carbon emissions of the combined minor retrofit options for the 2,100 m? stores
in the 6 countries from 2020 to 2040/50 (where data available).
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Figure 28. Impact on carbon emissions of the combined minor retrofit options for the 600 m? stores in

the 6 countries from 2020 to 2040/50 (where data available).
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Table 7. Accumulated carbon emitted between 2020 and 2040/2050 for Kaunas, London, Paris and
Warsaw for the combined minor retrofit scenario.

Accumulated tCO. emitted between 2020 and

2040/2050
2,100 m? supermarket 600 m?supermarket
Kaunas (2050) 2,231 1,177
London (2050) 1,003 523
Paris (2050) 602 404
Warsaw (data for 2040 only) 4,450 2,253

1.16.6. Scenario 3: major retrofit

Major retrofit technologies were then added to the minor retrofit options. As before, each retrofit
technology was applied individually and then in combination to the 2 store formats (2,100/600 m?3).
The following technologies were applied, and the following assumptions were made:

Change heating to heat pumps from gas/resistive electrical heating (for relevant scenarios): Gas
heating/resistive electrical heating (where applied) was replaced by electrical heating from heat
pumps.

Better cabinets: Cabinet with 20% less energy consumption was applied (both chillers and freezers).

RES (solar): The available annual energy from covering all the store roof with solar panels was
calculated for each location using RetScreen. The available energy from the solar panels was removed
from then annual energy consumed by the store. It was therefore assumed that all solar energy
generated could be used by the store (immediately or through energy storage).

Apply R744 to smaller stores: The GWP of the refrigerant for small stores was reduced to 1. The
following assumptions were made:

The impact of each technology and the technologies combined on energy consumption are presented
in Figure 29 (2,100 m? store) and Figure 30 (600 m? store). The impact of the technologies alone and
in combination on carbon emission are shown in Figure 31 (2,100 m? store) and Figure 32 (600 m?
store).

Projected emissions between 2020 and 2050 for the 2,100 m? and 600 m? stores are shown in Figure
33 and Figure 34 respectively.
Energy and carbon emissions for each scenario are presented in Table 8.

Table 9 displays the accumulated carbon emitted from 2020 to 2040/2050 when applying the
‘combined major retrofit’ scenario for the two supermarket configurations.

Move to electricity from gas for heating (for relevant scenarios)

ENERGY: Applying heat pumps in London, Paris, Rome and Warsaw reduced energy use by
between 1 and 6% in the medium stores but had minimal impact in the small stores. Heat
pumps had limited benefit in Rome as there was very little need for heating once the minor
retrofit options had been applied (only 2,028 kWh/year in the medium store and 264 kWh/year
inthe small store). The greatest energy savings were seen in Warsaw due to it being the coldest
location where heat pumps were applied.

CARBON EMISSIONS: Heat pumps often had quite limited impacts on reducing carbon
emissions. Savings of 2% were found in the medium stores in London and Paris but no savings
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were seen in Rome due to the limited need for heating. Applying a heat pump in Warsaw
actually had a negative impact as even though the heat pump had a higher energy conversion
than gas (0.75 kgCO,/kWh for electricity versus 0.184 for gas kgCO,./kWh), the high electrical
grid carbon conversion factor resulted in greater carbon emission than if gas was applied. This
will change moving forward as the grid carbon intensities in Poland are predicted to decrease
and this will then make heat pumps a more viable option.

Better cabinets

CARBON EMISSIONS: Applying more energy efficient cabinet resulted in overall energy savings
of between 6 to 8% across all the location and store sizes considered.

CARBON EMISSIONS: Reduction sin emissions broadly followed the reduction in energy. The
exception was in the small Oslo store where percentage reductions in carbon emitted were
lower due to the low grid carbon intensity in Norway and the impact of the fugitive emissions
from the HFO refrigerant applied.

RES (solar)

ENERGY: Benefits in terms of energy reductions were seen when applying solar panels to the
roof of the stores. Annual savings of between 35 and 84% were found. The greatest savings
were in Rome due to the sunny location and the least in Oslo due to the limited sunlight.

CARBON EMISSIONS: The reduction in carbon emissions related to the application of RES
broadly mirrored the benefits found for energy.

Apply R744 to smaller stores

ENERGY: Applying R744 to the small stores (instead of an HFO) always had a minimal negative
impact on energy consumption.

CARBON EMISSIONS: The impact on carbon emitted was greater than the impact on energy,
especially where the electrical grid intensity was low (Norway).

Overall impact

ENERGY: Overall energy savings ranged from 55 to 94%. The most successful application of the
technologies was in Rome where 95% of the energy was saved in the medium store and 70%
in the small store. This was primarily due to the impact of adding solar panels in a country
where there was abundant sunshine. The energy savings in other countries were broadly
similar but the reductions were due to a variety of reasons and not always due to the
application of the same technology.

CARBON EMISSIONS: Carbon emissions could be reduced by 61 to 97%. In medium stores the
greatest reduction was seen in Rome and was mainly due to the potential to apply solar panels.
In the small stores the greatest percentage carbon reduction was seen in Oslo and this was
mainly due to the high impact of fugitive emissions (and moving from an HFO to R744) in a
country where the electrical grid intensity was already very low.

As in the BAU and minor retrofit scenarios Paris had the least carbon accumulated emissions
(to 2050), while Warsaw had the most (to 2040). The accumulated emissions in Warsaw were
higher in 2040 than they were in any of the other countries examined in 2050. This was due to
the electrical grid intensity remaining higher in Poland.

Page 62 | 295



EUROPEAN FOOD CHAIN SUPPLY
TO REDUCE GHG EMISSIONS BY 2050

(;"%)ENOUGH Retll road map

500,000

500,000
400,000
300,000
200,000
o ‘ I | ‘ ‘ |
0
‘: \ 5{\-

Annual energy consumption (kWh)

S 9 \f-; ) O & ECIRA & &
A & & \'b & & & & & & & .

2‘3 Q° >» \'"Q 'OQ @‘S Q\) ‘0\ \"c ‘Q\Q (? \(\ 0 (\ ?}{ Q“"(\ ‘0\(\ \‘?D '0\(\ ?}( Q‘)(o ‘0\‘\ \"O ‘OQ 6\ Q\)(Q ‘0\(@\”0 ‘Q\Q

e G s ¢ FalE ¢ ef" Qi" & ¢ &l Y FalE & ¢ &l s
& A S &g X g &
g g g S g Rl
v v v v v v
Kaunas London Oslo Paris Rome Warsaw

Figure 29. Impact on annual energy consumption of the major retrofit options applied individually and
combined for the 2,100 m? stores in the 6 countries in 2020.
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Figure 30. Impact on annual energy consumption of the major retrofit options applied individually and
combined for the 600 m? stores in the 6 countries in 2020.
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Figure 31. Impact on annual carbon emissions in 2020 for the major retrofit options applied
individually and combined for the 2,100 m? stores in the 6 countries in 2020.
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Figure 32. Impact on annual carbon emissions in 2020 for the major retrofit options applied
individually and combined for the 600 m? stores in the 6 countries in 2020.
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Table 8. Energy use and carbon emissions for the major retrofit scenarios in 2020.

Medium store Small store ‘
Kaunas | London Oslo Paris Rome | Warsaw | Kaunas | London Oslo Paris Rome Warsaw ‘

Baseline kWh/year 536,994 | 527,729| 532,742 | 528,194| 549,515| 568,527 | 251,544| 249,044| 249,233| 253,222| 267,958 | 256,106
(rzlrr;oﬁrt) tCOze/year | 164.4 103.5 4.3 30.3 117.4 385.8 80.5 52.5 5.5 18.0 61.1 191.0

kWh/year 536,994 | 513,769 | 532,742| 522,394| 543,600| 532,983 | 251,544| 248,117| 249,233| 252,806| 268,028 | 251,559
Heat % change 0.0% 2.6% 0.0% 1.1% 1.1% 6.3% | n/a 0.4% | n/a 0.2% 0.0% 1.8%
pumps tCOze/year | 164.4 101.3 4.3 29.8 116.9 399.8 80.5 52.4 5.5 18.0 61.2 192.1

% change 0.0% 2.2% 0.0% 1.6% 0.4% -3.6% n/a 0.3% n/a 0.1% -0.1% -0.6%

kWh/year 502,126 | 491,556| 498,083 | 491,702| 510,601| 533,088 235,541| 232,935| 233,387| 236,811| 250,349| 239,959
20% % change 6.5% 6.9% 6.5% 6.9% 7.1% 6.2% 6.4% 6.5% 6.4% 6.5% 6.6% 6.3%
Iz:kt)tiﬁ;ts tCOz/year | 153.7 96.4 4.0 281 | 109.0 | 359.2 75.6 49.3 5.3 17.0 573 | 1789

% change 6.5% 6.9% 6.5% 7.4% 7.1% 6.9% 6.1% 6.0% 2.3% 5.2% 6.2% 6.3%

kWh/year 206,494 | 233,029| 243,442 | 214,394 88,715| 250,927| 151,044| 159,444| 161,233| 157,822| 127,858| 159,506
RES % change 61.5% 55.8% 54.3% 59.4% 83.9% 55.9% 40.0% 36.0% 35.3% 37.7% 52.3% 37.7%
(solar) tCOze/year 63.2 454 2.0 12.3 18.3 147.6 49.7 34.9 4.8 125 31.0 118.6

% change 61.5% 56.1% 54.0% 59.5% 84.4% 61.7% 38.2% 33.6% 12.9% 30.4% 49.3% 37.9%

kWh/year n/a n/a n/a n/a n/a n/a 252,369 | 252,936| 250,400| 256,289| 270,897 257,672
R744 % change n/a n/a n/a n/a n/a n/a -0.3% -1.6% -0.5% -1.2% -1.1% -0.6%

tCO2e/year n/a n/a n/a n/a n/a n/a 77.2 49.8 2.0 14.7 58.2 188.7

% change n/a n/a n/a n/a n/a n/a 4.0% 5.1% 63.0% 18.2% 4.6% 1.2%

kWh/year 171,626 | 182,896| 208,783 | 172,099 43,886| 179,944 | 135,701| 145,805| 146,321| 143,745| 112,759| 140,550
Cor?‘bi”ed % change 68.0% | 653% | 60.8% | 67.4% | 92.0% | 683% | 46.1% | 41.5% | 41.3% | 432% | 57.9% | 45.1%
::::‘S);it tCO2¢/year 52.6 36.1 1.7 9.9 9.5 135.0 41.5 28.7 1.2 8.3 243 105.4

% change 68.0% 65.1% 60.3% 67.3% 91.9% 65.0% 48.4% 45.3% 78.2% 54.1% 60.3% 44.8%
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Figure 33. Impact on carbon emissions of the combined major retrofit options for the 2,100 m? stores
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Figure 34. Impact on carbon emissions of the combined major retrofit options for the 600 m? stores in

the 6 countries from 2020 to 2040/50 (where data available).
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Table 9. Accumulated carbon emitted between 2020 and 2040/2050 for Kaunas, London, Paris and
Warsaw for the combined major retrofit scenario.

Accumulated tCO. emitted between 2020 and

2040/2050
2,100 m? supermarket 600 m?supermarket
Kaunas (2050) 713 562
London (2050) 294 234
Paris (2050) 196 163
Warsaw (data for 2040 only) 1,514 1,177

1.16.7. Overall impact of making changes

The impact of applying both all retrofit options is presented in Table 10. Significant overall savings in
energy and carbon emissions are predicted of at least 59%. In some cases, stores could become almost
carbon neutral with savings of up to 97%. Energy savings and carbon savings were not always directly
related and so one was not a good predictor of the other.
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Table 10. Energy use and carbon emissions for all interventions (BAU, minor and major combined) in 2020.

Medium store Small store

Kaunas | London Oslo Paris Rome Warsaw | Kaunas | London Oslo Paris Rome Warsaw

Baseline

(original BAU) kWh/year | 665,511| 774,882| 664,181 | 732,956| 727,371| 829,152| 328,828 | 389,056| 327,803| 369,144 372,569 412,450

Combined kWh/year | 171,626| 182,896| 208,783 | 172,099 43,886| 179,944| 135,701 | 145,805| 146,321| 143,745| 112,759| 140,550
(minor and
major retrofit) |% change 74.2% 76.4% 68.6% 76.5% 94.0% 78.3% 58.7% 62.5% 55.4% 61.1% 69.7% 65.9%

Baseline tCOx/yea | 033 | 1499 5.4 420 | 1521 | 4712 | 1328 | 107.4 348 533 | 1101 | 269.8
(original BAU) |r

Combined :COZE/yea 52.6 36.1 1.7 9.9 95 | 135.0 415 28.7 12 8.3 243 | 105.4
(minor and

major retrofit)

% change 74.1% 75.9% 68.1% 76.4% 93.8% 71.3% 68.7% 73.2% 96.6% 84.5% 78.0% 60.9%
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1.16.8. Impact on carbon emissions of making changes

The total carbon emitted between 2020 and 2050 for the 2,100 m? and 600 m? stores in Warsaw,
Kaunas, London and Paris are shown in Figure 35 and Figure 36 respectively.
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Figure 35. Carbon emitted by the 2,100 m? stores in different countries from 2020 to 2040/50.
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Figure 36. Carbon emitted by the 600 m? stores in different countries from 2020 to 2040/50.
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1.17. Recommendations

The modelling provided a direct

comparison between the impact of OUR RECOMMENDATIONS
each intervention in each country,

but it should be borne in mind that e Apply technological interventions as rapidly as

interventions could be applied in a possible to ensure cumulative carbon emissions
varied order, and some may have are maximised.

more, or less impact, than calculated | e  Apply doors to open fronted cabinets to save
in our representative scenarios. The energy and carbon.

overall results do, however, provide | o Ajwqays apply natural refrigerants, if possible, in
a comparison between the scenarios new store applications

lied which helps to elucidate th .
applied which helps to ellcidate the e Allow the store ambient dead band temperature

differences between the locations to i by ol . 1°C t
. . incr r min ve ener
and baseline assumptions for each 0 Increase by pius o us 0 save energy
and carbon.

supermarket in each country.
e Always purchase the most efficient equipment

A great deal of decarbonisation
that is available on the market.

should occur naturally though

dramatic reductions in the electrical e (Consider the use of renewable energy resources
grid carbon conversion factors. In (especially solar in sunnier climates).

Lithuania and the UK, these are e Interventions vary according to location and when
predicted to reach almost zero by they are applied. Carbon emissions are very
2050. France already has a low dependent on the electrical grid emissions factor

electrical grid carbon emission
intensity, and this will not change
dramatically through to 2050.
Although we were unable to find how

in a country and the GWP of refrigerants that are
applied. Therefore, always consider individual
situations.

grid carbon intensity would change in

the future in Norway the grid carbon intensity is already very low. There is no evidence that Norway
will change the way they generate electricity and so it seems highly likely that the electrical grid
emission factors carbon intensity in Norway will remain low moving forward. No official information
on grid carbon intensity was available for Italy. The trend in Italy over the past 20 years has been for
electrical grid carbon intensities to decrease and if this trend continues then Italian supermarkets will
also be much lower carbon emitters in 2050*. The country that stands out as not achieving the low
grid carbon intensities as fast as other European countries is Poland. Although the grid is decarbonising
in Poland it still is at a relatively high level in 2040 (no data for 2050 could be identified for Poland).

Although decarbonisation of the electrical grid has a huge impact on carbon emission from
supermarkets in most European counties there are still carbon emissions in 2050 and so the aim to be
zero carbon requires additional interventions. One intervention in the countries still using gas for
heating (ltaly, Poland and the UK) is to move to electrical heating. Using heat pumps is an obvious
option but the stage when the technology is applied has a huge impact. As technologies that reduce
the heating load are applied (in particular doors on cabinets and allowing the store ambient

41 https://www.statista.com/statistics/1290244/carbon-intensity-power-sector-italy/
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temperature to have a wider dead band) there is less need for heating. Combined with global warming
which further reduces the need for heating, this makes the commercial argument for heat pumps less
as the need for heating reduces. For example, in Rome the need for heating is almost zero in 2050 and
so it is unlikely that a commercial argument for a heat pump could be made. In addition, the emission
intensity for electricity needs to be lower than that for gas which In Poland is currently not the case,
and so in this example moving to electrical heating was not the lowest carbon short term option.

The impact of applying technologies on carbon emissions was very related to the electrical grid carbon
intensity in a country. For example, in Norway with a very low electrical grid carbon intensity the
impact was much less than in Poland where the electrical grid carbon intensity was high. Application
of technologies had a greater impact on energy used and therefore cost to operate the supermarket.
The greatest impact was from adding doors to the open fronted cabinets. Allowing a greater ambient
dead band also had benefits for minimal cost. Always purchasing the most efficient cabinets had
impact and should be something that supermarkets always consider during a purchasing process.

In the scenarios modelled it was assumed that all the medium sized stores applied R744 as the
refrigerant. In the small stores R448A was replaced with R744 during a major retrofit. The choice of
refrigerant has an impact on carbon emissions but limited impact on energy used. Even though the
argument for moving to an ultra-low GWP refrigerant may be marginal cost wise, it is strongly
recommended that natural refrigerant options are applied moving forward to prevent legacy issues if
new legislation is applied that restricts the use of HFCs and HFOs in the future.

Ultimately it was impossible to achieve net zero in supermarkets with technological interventions
alone. The use of renewable energy (solar panels) had a very positive impact, especially in the sunnier
countries such as Italy. By applying solar panels and other technical interventions the carbon emissions
in 2020 could be reduced by at least 94% in Italy (this could obviously be higher in all countries if more
solar panels had been applied). In less sunnier counties the impact of solar panels was reduced and so
to reach very close to zero carbon more time was required and only achieved in 2045 for the UK and
2050 for Lithuania. Emissions were low in France but never achieved net zero.

Although France did not achieve net zero in 2050 the impact of having a low electrical grid carbon
intensity meant that cumulative emissions from 2020 to 2050 were much lower than in other counties.
Overall cumulative carbon reduction is as important, if not more so, than final reduction. Therefore,
applying carbon reducing technologies early is one of the most important recommendations we make.

Overall, one clear outcome from the modelling was that not all interventions had the same impact in
the different countries evaluated. This was due to a number of factors which included the country
electrical grid carbon intensities and their rate of change over time, the ambient conditions in the
country and the type of heating applied.

To achieve near net zero carbon emission in supermarkets will require a range of initiatives.
Supermarkets themselves are incentivised to reduce energy costs and are keen to project a green and
environmental image. Policy and legislation are driving the change to natural refrigerants and the latest
f-gas proposals are very much focussed on the application of natural refrigerants. Energy used by
commercial refrigeration is being driven by Eco-design regulations and these regulations need to
continue to challenge manufacturers to produce energy efficient cabinets. Legislation or industry
agreements need to accelerate the use of doors on cabinets and to make cabinets with doors the norm
in all supermarkets. Use of other technological interventions need to be incentivised as many have
marginal paybacks and their application is resulting in higher cumulative carbon emissions.
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It was clear from the modelling that it is important to act quickly to achieve the greatest cumulative
carbon emissions and that applying low carbon interventions should be prioritised at the earliest
opportunity. Making an assessment of the best technologies for each application is also important to
maximise both energy and carbon savings.

Ultimately all the technologies and interventions we examined are available today and so the
opportunity to reach near net zero carbon for supermarkets exists and is feasible. None require
building a completely new supermarket and can be applied during minor or major retrofits. The
diagram below shows what we consider to be the priority areas for supermarkets to focus on.

Opportunity 6

Use RES, especially solar

Opportunity 5 in sunnier climates
Don't wait, early interventions will reduce

cumulative global warming

Opportunity 4 Opportunity 3

Purchase the most energy
efficient equipment

Assess benefits of
technologies according to
specific location and operation

Opportunity 1 Apply doors to open

Transition to
natural refrigerants
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10. DETAILED TECHNOLOGY/STRATEGY REVIEWS

1.18. Refrigeration

1.18.1. Adiabatic condensers

Adiabatic condensers operate by spraying water into the air supply of air-cooled condensers. The water
is often sprayed on a pad through which the air flows, avoiding build-up of mineral deposits on the
condenser fins. This has the effect of cooling the air (due to evaporation of the water droplets) that
cools the condenser, reducing condensing temperature and pressure, saving compressor energy and
increasing refrigeration capacity. This has the greatest benefit in the summer months when condensing
temperatures are high. During the winter there may be no benefits.

The cooling effect is related to the relative humidity (RH), so the benefit is higher in dry weather (low
RH) and there will be no benefit when RH is 100%. Therefore, you would expect the condensers to only
work for part of the year. However, as soon as air is warmed up, its relative humidity drops, allowing
for the application of the evaporative cooling. Therefore, in the instances where the condenser is
divided into de-superheating, condensing and subcooling sections, the water spray can be applied
between the de-superheating and condensing sections when the RH of the air is lower than the
ambient air. Thus, the benefit from the evaporative cooling can be achieved even in areas where the
RH of the ambient air is high.

With a perfectly efficient adiabatic condenser, the air will cool from the dry bulb to the wet bulb
temperature. Baltimore Aircoil Company (2015) states that cooling temperature on the condenser can
be reduced by approximately 1 to 2°C above the wet bulb temperature. Unlike evaporative
condensers, all the water should be evaporated and therefore none needs to be recycled, which avoids
the requirement for treatment. The need to make sure that all water is evaporated requires correct
control of water temperature and air flow rate, which will be dependent on ambient conditions. The
quantity of water used is much less than that used by evaporative condensers.

Martinez et al. (2020) placed evaporating cooling pads before the condensing coils of an air-cooled
chiller in a hospital in Spain. This reduced condensation temperature by 11°C, increasing the relative
humidity by 50%. The European seasonal efficiency ratio (ESEER) increased by 30.9%. They calculated
a payback of less than 2 years, assuming pads would need to be replaced every 4 years and not
considering financial penalties of using too much power. This was for a chiller running on average 12
hours per day for 92 summer days. A supermarket refrigeration system runs 24 hours a day and the
benefits of reduced condensing temperature during the night and not in the summer may be less than
the costs of running the water system.

The cooling systems in a large office building were surveyed using the REAL Zero methodology (Rodway
2009). It was found that the systems using adiabatic cooling of the condensers had experienced lower
levels of refrigerant leakage compared with other systems that used air cooling of the condensers. It
was concluded that this was due to the higher discharge pressures, compared with the adiabatically
cooled condensers for similar ambient conditions.

Problems

Water evaporation can lead to scaling. Another problem is dust and other contaminants in the supply
air; they are more likely to pass through a dry condenser than through a condenser with a wet surface,
contributing to a faster clogging of the condenser.
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Legislation

There is no direct legislation for adiabatic condensers, unlike evaporative condensers. However, the
safety of each system should be considered, especially in relation to Legionella.

Case Studies

Hill Phoenix has installed 20 Advansor trans-critical CO, systems in Canada (Wallace 2014). Using
adiabatic gas coolers, they have been able to keep the operating pressures lower for longer in the
warmer climates. However, actual savings have not been reported.

Financial

An analysis of a large supermarket system in the US (Scott, Bellon, and Chappell 2017) showed energy
cost savings of between $S0.17 to $4.75 per sq ft of supermarket for California climate zone 16 (high,
mountainous and semiarid region above 5,000 feet in elevation) and 7 (southernmost coastal region
of California) respectively with the optimal control strategy. This gave a cost benefit ratio of between
11.7 and 333.

Scope 1 emissions savings (% or
another quantifiable metric)

Limited data.

Quality of scope 1 emissions
information

Some data consider that there is less leakage from adiabatic condensers
due to lower pressures, however, no data was found to quantify savings.

Scope 2 emissions savings (% or
another quantifiable metric)

Up to 31% in Spain during summer days. It is unlikely that supermarkets
in most European locations can achieve the same levels of savings.
Calculations indicate that savings on refrigeration plant energy
consumption are 5-10%.

Quality of scope 2 emissions
information

There is no doubt that adiabatic cooling can save energy. However,
determining the saving depends on climatic conditions and design of
condenser.

TRL level

TRL8-9

Maintainability issues

Evaporative pads need to be replaced, approximately every 2 years.

Legislative concerns

Minimal possibility of Legionella due to zero aerosol formation. No

stagnant water accumulation as water distribution system is one
through.

Payback time (years) <2 in the most beneficial situations.

1.18.2. Aerofoil air-guide

The use of guides or deflectors on open fronted cabinets has the potential to reduce air infiltration and
consequently the energy consumption of the cabinet refrigeration systems. The design of the
deflectors is thought to influence the levels of energy savings achieved. Work to evaluate the impact
of aerofoil deflectors (Foster, A., McAndrew, and Evans 2014) has shown overall energy savings. Adding
the aerofoil deflectors reduced maximum temperatures in a cabinet tested to the EN23953 test
standard (at climate class 3) by 0.6 °C as well as reducing the energy consumption by 15%. As these
tests were conducted on cabinets with an integrated refrigeration system, this reduction in energy was
on the total energy consumption of the cabinet. When the cabinet controller was adjusted so that the
maximum pack temperatures were the same for the two tests, the air deflectors reduced energy
consumption by 17%. It should be noted that open fronted cabinets do not have the same air curtain
geometry and therefore different results may be seen when the technology is applied to different
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cabinets. It may be required to optimise the aerofoils, either by their distance from the end of the shelf
and/or their orientation to the air flow.

From Aerofoil Energy Ltd web-site (https://www.aerofoil-energy.co.uk) they state that they have sold
over 1.4 million Aerofoils, which have been installed in over 4,000 supermarket stores. They now cover
80% of the addressable market for Aerofoils in the UK. They claim they are delivering energy savings
of 40% in the laboratory to 25% in typical store conditions.

Other “shelf-edge” technology exists which use flat profiled extrusions to do the same thing, however,
Aerofoil Energy Ltd, argue that they are less efficient than using an aerofoil profiled extrusion.

Scope 1 emissions savings (% or None
another quantifiable metric)

Quality of scope 1 emissions N/A
information

Scope 2 emissions savings (% or 23% of compressor energy.
another quantifiable metric)

Quality of scope 2 emissions Energy savings have been independently validated by one scientific
information paper. Take up of the technology by many stores who conduct their own
assessment also suggests that they save energy, however, it is not clear
what the overall savings are over many real-life scenarios.

TRL level TRL8-9

Maintainability issues May possibly get damaged by customers, but there is no information on
this.

Legislative concerns None.

Payback time (years) Limited published information but if the aerofoils save 25% of the

energy and each aerofoil costs ~€25 per shelf, the payback will be less
than 6 months.

1.18.3. Anti-fogging glass

Fogging of glass reduces the visibility of products on display, making it hard for shoppers to find the
product they are looking for and potentially preventing impulse purchases and reducing sales.

In frozen food display cabinets, defogging is usually speeded up by an air curtain flowing along the
internal glass surface and by anti-sweat heaters embedded in the door frame or in the glass itself. In
chilled display cabinets, the use of anti-fog coatings is more widespread (D’Agaro, Croce, and Suzzi
2021).

Typically, fog is only formed at the cold (cabinet facing) side of the door which is exposed to the
supermarket ambient environment only upon opening the door. Anti-fogging glass is typically a
standard glass with a film bonded to the surface. Anti-fog coatings have hydrophilic properties such
that any water on the surface does not bead up and create fog.

Although electric resistance heaters are not commonly installed on chilled cabinets in UK
supermarkets, frozen glass display cabinets may have three types of electric resistance heaters
installed (case mullion, door frame and glass pane). These range from 100 to 200 W per door (Rauss,
Mitchell and Faramarzi, 2008). They showed that a cabinet with glass door heaters, could have its
antisweat heat reduced from just over 400 W to under 150 W. It should be noted that an efficient glass
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door may not have glass heating and therefore there would be no benefit in installing for the anti-
fogging film.

Anti-fogging films can be implemented in conjunction with electrical heat but laboratory testing has
shown that some anti-fog films can delaminate if the cases are allowed to return to room temperature.
This is believed to be due to moisture migrating under the coating and then freezing and separating
the coating from the glass surface. Delamination could obscure the view of the products and be worse
than fogging. Some anti-fog coatings may lose their hydrophilic properties if washed or soaked in water
(Rauss, Mitchell, and Faramarzi 2008).

Anti-fog coatings have historically been prone to degradation through cleaning or contact with skin
(people holding doors open). According to (WeeTect 2018) typically last 12 to 24 months, dependant
on usage and exposure.

According to (FSI Coating Technologies 2022) this technology has a typical cost of $40 per door and is
warranted for 5 years.

Scope 1 emissions savings (% or None.
another quantifiable metric)

Quality of scope 1 emissions N/A
information

Scope 2 emissions savings (% or Potential to remove all glass heating in frozen cabinets.
another quantifiable metric)

Quality of scope 2 emissions Only one academic publication showing potential to save energy.
information

TRL level TRL8-9

Maintainability issues Need to be regularly replaced (every few years).

Legislative concerns None.

Payback time (years) Unknown.

1.18.4. Anti-sweat heater control

Anti-sweat heaters (ASH) are electric resistance heaters that are installed in the frames and doors of
refrigerated cases to reduce condensation and fogging which can also lead to frost and ice build-up on
door gaskets etc. ASHs prevents fogging on the doors keeping the door clear for viewing the food
products. They also reduce puddling on floors, corrosion and mould/mildew formation on gaskets.
Anti-sweat heaters are less common on chilled cabinets.

ASHs tend to provide heat to three areas, glass heaters (to prevent condensation), mullion heaters (to
keep doors from freezing shut) and door frame heaters (also to keep doors from freezing shut plus
transfer some heat to the glass).

The amount of heat required by an anti-sweat heater to maintain a clear door will be a function of the
cabinet design (which influences the rate of cooling or clearing of the mist through internal air
condition and movement) and the ambient air in the supermarket. Where the ambient air dew point
is lower than the coldest surface temperature of the glass, there is no need for anti-sweat heaters.

ASH control modulates the ASHs so they are not running all the time but still keep the display cabinet
free from condensation. This is done by monitoring the dew point temperature in the ambient around
the cabinet. Where the store dew point is lower than surfaces being heated, there is no requirement
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for trim heating. Various systems are on the market to regulate the trim heater, either with a
proportional or on/off control.

Hudomalj et al. (2017) estimated that ASH control accounted for anywhere from 68% to as much as
87%, which is dependent on environmental conditions, namely dew point temperature.

Hackel et al. (2015) stated typical savings of reducing anti-sweat usage of 57 kWh/ft of MT and 26
kWh/ft of LT cabinets. They also quoted a typical cost of $25 per ft giving a payback of 3.9 and 1.1 years
for MT and LT cabinets respectively.

According to Monier et al. (2007) energy savings through anti-sweat heater control for low
temperature supermarket display cabinets can be in the range of 6 % of the TEC in real life conditions.

Scope 1 emissions savings (% or None
another quantifiable metric)

Quality of scope 1 emissions N/A
information

Scope 2 emissions savings (% or 68 to 87% of ASHs or 6% of TEC of low temperature cabinet.
another quantifiable metric)

Quality of scope 2 emissions High. A number of peer reviewed publications which agree.
information

TRL level TRL8-9

Maintainability issues None know.

Legislative concerns None.

Payback time (years) 3.9 years for MT and 1.1 years for LT cabinets.

1.18.5. Boreholes and ground sink condensers

Exchanging heat from the refrigeration condensers to the ground during the summer months can save
considerable energy. Such systems can be open- or closed-loop. In open-loop systems, water within
the ground (from a borehole) is used directly to provide cooling. In closed-loop systems, heat
exchangers are constructed within the ground to exchange the heat.

Soil needs to be moist for effective heat transfer (Kauffeld, 2016). This can be especially relevant when
using CO2 as a refrigerant. Rejecting heat to ambient air from a CO; pack will cause the pack to operate
transcritically for part of the year, significantly reducing its efficiency whereas the use of a borehole or
ground sink condenser enables a constant, and relatively cool, temperature sink for the “waste” heat
from the condenser.

Leiper et al. (2014) reported energy savings of 24.6% in a study comparing two similar stores; one
running CO2 refrigeration with gas coolers in outside air and the other with ground coupling sinking
the heat to boreholes.

Mateu-Royo et al. (2018) conducted field measurements from medium size supermarkets in Sweden
and carried out a techno-economical comparative analysis for integrating geothermal storage in CO;
refrigeration systems compared with standard CO, trans-critical booster system. They found that that
a hybrid CO; trans-critical booster system with ground source heat pump (GSHP) as an integrated
geothermal solution has 6% lower annual energy use compared to a stand-alone CO2 system with heat
recovery.
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Karampour et al (2019) investigated the energy efficiency of geothermal storage integration into the
state-of-the-art CO; trans-critical booster systems. The results showed that for a stand-alone
supermarket, heat recovery from the CO; system should be prioritized over extracting heat from the
ground, which this heat extraction can be done either by an extra evaporator in the CO; system or by
a separate ground source heat pump. Geothermal sub-cooling in summer can provide about 3.5%
refrigeration annual energy savings saving compared to the reference system.

Scope 1 emissions savings (% or It is likely that extra piping will increase direct emission, however, if it
another quantifiable metric) allows CO:2 to be used instead of HFCs it would decease emissions.
Quality of scope 1 emissions Low

information

Scope 2 emissions savings (% or 3.5 t0 24.6% reported.
another quantifiable metric)

Quality of scope 2 emissions High.

information

TRL level TRL8-9

Maintainability issues None.

Legislative concerns Planning regulations may cause issues.
Payback time (years) No information.

1.18.6. Cabinet lighting controls -dimming/ switching/ occupancy sensors

Lighting is only needed when a customer is looking at the product, which is likely to be a small
proportion of the time. When nobody is looking in the cabinet, lighting energy is wasted, and it is also
a heat load that the refrigeration system needs to remove.

Turning the lights off or dimming the lights during non-busy periods is simple, as most cabinet lighting
systems in stores can be switched on and off at different times of the day, with obvious savings on
energy, refrigeration load and potentially the life of the lamps. This is becoming more common practice
as lighting is often centrally controlled in large stores.

For closed cabinets, door openings can be detected. For open cabinets, movement detection
(occupancy) sensors/detectors can be used. Intelligent controllers can learn the busy periods and
predict when to switch/dim lights.

There is considerable potential in stores with a variable trading profile to implement this technology.
It is readily available and could be transferred from other areas of the cold chain (e.g. cold storage)
where it is currently used. Lighting occupancy sensors are particularly compatible with LED lighting as
this can be rapidly switched on and off, unlike more conventional fluorescent lighting.

LEDs can be dimmed in one of two ways. Analogue dimming means that the drive current to the LED
is reduced, reducing the LED power in proportion. This is a simple solution, but the colour temperature
may vary as the drive current varies, reducing the quality of the light. The quality of the light is an
important factor for the retailer and therefore this is not acceptable. A better solution, which is
currently available at low cost, is pulse-width modulation (PWM). This drives the light with full current
pulses. The width of the pulses varies the brightness of the lamp. Provided the pulse rate is high enough
(approximately 200 Hz), the eye does not perceive the pulsing at all but only the overall average. PWM
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dimming may be implemented in the power supply or in the driver. 25% brightness is achieved by
having the pulses on for 25% of the total time.

Wang et al., (2017) investigated refrigerated case lighting controls compared to a baseline. The effect
of case lights being shut off during the period from 1 hour after the store closes until 1 hour prior to
the store opening (i.e., 11:00 p.m. to 5:00 a.m. 7 days per week) was modelled using a building energy
simulation model. On-site energy savings of between 0.3 and 0.6% were predicted for US stores in
different regions.

Diebel et al. (2013) replaced the fluorescent lighting (T8 with electronic ballasts) for a five-door case
in a middle aisle of a store with LED lighting. The connected lighting load for each five-door case was
352 W. Operating hours for the case lighting were from 5 a.m. to 11 p.m. on weekdays and from 6 a.m.
to 11 p.m. on weekends (for a total of 6,205 hours of operation per year). The case lights were turned
off between 11 p.m. and 5 a.m. through the use of an energy management system. The connected
lighting load for the case with the LED lighting was reduced to 189 W. The LED system also included
dimming power supplies that were controlled by motion sensors. When no customers were near the
case, the LEDs were dimmed down from maximum output. When a shopper approached the case, the
LEDs were smoothly ramped up to full output. The motion sensors reduced the lighting power of the
LED lamps by 43%. This was on top of the considerable saving by changing from fluorescent to LED
lights. 80% of surveyed customers did not notice the dimming system. Of the 20% who did notice, most
said it would not affect their shopping experience. This finding suggests that ramping is superior to
low-high switching, in that switching between high and low output may be distracting to shoppers.

Scope 1 emissions savings (% or None
another quantifiable metric)

Quality of scope 1 emissions High
information

Scope 2 emissions savings (% or 0.3 to 0.6% of on-site energy savings. Reduction in cabinet LED light
another quantifiable metric) energy by 43%.

Quality of scope 2 emissions Medium
information

TRL level TRL8-9
Maintainability issues None
Legislative concerns None.

Payback time (years) No information.

1.18.7. Cabinet replacement with high efficiency version

Replacement of refrigerated cabinets with the most energy efficient cabinets on the market is an
effective way to reduce energy consumption. This could involve replacing cabinets with cabinets which
appear identical but have more efficient fan motors, evaporators etc., or changing cabinets to ones
which will operate differently, for example changing from open to closed and vertical to horizontal
cabinets.

A study by Moons et al (2014) confirmed that commercial refrigeration display appliances still had
large potentials for improvement of energy efficiency and reduction of other environmental impacts
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through better design. An overall reduction of 50% of the energy use of these appliances in the EU is
seen as realistically achievable by 2030.

Refrigerating appliances with a direct sales function (which include super-market cabinets, cabinets
for scooping ice-cream, refrigerated vending machines, beverage coolers and ice-cream freezers) have
had a European energy label and minimum energy performance (MEP) since March 2021. These are
covered by COMMISSION REGULATIONS (EU) 2019/2018 and 2019/2024. These regulations define an
energy efficiency index (EEI) for different types and sizes of appliance. No units can be sold with an EEI
above 80% and 100% for ice cream freezers and all other appliances with a direct sales function
respectively. These MEP EEls drop to 50% and 80% in September 2023.

TopTen.eu is a web site that list the most energy efficient devices available within the EU. It shows the
EEls for the best available technology BAT (at 3/3/22) for the following types of equipment shown in
the Table below.

Cabinet type EEl (%)

Remote vertical display cabinet 22.9
Plug-in vertical display cabinet 6.4
Plug-in horizontal display cabinet 19.6

Moons (2014) assumes the average stock EEI before energy labelling would be 100%. Making this
assumption assumes that energy consumption of Remote vertical display cabinet, Plug-in vertical
display cabinet, and Plug-in horizontal display cabinet could be reduced by 77.1, 93.6 and 80.4% by
replacing the current cabinets with the BAT.

Scope 1 emissions savings (% or None identified. However, more modern, and more efficient cabinets
another quantifiable metric) are likely to contain less refrigerant charge and likely to leak less
refrigerant.

Quality of scope 1 emissions High
information

Scope 2 emissions savings (% or Depends on the efficiency of the cabinet being replaced. However, 77 to

another quantifiable metric) 94% reduction should be possible.
Quality of scope 2 emissions High

information

TRL level TRL8-9

Maintainability issues None

Legislative concerns None.

Payback time (years) Less than 1 year.

1.18.8. Centralised air distribution

Conventional refrigeration systems provide cooling to refrigerated cabinets by direct expansion of a
refrigerant in an evaporator inside the refrigerated appliances.

Yu et al. (2009) tested a cabinet with a centralised air supply. In this system, the cabinet was supplied
with air from an air handling unit via a duct. Yu et al. (2009) found that the centralised air distribution
system could easily control the air curtain velocity, decrease the frost magnitude, increase the defrost
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cycle from 6 hto 9 h, and reduce the maximum product temperature rise in the defrost cycle from 3.0
°Cto 2.0 °C.

Asda/Wall-Mart are rolling out the Mistral Air system, developed by installing partner CBES across its
stores (Gaved, Andrew 2016). They claim that without piped refrigerant, and the fans and condensers
of the display case, maintenance call outs can be reduced significantly. Asda claim energy savings of
11 to 15% over conventional models. They also claim that refrigerant charge could be reduced by as
much as 40%.

The removal of the evaporator from the cabinet offers potential advantages. Fitting the evaporator
inside the cabinet can cause constraints on its size. Therefore, the evaporator is often smaller than
ideal. This can lead to low evaporating temperatures and difficulties with defrosting. It is not possible
to allow all of the useful part of the evaporator to extend to the edges of the cabinet due to space
requirements for end turns, expansion valves and space requirements for servicing and fitting. This
can lead to air flow and poor temperature at the edges of the cabinet. The air ducted system cabinets
also do not have fans as these are replaced by one large centralised fan.

Another advantage of this system is that the evaporator condensate drain is external from the cabinet.
Removal of the drains from the shop floor has considerable benefits in regard to water leakage and
maintenance.

Often HVAC systems utilise free cooling by taking air from outside and using it to cool buildings. A
similar system can be used with centralised air distribution systems if the outside ambient air
temperature is below the evaporator return temperature for the refrigerated cabinets. Centralised
systems also contain the refrigerant in one area and so it is possible that direct emissions can be
reduced as it is simpler to prevent leaks and to identify leaks if they should occur. In addition, a low
GWP refrigerant such as a hydrocarbon or ammonia could be used in the centralised plant.

The practicality of this arrangement needs to be considered. The ducting will take up more space than
the refrigerant piping. Noise and condensation from the ducting will need to be considered. Yu et al.
(2009) found that balancing the cabinets so that all cabinets, whether at the beginning or end of the
duct run, get the same air flow is critical.

Scope 1 emissions savings (% or 40% or more if it allows a lower GWP refrigerant (but only applied to

another quantifiable metric) chilled cabinets so overall saving across supermarket is less).
Quality of scope 1 emissions Low.
information

Scope 2 emissions savings (% or 11to 15%
another quantifiable metric)

Quality of scope 2 emissions Low

information

TRL level 5-7

Maintainability issues Maintenance of cabinet should be easier as less water and moving parts.
Legislative concerns None

Payback time (years) Unknown
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1.18.9. Defrost on demand

Avoiding unnecessary defrosting can save considerable amounts of energy. Most conventional defrosts
are scheduled at pre-set times (every 6-12 hours is typical). Defrost on demand controls minimise the
number of defrosts needed by a cabinet. This has the effect of reducing direct energy consumption,
and also leads to reduced heat gain in the cabinet and reduce maximum product temperatures.

Demand defrost can work by either predicting frost formation by processing measured conditions (fin
surface temperature, air humidity and air velocity) and/or frost accumulation symptoms such as
pressure drop and refrigerant properties (de Aguiar, Gaspar, and da Silva 2018).

Defrost on demand has been tested by a number of researchers. The Electric Power and Research
Institute (California, USA), in partnership with Johnson Controls/Encore, has developed a new demand
defrost controller for supermarket refrigerated display cases (Hindmond and Henderson 1998). Field
demonstrations were carried out in supermarkets in Minnesota, New Jersey and Florida. At the
Minnesota store, the time between defrosts increased by a factor of four in the winter. The total time
in defrost dropped by as much as 66% and on an annual basis by 34%. In New Jersey the time between
defrosts increased from one day to the maximum limit of three days, which reduced defrost heater
operation by 63% on an annual basis. Analysis showed energy savings of 25,000 kWh per year,
increasing to 38,000 kWh per year if indirect savings in compressor use are included.

Tassou, Datta and Marriott (2001) showed that, using relative humidity as a control parameter, the
defrost frequency can be reduced considerably without affecting cabinet performance and product
integrity. The results from field measurements and laboratory tests showed that the defrost frequency
of four cycles per day, normally employed for medium temperature multideck display cabinets in the
UK, is only required in extreme conditions (ambient above 22 °C and 60% RH). As this occurs rarely,
defrosts can be reduced based on environmental conditions.

Lawrence and Evans (2008) tested an algorithm that detects the need for a defrost from the pattern
of refrigerant flow (or evaporator exit superheat). The results were compared with those from a
conventional 3 defrosts per day cabinet setup. The tests were deliberately performed in higher
temperatures and greater humidity than would normally prevail in UK supermarkets. Even so, it was
found that the mean time for "defrost required signals" being given was 38.8 h. The energy used per
year for a single 2.5 m frozen well cabinet with a defrost every 38.8 h was 538 kWh whereas the energy
used with a defrost every 8 h was 1960 kWh. This means that the 38.8 h defrost represents energy
savings of 72.5%. In a supermarket with 40 cabinets, the annual savings would therefore be 56,880
kwh.

Optical sensors (fibre-optic) use the reflective properties of ice. They cannot just detect presence of
moisture but also its type, e.g., liquid, ice and frost. A commercially available optical frost sensor is
available (New Avionics).

Practical application of defrost on demand systems has been varied with some systems showing no
benefits and others showing savings of 40% of the defrost energy.

Scope 1 emissions savings (% or None.
another quantifiable metric)

Quality of scope 1 emissions H
information

Scope 2 emissions savings (% or Up to 72.5% of defrost energy.
another quantifiable metric)
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Quality of scope 2 emissions M

information

TRL level 8-9

Maintainability issues Unknown.

Legislative concerns None.

Payback time (years) Application of the technology is a controls issue and so is inexpensive to
apply. Assumed that if widespread adoption paybacks of <1 year are
achievable.

1.18.10. Defrost type

Behfar et al (2018) conducted an online questionnaire and found the most typical defrost type for
medium-temperature cabinets is off-cycle defrost. Electric defrost is the second most common option.
Hot gas defrost is the least common option for medium-temperature cabinet defrost. By far the most
common defrost type for low-temperature cabinets is electric defrost. Hot gas defrost is the second
most common option. Off-cycle defrost was not mentioned by any respondents for low-temperature
cabinets.

Hot/cool gas

Hot gas defrosts use the compressor discharge to defrost the evaporators. Refrigerant gas is
introduced downstream of the thermostatic expansion valve (TEV). This is more efficient thermally
than electric heaters as heat is added inside the evaporator tubes rather than conducted from outside.

For a hot gas defrost to work, the compressor needs to run whilst the cabinet is defrosting. For pack
systems this is not an issue, as only one or perhaps a few of the many cabinets will be defrosted at a
time. For integral cabinets this requires a reverse cycle defrost. The refrigeration system is reversed
by the use of valves. The evaporator now becomes a condenser and the heat of condensation melts
the ice.

On evaporators with a distributor, the distributor creates too high a pressure drop, therefore an
auxiliary side connector must be used to allow the defrost gas to bypass the distributor.

Cole (1989) showed that typical hot gas defrosts are only about 20% efficient (this is the proportion of
energy that actually goes into melting the ice). 60% of the energy escapes into the ambient air and
20% to heat the metal. It was stated that the maximum theoretical efficiency is 60 to 70%.

Lawrence and Evans (2008) found electric defrosts to be only 15% efficient in a 2.5 m frozen food well
display cabinet at climate class 3 (temperature of 25 °C and relative humidity of 60%).

Hot gas defrosts are also more thermodynamically efficient than electric heaters. The COP of the
refrigeration system during defrost was found to be between 4.1 and 4.5 in a study by Zaid (2013)
compared to an electric defrost which has an effective COP of 1. For multi evaporator systems the hot
gas is free (no extra energy required) as it is a waste product from refrigerating the other evaporators.

Hot gas defrost results in lower overall surface temperatures within the evaporator. Temperatures will
increase less, meaning that less refrigeration energy is used to re-cool the cabinet. Zaid (2013) showed
defrosts were between 64% and 80% shorter for low and medium temperature applications
respectively. Potentially, this can mean that the set-point temperature could be increased as there
would be less temperature increase during defrost. Due to the lower surface temperatures, there is
less likelihood of steam being created which then condenses elsewhere.
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Although gas defrost uses less energy than electric defrost, gas defrost requires valving that increases
head pressure and consequently requires a higher refrigerant charge. The Pacific Gas and Electric
Company (2011) assumed an increased charge size up to 10% for a system utilising hot gas defrosts.
Gas defrost was also expected to increase the potential for leaks due to the need for additional piping
and valves and the thermal shock caused by the rapid change in temperature. The The Pacific Gas and
Electric Company (2011) assumed that prohibiting hot gas defrost would reduce refrigerant leak rates
by 5%. In the climate zone of Sacramento, they estimated an annual refrigerant saving (mean of 6 store
types) of 19 to 31 kg by removing hot gas defrosts, equating to a greenhouse gas saving of 74 to 121
MTCO;. per year (based on R404A/507 refrigerant). The greenhouse gas associated with the extra
energy used by the electric defrost was much lower, equating to 11 MTCOz. per year, providing a net
benefit in greenhouse emissions by removing hot gas defrosts. This benefit would obviously reduce
with lower GWP gases. In terms of overall costs, the extra cost of the electrical energy of electric
defrost was greater than the savings of reduced refrigerant leakage, meaning that hot gas defrosts
were still financially better.

Compressor discharge pressure may not be high enough in the summer months to allow adequate
defrost. This technology is therefore not compatible with floating head pressure technology.

The cool-gas defrost is essentially the same, except that the gas used for defrosting is obtained from
the receiver, rather than from the compressor discharge. Cool-gas reduces thermal expansion that
occurs when subjecting a cold suction line to elevated defrost temperatures. In addition, using
saturated vapour will provide a quicker defrost cycle than when using superheated discharge vapour.

Warm liquid

Warm liquid defrosting (WLD) uses warm liquid from the system condenser to defrost the evaporator
coils. Among the advantages is the potential for a simpler overall system design eliminating hot gas or
saturated vapour lines and some of the associated valves.

There is a concern that not all the liquid used for coil defrosting and subsequently expanded into the
suction line will be evaporated by the super-heated vapour from the operating display cases (not under
defrost) under all conditions (Mei et al. 2002). This could cause liquid to return to the compressor.
Another concern is that at very low liquid temperatures (below about 10-15 °C) there is not enough
heat available in the condenser liquid to effectively defrost the evaporators. This could happen at low
ambient temperatures, though it can be mitigated by increased condensing pressure. However, in this
case there is an energy penalty. The system cannot be used in an R744 systems where the liquid is
taken from an intermediate pressure at temperatures close to 0°C.

A refrigeration test rig with two open cases and two reach-in cases were tested using WLD at —34.4°C
evaporating, 32.2°C condensing, and 4.4 K subcooling below the condensing temperature (Gage and
Kazachki 2002). For the reach-in case, defrost time for the WLD was 1 hour compared to 35 minutes
for electric defrost. As a result of the longer defrost time, the product temperature was higher by 1.7
K with WLD than with electric defrost. They noted that increasing the flow rate of the liquid would
shorten the defrost time and improve the product conditions.

Hot liquid

Niu et al (2020) present a new type of defrost method named as Hot Liquid Defrosting System with
Multiple Evaporators (HLME). When one of them needs to be defrosted, hot liquid refrigerant out of
the condenser is first used to remove the frost layer of the fins whilst achieving liquid refrigerant sub-
cooling at the same time. They showed that the compressor power did not increase during defrost.
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The advantage of this system is that for WLD, if multiple display cases defrost, there may not enough
heat available in the suction gas to evaporate the liquid, as discussed. With this system the liquid that
passes through the evaporator coil that is being defrosted is then passed through the other “working”
evaporator, rather than straight into the suction line.

Thermal heat store

Waste heat is always created during refrigeration. The problem is that this waste heat is created when
the evaporator is cooling and is not available when the evaporator is defrosting. A heat bank can be
used to capture the waste heat whilst the evaporator is cooling and then discharge it into the
evaporator during defrost.

The Kramer-Trenton Company patented a heat bank defrost (Thermobank method), where the
discharge of the compressor heats a water store (Dossat 1991). During a defrost the heat from the
water bank is used to re-evaporate the refrigerant condensed in the defrosting evaporator.

A way to use a thermal heat store to defrost an evaporator was developed by FrigescoTM (Exeter, UK).
This system used a phase change material (PCM) store that is heated by the cabinet liquid line (an
added advantage is that it also subcools the liquid). When the PCM is melted a defrost can be initiated.
During a defrost, valves are actuated such that the cold evaporator and the PCM store form a closed
loop. The temperature gradient formed between the PCM heat store and the evaporator allows a
thermosiphon to exchange heat between the two. Refrigerant boils in the heat exchanger, melts the
ice on the evaporator and condenses before returning to the heat store to repeat the process until the
heat store is exhausted.

Results from Foster et al. (2014) showed that it was possible to eliminate the use of the electrical
defrost heaters during defrost; however, a heater mat was required to allow the water to drain from
the cabinet without re-freezing. The electrical defrost power was reduced by approximately 80%.
Subcooling of the liquid refrigerant reduced the refrigeration duty by approximately 10%. It was noted
that methods needed to be employed to make sure all ice was removed from the cabinet between
defrosts. The technology was still at a development stage and was never developed further.
Ultrasonic

Ultrasonic vibrations can be used to release frost crystals from evaporators. The technology is not
suitable for removing the basic ice layer but frost crystals and branches on the ice layer can be
removed. The frost falls off the evaporator and collects beneath it. As the basic ice layer cannot be
removed the technology needs to be applied throughout the refrigeration cycle to be effective. In trials
a vibration frequency of about 28.64 kHz was used with an average power of approximately 30 W
(Wang, D. et al. 2012).

Tan et al (2014) found that by intermittently applying ultrasound to a finned-tube evaporator caused
the frost crystals to fall off due to the ultrasound being at the resonant frequency of the frost crystals.

No practical information is available on the savings that can be achieved using the technology.

Electrohydrodynamic

This involves employing high voltage electric field to the airflow.

Joppolo et al (2012) have shown that a DC electric field reduces the frost mass and air-side pressure
drop whereas it increases the cooling capacity by 3 to 10%. They also showed that with a superimposed
electric field, the overall energy consumption (compressor + fan + defrosting cycle + high voltage
generator) of the refrigerating unit reduces leading to significant energy saving of up to 11.5%.
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Blanford et al. (1995) noted that enhancements were maximum in the laminar flow regime, at the
lowest temperature difference between the air and the heat transfer surface, and at the highest
applied electric field potential. A maximum enhancement factor of 3.3 in the overall heat transfer
coefficient was obtained utilizing a barbed parallel electrode at a temperature difference of 20°C and
at a Reynolds number of 1,000. Typical supermarket evaporators will operate in the turbulent regime,
so real applications would not be as good.

The following table assumes default defrosts for medium and low temperature systems are off cycle
(passive) and low temperature respectively.

Scope 1 emissions savings (% or Hot gas: 5% increase in refrigerant leakage.
another quantifiable metric) Reverse cycle: 5% increase in refrigerant leakage.
Warm and hot liquid: 0%.

Thermal heat store: 0%.

Ultrasonic defrost: 0%.

Electrohydrodynamic: 0%.

Quality of scope 1 emissions Medium
information

Scope 2 emissions savings (% or Hot gas (remote only): 100% reduction of electric defrost heat load.
another quantifiable metric) Reverse cycle (integral only): 75% reduction of electric defrost heat load.
Warm and hot liquid: 100% reduction of electric defrost heat load.

Thermal heat store: 80% of defrost power plus 10% of compressor
power.

Ultrasonic defrost: no information.
Electrohydrodynamic: 11.5%.

Quality of scope 2 emissions Hot gas: M

information Reverse cycle: M

Warm and hot liquid: M
Thermal heat store: M
Ultrasonic defrost: M

Electrohydrodynamic: M

TRL level Hot gas: TRL8-9

Reverse cycle: TRL8-9

Warm and hot liquid: TRL5-7
Thermal heat store: TRL1-4
Ultrasonic defrost: TRL1-4
Electrohydrodynamic: TRL1-4

Maintainability issues Unknown
Legislative concerns None.
Payback time (years) Unable to fully quantify.
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1.18.11. Distributed refrigeration system

Major retailers use a centralised refrigeration (otherwise known as parallel rack) plant for the majority
of their retail display. Distributed systems consist of several smaller parallel compressor racks
distributed throughout the store. These packs are located close to the display cabinets or cold stores.
A typical store might have 5-6 units.

A centralised system distributes refrigerant through the entire refrigerated area and is often sited a
long distance from the cabinets on the roof or in a dedicated plant room. As each of the distributed
systems is smaller and quieter, they can be placed closer to the particular cabinets they serve. The
reduction in pipe lengths reduces energy losses in the system.

Having shorter pipe runs, less refrigerant, being connected to fewer cabinets and using smaller and
fewer compressors, can make maintenance simpler for each distributed system. A major advantage of
a distributed system is that refrigerant leaks are confined to individual smaller systems rather than one
centralised system. Therefore, leaks can be determined sooner and have more localised effects. Any
system failure will be confined to a smaller number of cabinets.

In a centralised system the cabinets will generally run on only two evaporating temperatures, frozen
and chilled. However, the chilled and frozen cabinets will not all operate at the same cabinet
temperature. Chilled cabinets may be operated at 8 °C (produce), 3 °C (dairy), and 2 °C (dairy). Freezer
cabinets may be operated at -21 °C (ice cream), and -18 °C (frozen but not ice cream). In a centralised
system, the suction pressure will be the lowest of all the cabinets. A distributed system allows these
cabinets to be grouped together and run at different evaporating temperatures, saving energy.

Modelling and analysis work was done on various supermarket refrigeration systems by Zhang (2006)
showed 7 to 10% energy savings (compressor + condenser fans) over centralised systems at 3 different
regions in the US. This is because the compressors of the distributed system are closer to the display
cases causing lower parasitic losses, and the saturated suction temperature (SST) employed for each
distributed unit can closely match the evaporator temperature of the display cases. Zhang (2006) also
assumed the distributed system had half the refrigerant charge and 10% rather than 15% leakage rate.

Scope 1 emissions savings (% or 67% of centralised refrigeration direct emissions
another quantifiable metric)

Quality of scope 1 emissions L
information

Scope 2 emissions savings (% or 7 to 10% of compressor + condenser fan emissions.
another quantifiable metric)

Quality of scope 2 emissions L

information

TRL level TRL8-9

Maintainability issues Potentially more compressors, but shorter pipe runs and less failures

effect less cabinets.

Legislative concerns None currently.

Payback time (years) Unknown.
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1.18.12. Doors on cabinets

Supermarkets are among the most energy-intensive commercial buildings. A large amount of energy
is used to store chilled and frozen food in product display cabinets. Energy consumption varies widely
and depend on many factors such as store type/size, business practices and refrigeration control
systems. In recent years, supermarket chains have increasingly opted to use refrigerated display cases
with doors to display food products. The introduction of doors offered several advantages compared
to standard open ones. It includes improved energy savings, more uniform temperatures, and better
product quality with a correspondingly longer shelf life. The reported savings from installing doors in
display cabinets vary. This is usually due to how cost savings are measured, how testing is done (e.g.
real life or standard testing) and whether demand in the cabinet has increased (e.g. additional lighting,
anti-sweat heaters).

Energy Saving Potential

Chaomuang et al. (2017) investigated the energy savings that could be achieved with display cases with
doors. They compared studies in different countries at the laboratory and retail levels and reported
potential energy savings ranging from 23% to 73% depending on the above factors.

Fricke and Becker (2010) compared two stores that received a new set of open or closed cabinets. They
found that in the in-store trial, using open-fronted cases used 30 percent more energy than using
closed cabinets, with no change in sales. It is important to maintain the doors and that their seals are
effective. Heaters are often required to prevent condensation on glass surfaces but can be minimized
with anti-sweat heater controls. It explains that the cooling capacity of an enclosed refrigerator is lower
(about 50%) due to less entrainment of ambient air. They also calculated the average energy
consumption of new-doored cabinets and new opened cases. They found that cabinets with doors
reduced compressor power by 72% and fan power by 20%. However, lighting power increased by a
factor of 2.3, and sweat heaters were required, consuming 37% of the open cabinet compressor power.
Thus, a reduction of 18% of the total energy for doored cabinets.

Door manufacturers claim 35% to 45% energy savings (Delta Refrigeration Services Ltd.). The doors
seek to reduce infiltration loads and it is dependent on the temperature and humidity difference
between the cabinet and the ambient temperature. According to Faramarzi (1999), infiltration states
for 73% of the refrigeration load in open cabinets display, while ASHRAE (2010) noted that meat and
dairy products accounted for 81% and 78%, respectively.

Tassou (2011) claims that glass doors are expected to save 50% of the energy consumed by refrigerated
chilled display cases. However, Van Der Sluis (2007) stated in his original report savings of 40% (or 56%
for refrigeration compressors) in a study of installing glass doors on cabinets in Netherlands.

The additional energy consumed by HVAC offsets some of the savings from glass doors, but HVAC
systems are typically a better way to remove heat from the store than the display cabinets due to the
warmer evaporating temperature and its higher COP. However, if the cabinet's cooling load reduction
is 68% and energy savings are 23% (Faramarzi and Sarhadian, 2002), the COP of the HVAC system
should be three times that of the chiller. Cabinets with closed doors have less cold air flowing into the
aisles, which increases net cooling demand in summer and decreases net heating demand in winter.
In addition, cooling performance can be significantly reduced, which may require changes to the
cooling system. The open-front refrigerated cabinets cool and dehumidify the store, so adding a door
can make shopping more comfortable. However, this also reduces the cooling load in the summer
which will need to be covered by the store's air conditioning system and may need to be reinforced.
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Refrigeration load and temperature

Coburn and Sarhadian (2002) found that installing doors reduced refrigeration loads by 68%.
Mathematical models by Markusson and Rolfsman (2013) predict that if all cabinets in supermarkets
are fitted with doors, the refrigeration load would be reduced by 30%. They found that with the doors
installed, they could increase the evaporating temperature by 6 to 7°C (from -8 to -1°C), and if the
refrigeration system was reoptimized, a theoretical 60% refrigeration-system-related energy savings
could be achieved. However, this may not be practical if elevated temperatures adversely affect other
equipment connected to the same refrigeration system.

Rolfsman et al. (2014) confirmed previous theoretical investigations under real conditions in
supermarkets. Frost-free operation also improves the temperature quality of the supply and, when the
system is optimized, increases the COP of the plant. They showed that these doors reduced cooling
requirements by 50%. By adapting cooling technology to lower cooling demands and part-load
conditions, electricity demand can be reduced by more than 75%.

Given that anti-sweat heaters and supplemental lighting contribute to increased refrigeration loads,
data from Faramarzi, Coburn, and Sarhadian (2002) show that in the tests conducted, infiltration was
almost completely prevented (doors did not open); the data of Markusson and Rolfsman (2013) seem
to be more suitable for normal use.

Costs

Costs vary importantly depending on the type of technology. Retrofit plastic doors are the cheapest
and specifically designed, while double-glazed slide and hinged doors are the most expensive. Foster
et al., (2018) propose the following costs for installing a door in a typical 8-foot cabinet. Low-cost glass
doors (part cost 750 GPB = 898 € and installation cost 1012 GPB = 1212 €) and Quality of "top-end"
doors (1500 GPB = 1797 € part cost and 2025 GPB = 2425 € installation cost). Cooperative Supermarket
claims that installing doors in 100 stores can save 60 million € per year (The Guardian, 2012).
Meanwhile, The Guardian (2012) claimed that Tesco found 4.8 million € savings per year by installing
doors in 350 convenience stores with doored cabinets.

PECI (2011) modelled a supermarket to investigate the total cost of retrofitting glass doors. All labour
and material costs, as well as total cooling system changes, were USD 566.17 per ft per case. (approx.
1343 €/m).

Ademe (2018) stated that there were two studies conducted in France, with a small supermarket
(Biocoop Saint-Malo 2016) and a large supermarket (Super U - Erquy 2014) adopting the same cost of
doors. For a glass door, it was 2500 € per linear meter. However, with a retrofit option, it was 300-400
€ per linear meter.

Many of the above experiments were performed in a laboratory or on a limited number of cabinets.
There are some limitations to using this data to estimate supermarket savings. A French study
(PERIFEM and ADEME, 2008) estimated savings of 38-50% in supermarkets of various sizes in France.
The expected savings of their study in terms of energy and costs were: [16]

18,000 4,500,000 300,000
5,500 800,000 60,000
2,500 700,000 50,000
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Paybacks

According to a study conducted by the Swedish Ministry of Energy, the payback period for installing
glass doors in open front cabinets was about 16 months. Evans (2014) estimates annual financial
savings from installing doors depending on the size of the store (2,500-18,000 m? for approximately
50,000-300,000 €). It is not clear if they considered the optimization of the refrigeration system in their
calculations. When calculating the cost of changing from an open door to a glass door cabinet, several
factors are often not taken into account. According to PECI (2011), savings depend on the exact cabinet
type, but estimated generally about 1.4-1.6 years of payback when including the savings from reduced
refrigeration energy and reduced gas usage from less store heating. PECI's investigation did not
consider continuous maintenance of the door. Cabinet doors inevitably require maintenance. It seems
unlikely that the annual maintenance cost will exceed the installation cost (estimated to be around
196 GBP =

235 € / m according to PECI). Even if the door is re-installed each year, it is only about 25% of the
savings achieved by the cabinet itself and the reduction in energy used for air conditioning.

A study conducted by Carbon Trust & IOR (2012) found a payback of 3.7 years including all costs.

Optimisations

A cabinet designed as a glass door cabinet features a smaller evaporator and air circulation system,
reducing the overall cost. However, the most cost-effective option in supermarkets that already have
open cabinets is usually a retrofit option that involves adding glass doors to an existing open cabinet.
During the retrofit work, there is also an opportunity to make further energy-saving adjustments to
the cabinet (Navigant Consulting, 2013). For example, you can incorporate LED lighting (probably using
occupancy sensors). Furthermore, when the cabinet is closed, the fan power can be reduced and
switched to an EC motor (electronically commutated). However, care must be taken so that
adjustment does not adversely affect the temperature of the food. To save electrical energy and costs
of retrofitted doors, the refrigeration system needs to be optimized according to the new conditions.
No direct emissions savings are expected. However, reduced refrigeration duty may give the
opportunity to reduce the size of the heat exchanger.

According to Foster et al. (2018), the air curtain behind the door improves the efficiency when opening
it and so improves cabinet performance when the door is open. Some cabinets with glass doors are
also fitted with air curtains that can be activated or accelerated as a result of door opening, especially
if frequent door opening is expected. Trim heater requirements depend on a store’s ambient
conditions and the temperature of the glass door. Trim heaters are common in frozen cabinets but are
not always used on chilled cabinets.

Doors are obstacles and ease of use is important. Shoppers need to be able to hold the basket at the
same time as they open the door, shop workers need to be able to refill the cabinets, and if the shopper
forgets to do so, the door must close automatically, fire protection regulations must be present to
prevent restrictions and hinges, or runners must be strong enough to withstand frequent use. Various
hinge designs and slide assemblies are proposed by the manufacturer. Perspex doors offer cheaper
solutions but are of lower quality and less reliable than glass doors. You can use either single glazing
or double glazing. Opening frequency or payback cost are usually the decisive factors between glass
and plastic doors. For best results, the door should seal the front of the cabinet, which can be difficult
to achieve, especially in a retrofit case. If the door is sealed, suction can cause the door to be too tight
to open, as the cold air that enters when the door is opened cools. We also have other savings from
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optimising controls, repairing refrigerant leaks, optimising pipe work and implementation of expansion
valves.

Case study

Symonds et al. (2017) stated that WWF-Hong Kong performed an open display refrigeration study that
measures energy consumption and temperature performance over 10 hours in three scenarios: when
the fridge has sliding glass doors, transparent plastic curtains, and no doors or curtains. From an energy
consumption perspective, this study found that fridges with sliding glass doors and fridges with plastic
curtains use 50% and 35% less electricity than fridges without doors, respectively. This is equivalent to
savings of 5,000 kWh or HKD $ 5,700 per year (666 €). According to the International Institute of
Refrigeration (2014), these results are similar to the studies conducted in the United Kingdom, the
United States and Sweden. Retrofitting doors is mainly the most effective energy-saving measure for
grocery retailers. The results of the study also led to the conclusion that open display case fridges and
fridges with plastic curtains could not keep the temperature cool and the products could not be kept
safe. They stated that the maximum temperature for storing perishable food is 4 ° C. In comparison,
fridges with doors were able to maintain lower storage temperatures.

Scope 1 emissions savings (% or None
another quantifiable metric)

Quality of scope 1 emissions N/A
information

Scope 2 emissions savings (% or 128.7 ton / year savings of COze (Carbon Trust & IOR 2012)

another quantifiable metric) (min 60-148 max ton/year) (Foster et al. 2018)

18-51% total energy savings (Foster et al. 2018) (Fricke & Becker 2010)
23-73% total energy savings (Chaomuang et al. 2017)

40-50% total energy savings in the case of double glazed glass doors
(Ademe 2018)

Depending on usage and factors

Quality of scope 2 emissions Lots of publications show potential to reduce CO: and save energy but
information the percentage differ based on the factors discussed above

TRL level TRL8-9

Maintainability issues Adjust runners and hinges to withstand frequent use

Regular cleaning of the doors

Long-term care: washing and polishing...

Legislative concerns L
No impact
Payback time (years) 3.7 years (Carbon Trust & IOR 2012): including all costs

1.4-1.6 years (Swedish Energy Ministry & PECI 2011): without costs of
maintenance of the door, financial costs and including the savings from
reduced refrigeration energy and reduced gas usage from less store
heating.

3-8 years (Ademe 2018): from adding doors to full replacement of
cabinets

The baseline store used to fill a part of this table is a typical supermarket of 5,000 m? sales area which is equivalent
to a large supermarket or a small hypermarket (Carbon Trust & IOR (2012) values). However, Carbon Trust & IOR
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(2012) affirmed that this information can be applied to any supermarket above 2,000 m? (as above this size energy
usage is relatively linear with the size of the store). However, an ASDA store at Weston-Super-Mare was also used
as a baseline store. The store refrigeration load was split between low temperature (LT) and medium temperature
(MT) packs and condensing units. The size of the store was 6290 m? (74 x 85 m) (total store). (Foster & Al (2018)
values).

1.18.13. Dynamic demand

Dolman et al. (2012) estimated that non-domestic buildings (excluding industry) contribute
approximately 15 GW (c.30%) to winter peak demands on Great Britain’s national grid. The retail sector
contributes most to peak demands (33%), the majority of which comes from lighting. The initial
assessment of the potential for DSR to reduce peak demands includes assumed flexibility in hot water,
HVAC, other (mainly refrigeration) and lighting loads. This leads to an estimated technical potential of
1.2t0 4.4 GW, i.e. between 8-30% of demands during the peak hour. According to feedback from one
organisation with experience in this area, 30 minutes of load interruption is possible in theory (but
would be considered extreme). Cold stores and freezers offer further flexibility as they can be “charged
up” (super-cooled) and then switched off for 30— 60 minutes, possibly more if not opened.

Reducing the demand on the electrical grid can avoid carbon intensive generation which makes up a
large part of the generation when demand is high and renewable generation is low. Increasing demand
when renewable generation is high, can allow all of available renewable generation to be used,
whereas in some circumstances renewables are turned down to stop overload of the grid, wasting
renewable resources. This is likely to become more of an issue as the proportion of renewables
increase. At times of high renewable generation, energy-using systems which have storage capacity
can be run longer to build up reserve capacity, this allows them to be turned off at times of high
demand.

Dynamic demand is where the demand for electricity is reduced when the frequency of the electrical
supply drops. When frequency drops, it means that energy generation is struggling to keep up with
demand, so dynamic demand helps by effectively shedding load. This should not be confused with
demand response. This describes changes in electrical usage by end-use customers from their normal
consumption patterns in response to changes in the price of electricity over time. For example, cold
stores can shift load while providing a buffer which can be used to balance off-cycling during peak
times.

Both dynamic demand and demand response have the same goal to adjust demand on the grid to help
the grid run more efficiently, they just use a different method to do this, hence why they are
considered together in this section.

Pedersen et al., 2014 investigated aggregation and control of supermarket refrigeration systems in a
smart grid. The supermarkets were able to shift the power consumption in time by pre-cooling the
contained foodstuff.

Coccia et al. (2019) investigated demand side management analysis of a supermarket integrated HVAC,
refrigeration and water loop heat pump system. The demand response was based on real-time pricing
rule-based controls. They predicted annual cost savings of between 4.1 and 4.7% depending on the
extent of the control.

If the food itself cannot be used to provide the thermal damping, additional thermal storage can be
used. Arteconi, Hewitt and Polonara (2012) suggested that cooling thermal energy storage such as
water, ice or an eutectic salt solution could be used. Cortella et al (2022) used ice thermal energy
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storage to shave the peak in electrical power use of an HVAC plant of a supermarket. The thermal
storage was charged at night-time by the CO; refrigeration system, which was part-loaded during the
shop closing time.

Typically in the UK, demand rises at the start of the working day reaching a plateau between 9:00 and
16:00, and rising again between 16:00 and 17:30 owing to lighting loads and increased domestic
demand. Lowry (2018) showed that demand is not a perfect predictor of carbon intensity, with a
correlation coefficient of only 0.66 for a data period for 1 week in January 2017. He developed models
to predict the period of high carbon intensity. The best models were able to predict the peak carbon
intensity period (+/- half hour) 1 day in advance with a success rate of 25%, compared to prediction by
random chance of 6%. He found that using the best model to determine the timing of demand
reduction can achieve an improvement in carbon emissions reduction of 20%.

Using historical half hourly electrical emission factors, it is possible to calculate the potential benefits
of carbon emissions by moving demand. The following assumption for shifting demand was used; the
refrigeration system was switched off for half an hour per day and the demand was moved to a half
hour either before or after the switch off. This is best done when the difference between subsequent
half hourly emissions factors is largest. By taking the maximum difference in carbon emissions for
electricity every consecutive half hour in a day in the UK in 2022 and averaging gives 11.7 gCO2/kWh.
This is 6.0% of the carbon intensity in 2022. To get the average saving, we need to divide by the number
of half hour periods in a day which gives an average saving of 0.12%. This assumes the optimum period
could be predicted each day, which is not possible but gives a best case.

Smaller users (approximate minimum of 100 kW per site) will tend to use an aggregator to manage
their demand. Larger uses (upwards of 1 MW per site) can deal directly with the UK National Grid.
Businesses signing up to provide Frequency Response services typically achieve around a two-year
payback on equipment (McManan-Smith 2015).

Scope 1 emissions savings (% or None

another quantifiable metric)

Quality of scope 1 emissions H

information

Scope 2 emissions savings (% or 0.12% of electrical energy assuming 0.5-hour energy shift to next or

another quantifiable metric) previous half hour, assuming perfect prediction of demand period in
advance.

Quality of scope 2 emissions M

information

TRL level TRL8-9

Maintainability issues None

Legislative concerns Unknown

Payback time (years) Frequency response 2 years.

1.18.14. Economisers

As the pressure ratio of a refrigeration cycle increases, the efficiency of single stage cycles reduce,
hence why two stage systems are employed for high pressure ratio cycles. An economiser is a type of
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sub-cooler that uses part of the total refrigerant flow from the condenser which is expanded to an
intermediate pressure, to sub-cool the liquid from the condenser.

For two stage systems the intermediate pressure gas is returned between the two compressor stages.
However, low temperature scroll and screw compressors in the size ranges typically employed in
supermarkets commonly have an intermediate pressure port that allows economisers to be used on
single stage systems.

Traditionally single stage economisers have been used on screw compressors but they can also be used
on scroll or centrifugal compressors. It is not possible on reciprocating compressors. These machines
act like a two-stage booster compression system. However, they only use one compressor with two
inputs (the main suction and an economiser port at an intermediate pressure). This allows the benefits
of a booster system with only one compressor.

There are two types of economiser setups; one uses a heat exchanger and the other a flash vessel.

In a heat exchanger system, part of the refrigerant, typically 10-20%, is expanded to an intermediate
pressure and passed through a heat exchanger where it sub-cools the liquid from the condenser. This
increases the capacity of the system by around 10% and reduces flashing. There is consequently a small
increase in the power input caused by the transport of an additional mass flow; the increase in the
system efficiency can be explained by considering that the additional compression work is taking place
at a higher suction pressure, therefore with a higher efficiency.

With a flash economiser, all the liquid from the condenser goes through an expansion valve and into a
flash vessel at an intermediate pressure (the pressure of the economiser port on the compressor). The
flash gas is taken into the economiser port, whereas the saturated liquid is passed through another
expansion valve into the evaporator.

The benefit of an economiser to the COP of the system is dependent on the thermal effectiveness of
the sub-cooler heat exchanger or flash tank.

According to Bellstedt (2015), for a system with parallel screw compressors at an evaporating
temperature of -25°C, COP improvement was between 7 and 9% between a condensing temperature
of 25 to 35°C. At an evaporating temperature of -5°C, COP improvement was between 4 and 5%
between a condensing temperature of 25 to 35°C.

Llopis et al (2018) investigated sub-cooling methods for CO; refrigeration cycles. They determined that
sub-cooling at transcritical conditions had greater benefits than at subcritical conditions. This was
because, for the former, sub-cooling has the added benefit of reducing the optimal working pressure.
They found that economisation of CO; cycles, generally used with double-stage compression systems,
showed COP improvements up to 15.2%.

Economizer systems require extra components, such as extra piping and either a sub-cooler or flash
vessel. The additional capital expense makes this system solution viable only for large refrigeration
systems. Pacific Gas and Electric Company (2011) showed that mechanical sub-cooling for low
temperature parallel compressor systems was cost effective in all US climate zones. The benefit to cost
ratio varied between 1.8 and 20.9 for the different climate zones and supermarket types over a 15 year
life cycle. A typical cost benefit of 7.5, amounting to a 2 year payback was shown.

Scope 1 emissions savings (% or None
another quantifiable metric)

Quality of scope 1 emissions H
information
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Scope 2 emissions savings (% or Depends greatly on system.

another quantifiable metric) For single stage at low condensing temperature and high evaporating
temperature, benefit in COP can be as low as 4%

For CO2 systems with double stage compression improvement of 15.2%
has been reported.

Quality of scope 2 emissions M

information

TRL level TRL8-9

Maintainability issues None

Legislative concerns None

Payback time (years) Depends greatly on circumstances. Typical 2 years.

1.18.15. Ejectors

Two-phase ejectors for the purpose of expansion work recovery can theoretically be used with any
refrigerant. However, their main use has been in CO: systems. This is due to the large pressure
differences and transcritical nature of CO:refrigeration systems and the resulting throttling losses,
which are particularly high. Using an ejector enables kinetic energy to be recovered during the
expansion process, which can then be used in a variety of different forms to increase the system COP.
Refrigerant ejectors are inexpensive and reliable devices with no moving parts and just 3 connections
which need to be made.

Ejectors have been used in different parts of the system. The most common ejector cycle is to use the
ejector as a fluid driven compressor to increase the refrigerant pressure at the compressor inlet to a
level above the evaporation pressure.

Other uses include utilisation of the ejector as a pump to provide liquid overfeed of the evaporator of
the system, which increases the COP compared to superheated evaporators. Using and ejector avoids
issues with cavitation that has been seen using pumps for this purpose.

The idea of an ejector cycle dates back to a patent by Gay (1931). More complex versions of this cycle
have been proposed and investigated. Hafner, Forsterling and Banasiak (2014) created simulation
models of a one-stage and multi-ejector system representing a supermarket test facility. Compared to
the investigated reference system a COP increase between 10% at 15 °C and 20% at 45°C ambient
temperature can be determined.. Typical COP increase of 17% in Athens, 16% in Frankfurt and 5% in
Trondheim can be achieved during the summer.

Pottker (2012) also showed that the COP of the ejector system increased between 8.2% and 14.8%
when compared to a conventional expansion valve system operating with R410A. The two major
mechanisms of improvement of the ejector system were quantified separately: COP gains of between
1.9% and 8.4% were solely due to the work recovery, while liquid-feeding the evaporator alone was
responsible for 4.9% to 9.0% of COP gain. Overall ejector efficiencies from 12.2% to 19.2% were
achieved.

Ersoy and Sag (2014) compared a conventional and ejector R134a system experimentally under the
same external conditions. Depending on the operating conditions, it was found that the work recovery
in the ejector was between 14% and 17% lower. It was also found that the refrigeration system with
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an ejector as the expander exhibited a COP that was 6.2 to 14.5% higher than that of the conventional
system.

A CO:ejector cycle was installed in a supermarket (Migros) in Bulle, Switzerland, by Frigo Consulting
Ltd in July 2013 (Frigo-Consulting Ltd, 2014). The system was a transcritical booster system. One of the
MT compressors was shifted to become a parallel compressor and a low pressure receiver was added.
They claimed a 15% increase in efficiency.

According to Pisano (2018) there are nowadays more than 200 installations using parallel compression
in conjunction with ejector models, making it possible to consider these fully mature and available
technologies, and leading carbon dioxide based refrigeration plants to outperform HFCs systems at
any European latitude with reasonable return. He showed a return of investment of only 2 years for a
booster system with parallel compression, liquid and vapour ejector compared to a simple CO; booster
system.

Girotto (2017) states that an ejector with efficiency 8% can improve the overall annual performance
as high as 15% if used for overfeeding evaporators, while the effect of an ejector with peak efficiency
30% used to pre-compress vapor can be only 5% on the overall yearly performance, depending on the
outdoor temperature profile.

According to Gullo, Hafner, and Banasiak (2018) the addition of vapor ejectors with high pressure lift
to units relying on parallel compression is economically acceptable for supermarkets with cooling
capacities over 75 kW and located in cities having an average annual temperature above 15°C. A range
in paybacks between 0.4 and 21.5 years was calculated. The best payback for a large (300 kW) liquid
ejector at an annual average temperature of 30°C and the worst for a small (40 kW) low pressure lift
vapour ejector at an annual average temperature of 0°C.

Scope 1 emissions savings (% or None
another quantifiable metric)
Quality of scope 1 emissions H

information

Scope 2 emissions savings (% or
another quantifiable metric)

Depends on many factors

Typically for R744 with liquid overfeed 10 to 20% for cold to warm
climates.

Quality of scope 2 emissions H
information
TRL level TRL8-9

Maintainability issues

There are some issues with control at part-load; in some plants ejectors
are by-passed when the technician meets control issues

Legislative concerns

None

Payback time (years)

Depends greatly on circumstances. Typical 2 years for multi ejector in
Italian climate. Payback becomes much longer for pressure lift vapour
ejectors and cold climates.

1.18.16. Electronic expansion valves

Electronic expansion valves (EEVs) are typically used to replace thermostatic expansion valves (TEVs).
There are two main designs of EEV; those which vary their orifice opening in an analogue manner to
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continuously regulate refrigerant flow (modulating), and those which adopt a pulse width modulation
strategy (PWM) to deliver refrigerant to the evaporator in short bursts over an orifice of a fixed size.

According to (Carel 2011), modulating valves offer more stable superheat control, thus allowing
potential higher evaporating temperatures and lower energy consumption. They measured a 10%
reduction in energy consumption compared to a PWM valve during laboratory testing on a Carter
Retail Equipment a medium temperature upright showcase.

The sudden surge of refrigerant with the PWM EEV can cause reduced life expectancy with some types
of evaporators and flashing in the liquid line in some systems. PWM valves also have high energy
consumption as they are using energy all the time. The advantage of a PWM valve is that a liquid line
solenoid valve will not be required.

There are two common control strategies; temperature-only based on temperature probes at the
evaporator inlet and outlet; and temperature/ pressure which measures both pressure and
temperature at the evaporator exit to more accurately determine the actual superheat.

EEVs are easier to commission than TEVs although it is important that the correct control parameters
are used. They can also be used with different refrigerants by just altering the controller parameters.
Maintenance and commissioning benefits of the electronic valves can also be valuable to the end user
in practice. With an electronic valve, the settings can be controlled and altered automatically and
remotely from the valve. The valve parameters can even be monitored and used to generate early
warnings of service or maintenance issues with the cabinet or plant.

The cost of EEVs is still much higher than for the simple and mechanical TEV (SWEP 2019). EEVs are
therefore mostly found on very large systems and systems with a high demand for precise regulation
and can handle large variations in operating conditions.

The major benefit of EEVs in reducing energy consumption is their ability to enable systems to operate
with floating head pressures. TEVs require high head pressure to make them operate correctly. EEVs
do not, which allows them to run at reduced pressure as ambient conditions allow, reducing the energy
consumption of the compressor. The majority of system operators in North America keep their head
pressures near a saturation temperature of 105°F, which is considered acceptable because it works
within the limitations of mechanical TXVs (Patenaude 2014). EEVs enable them to float their system
pressures down to a saturation temperature of 70°F (or lower) condensing temperature, thereby
achieving significant energy savings. According to Patenaude (2014) depending on the compressor
type and make, a typical system can achieve 15%—20% energy-efficiency ratio (EER) improvements on
the compressor for every 10°F of saturation temperature decrease in head pressures.

A water-loop self-contained (integral) refrigeration system with modulating compressors supermarket
located in Italy was considered and its annual performances compared with those of both a simulated
multiplex benchmark solution with thermostatic expansion valve (TEV) and fixed evaporation pressure
and with those of a simulated multiplex solution with electronic expansion valve (EEV) and floating
evaporation pressure (Bagarella, Lazzarin, and Noro 2014). The comparison between the two systems
points out that the EEV with floating suction pressure leads to an 8.1% electric energy savings over the
benchmark TEV fixed suction pressure system. The saving is due to a lower average condensation and
higher average evaporation pressures.

A Danfoss Smart case controller and electronic expansion valves were installed at Tops Market 22 in
Niagara Falls, New York (Hy-Save). The energy savings achieved averaged 9% with increasing savings
in warmer months.
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Scope 1 emissions savings (% or None
another quantifiable metric)

Quality of scope 1 emissions H
information

Scope 2 emissions savings (% or 8-9%, this assumes it allows floating head pressure.
another quantifiable metric)

Quality of scope 2 emissions H
information

TRL level TRL8-9
Maintainability issues None
Legislative concerns None
Payback time (years) Unknown

1.18.17. Expanders

Expanders are widely used in the refrigeration of gases in industrial processes such as natural gas and
the liquefaction of gases for example cryogenic gases. The work created in the expansion process can
be usefully used, e.g. to power a generator or to provide work directly to the compressor. Furthermore,
the isentropic expansion in the expander drastically lowers the temperature of the gas in comparison
to an isenthalpic throttling process, such as an expansion valve. However, the expansion is on a single
phase gas. The expansion on a typical DX refrigeration system is from a liquid to a gas and therefore
the expander needs to be able to handle two-phase flow that is generated when the high pressure
liquid partially flashes into a gas during the pressure reduction. A two-phase expander is thus required
to replace the isenthalpic expansion process of a throttling expansion valve with an isentropic
expansion process.

Since trans-critical carbon dioxide refrigeration cycles have a large throttling loss, recovering the
throttling loss by an expander is effective for improvement of the cycle performance (Fukuta et al.
2006). In theory, recovery of energy lost in the expansion process of a vapour compression cycle is of
interest for any refrigerant.

See (Murthy et al. 2019) for a review of this technology. They report the highest COP improvement in
a transcritical CO; refrigeration system was 30% and in a conventional refrigeration system was 10%.

There are a number of different types of expanders, these are reciprocating piston, rolling piston,
rotary vane, scroll, screw and turbine.

The reciprocating piston is one of the oldest types. Baek, Groll and Lawless (2002) experimented with
a piston-cylinder expansion device in a transcritical CO, refrigeration cycle. The design was based on a
commercially available two-piston engine. The experiment showed that the expander increased the
system's COP by up to 10%.

A three-stage reciprocating piston expander was developed and tested by Nickl et al. (2005) in a CO2
refrigeration system. The developed prototype was tested to directly power the second stage
compressor. The study found that there was a 40% COP improvement compared to a similar cycle with
throttling valve.

Kohsokabe et al. (2006) studied a transcritical CO; refrigeration cycle for a small capacity air-cooled
chiller with a scroll type expander and a rolling-piston type rotary sub-compressor connected with a
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shaft. In experiments, the expander-compressor unit was shown to be stable and to improve the COP
of the COzchiller cycle. The test results indicated that the COP improvement of the cycle was more
than 30%, while the total efficiency of the expander-compressor unit was 57%.

According to (Riha, Quack, and Nickl 2006) the cost of the expander/compressor is estimated to be
less than 30% of the associated main compressor. The power saving, which is possible with this
addition to the plant, will easily pay for the extra cost, especially when one considers the permanently
rising cost of power.

Turbolgor offer a tubocharger expansion device (Turboalgor | Cold Energy Saving) which they claim
offer up to 23% energy savings, and 56% increase in cooling power. PX G1300 for CO2 Systems - Energy
Recovery offer an expansion system using “pressure exchanger technology” which uses rotating ducts
to transfer energy from the high to the low-pressure side. This has been used in other technologies
(e.g. de-salination and waste-water treatment) but they offer a model for commercial R744 systems.

Issues relating to the application of expanders such as internal leakage and irreversibility have started
to be studied, but more research is required (Murthy et al. 2019). Control strategies that allow
expanders to react dynamically to changes in the operating conditions of a refrigeration system are
required for commercialization of the technology. Further development and optimization of expander
designs and integration with compressors are crucial aspects for future progress of the technology.

There is no published information on commercial implementation of this technology.

Scope 1 emissions savings (% or None
another quantifiable metric)

Quality of scope 1 emissions H
information

Scope 2 emissions savings (% or 30% improvement in COP for CO: transcritical system and 10% for a

another quantifiable metric) conventional system.
Quality of scope 2 emissions M

information

TRL level TRL1-4

Maintainability issues None

Legislative concerns None

Payback time (years) Not yet commercialised.

1.18.18. Fan motor outside of cabinet

Evaporator fan motors are normally mounted within the cold space of the cabinet; therefore, all of the
energy of the motor is a heat gain on the cabinet. Mounting the electric motor outside of the cabinet
but the fan inside the cabinet, by means of a shaft passing through the insulation of the cabinet allows
the heat to be dissipated outside of the cabinet. Servicing of external motors may also be simpler.
However, a shaft going through the insulation could cause air and moisture ingress problems.

In most cabinets the heat load from the fans will be approximately 5% of the total heat load (ASHRAE,
2001). According to Foster et al. (2018) the evaporator fan motor powers were 60 W per 2.5 m of
frozen cabinet and 38 W per 2.5 m of chilled cabinet. Therefore, mounting the motors outside of the
cabinet would reduce the refrigeration energy consumption by this amount.
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The direct energy used by the motors may however be higher when mounted outside the cabinet as
the warmer air passing over the fan motor may reduce the efficiency of operation.

The author is not aware of any publications where this has been carried out.

Scope 1 emissions savings (% or None
another quantifiable metric)

Quality of scope 1 emissions H
information

Scope 2 emissions savings (% or Potentially up to about 5% of compressor power.
another quantifiable metric)

Quality of scope 2 emissions M

information

TRL level TRL1-4

Maintainability issues Easier to change motors and motors will be in a dryer environment,

however, shaft sealing is likely to cause issues.

Legislative concerns None

Payback time (years) No product available.

1.18.19. Flooded (overfeed) evaporators (added to R744)

To get the maximum efficiency of an evaporator, it can be operated with a liquid overfeed (flooded).
Unlike in a direct expansion system, the fluid at the exit of the evaporator is not superheated, it is a
two-phase mixture with a small volume of liquid mixed in with the gas. The main advantage of
operating an evaporator in a flooded state is that the temperature difference between the air
temperature and the evaporating temperature can be greatly reduced since there is no requirement
to heat the suction gas above its evaporating temperature. The main disadvantages of flooded systems
are that a method of separating the liquid overfeed from the suction gas is required before it reaches
the compressor, and the return of lubricating oil from the evaporators to the compressor, which is
usually easy in a DX system, may require some additional equipment or maintenance routines.
Nowadays ejectors are being used instead of a pump to transfer liquid to the evaporators.

Gullo et al (2016), reported that in comparison with a conventional booster system, overfed
evaporators consumed at least 7.2% less energy in the selected locations (Rome, Valencia, Seville).

Singh et al (2018) studied the use of a liquid ejector to eliminate superheating of an R744 evaporator
at high ambient temperature conditions (46°C). It was observed that the increment in evaporator
pressure and decrement in compressor power consumption were 4.5% and 5.5% respectively.

Pardifas et al. (2021) modelled a CO,-based integrated refrigeration system for supermarkets. The
combined effect of the high-pressure ejector and the 5 K evaporation temperature increase (with a
liquid ejector) on system COP was 13% compared to the high-pressure control valve only system layout
during the week used for validation.

The increase in evaporation temperature for a chilled cabinet can potentially reduce or even eliminate
the requirements for defrosting.

Scope 1 emissions savings (% or None
another quantifiable metric)
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Quality of scope 1 emissions H
information

Scope 2 emissions savings (% or
another quantifiable metric)

Potentially up to about 5.5% to 13%.

Quality of scope 2 emissions H
information

TRL level TRL8-9
Maintainability issues None
Legislative concerns None

Payback time (years) No information available.

1.18.20. Heat from light outside cabinet

If lights are within the cold space of the cabinet, the heat generated by the light will be a heat gain on
the cabinet. Open fronted cabinet lights are often mounted outside of the cold space for this reason
and also because fluorescent lights do not work well at cold temperatures. However, it is difficult to
position glass doored cabinet lights outside of the cabinet as light will reflect off the glass and therefore
not illuminate the inside of the cabinet. Two solutions present themselves:

o To mount the light outside and shine the light inside using some type of reflective
duct. The authors are not aware of any work in this area;
. To mount the light inside and remove the heat.

ASHRAE (2001) reports that depending on the cabinet type, the heat load from lighting can be between
2 and 10%. Olivewood Chil-LED (OliveWood, 2018) offers the second of the solutions for LED lights in
cold storage. They use a heat pipe to transfer the heat from the LED through the insulation and outside
of a cold room. This system is ready to use in cold rooms. However, extra development would be
required to adapt it to display cabinets.

Energy savings of 23% with Chil-LED™ 90 compared with a well-designed 90W LED equivalent is
reported by OliveWood (2018) and hence this value is assumed.

Scope 1 emissions savings (% or
another quantifiable metric)

0%

Quality of scope 1 emissions
information

High confidence.

Scope 2 emissions savings (% or
another quantifiable metric)

23% savings for a cold store.

Quality of scope 2 emissions
information

Information only from manufacture and only for a cold store.

TRL level TRL5-7
Maintainability issues Unknown.
Legislative concerns None.

Payback time (years)

No information available.
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1.18.21. Heat pipes

In supermarket cabinets, temperatures of products vary according to their position within the cabinet,
with the warmest packs normally at the front of the cabinet, as they are more exposed to the ambient
environment. Cabinets must be run to keep the warmest product within microbially safe levels. This
means that other products are often over-cooled, increasing the energy consumption of the cabinet.
Heat pipes offer a potential way to move cooling to warmer areas. Thus, the temperature difference
in the cabinet could be reduced, allowing mean cabinet temperatures to be raised to save energy.

Heat pipes have been theoretically shown to improve the performance of display cases both in terms
of maintaining temperatures within a narrower band and saving energy. Practical demonstrations of
this by different authors have provided very different results.

(Wu et al. 2017) experimentally investigated the performance of a cool storage shelf for vertical open
refrigerated display cabinet. The new composite shelf was based on heat pipe and PCMs. They showed
that heat pipe was favourable in improving the performance of heat transfer in composite shelf.

Foster, Orlandi, and Evans (2014) showed a reduction of only 0.2 K at the centre of a Tylose test pack
in a glass door cabinet using a heat pipe directly underneath the pack. This gave a predicted reduction
in energy consumption of 1% based on an increased set-point of 0.2 K. A computer model was used to
predict the benefit for a poorly performing open fronted cabinet. This showed a reduction in
temperature of 0.7 K and a predicted reduction in energy consumption of 3.5%. The heat pipes were
hand-made to order at a cost of £82.60 each for 10 units. The number of heat pipes required is
dependent on where warm spots may exist on the shelves. However, if it is assumed that heat pipes
are only used where "m" packs are located on shelves (not the base/well) in an EN23953:2005 standard
test (this allows the cabinet to perform better in a test, but not necessarily in a real environment), this
would lead to 9 heat pipes at a cost of GBP 743.40. As this is a significant additional cost for the cabinet,
this would only be cost-effective if the price of the heat pipe was reduced dramatically due to mass
production.

Jouhara et al. (2017) used flat heat pipe technology to produce a heat pipe shelf. The outcome of their
tests showed that the heat pipe homogenised the temperature profile of the products and reduced
the electrical energy consumption of the cabinet by approximately 12%.

Scope 1 emissions savings (% or None
another quantifiable metric)

Quality of scope 1 emissions H
information

Scope 2 emissions savings (% or 1% measured, potentially up to 3.5%. When incorporated with PCM,
another quantifiable metric) 12%.

Quality of scope 2 emissions M

information

TRL level TRL1-4

Maintainability issues None

Legislative concerns None

Payback time (years) Prohibitively high unless mass produced.
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1.18.22. Hydrophilic and hydrophobic coating on evaporators

Aluminium and copper (which are used in the construction of heat exchangers) tend to retain water in
application, which can degrade performance. When the amount of water condensed on fin surface
increases, some water droplets drain from the fins due to the gravity or airflow forces while some
adhere to its surface due to the surface tension. Those water droplets that remain on fins can lead to
unwanted conditions, e.g., (i) bridging between fins which increases the air-side pressure drop; (ii)
reduction in the air-side heat transfer coefficient; (iii) degrading of the cooling capacity. Frost layers
develop on fin surfaces resulting in an increase of the heat transfer resistance between the fin and air,
the blockage of the airflow passages (Ganesan et al. 2016).

Evaporators used in HVAC systems mostly have hydrophilic coatings. Modifying the surface however
to be can help to spread out the condensate, reduce the air-side pressure drop (reducing fan power
consumption), and facilitate drainage (Edalatpour et al. 2018). However, although the hydrophilic
treatment decreases fan power consumption, it adds to thermal resistance (Ganesan et al. 2016).

Hydrophobic coatings cause water to form droplets on the surface. These droplets are less likely to
adhere to the surface reducing the wettability of the surface, however, they can bridge the gap
between fins.

(Ganesan et al. 2016) conducted a review of air-side heat transfer characteristics of hydrophobic and
super-hydrophobic fin surfaces in heat exchangers. They found:

e Under dry conditions the coatings had no effect.

e The hydrophobic surface retains the largest amount of condensate water; in some cases the
amount can be similar to that of uncoated surface. Less condensate water retains on
hydrophilic surface.

e The hydrophobic surface forms a very low-density frost but hydrophilic surface develops a
high-density frost in comparison to that of uncoated surface.

e The super-hydrophobic surface has the best anti-frosting capability followed by hydrophobic
surface.

e The pressure drop is found to be lowest for super-hydrophobic surface, but the highest is
recorded for uncoated surface.

e The highest heat transfer occurs for super-hydrophobic surface, but the least is for uncoated
surface.

e The rate of the drained water is the highest for hydrophilic surface and this is followed by the
hydrophobic surface.

e Interms of melting time, the least duration is found for super-hydrophobic surface followed
by hydrophilic surface. The longest duration is for uncoated surface.

e The least water retains on super-hydrophobic surface and this is followed by hydrophilic
surface.

Jhee, Lee and Kim (2002) found that the frost development (density) is found to be the highest for
hydrophilic surface during the early stage of frosting. For practical use hydrophobic surface treatments
were more effective in view of the defrosting efficiency and time. The defrosting efficiencies of
hydrophobic heat exchangers were enhanced by about 10.8% whereas hydrophilic surface-treated
heat exchangers were enhanced by about 3.5%.
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Liu and Jacobi (2006) found that hydrophilic coatings reduce the wet pressure drop (pressure drop
through the coil when it is coated in water) significantly without decreasing the wet sensible heat
transfer coefficient.

Truster et al. (2014) also studied the surface frost properties and defrosting effectiveness of a metallic
heat transfer surface. They showed that non-coated surfaces accumulated 60-90% more frost mass
than the hydrophobic surface during the same allotted time period. They also showed that the
hydrophobic surface consistently removed more water than the non-coated surface during defrosting.

Min et al. (2011) studied the performance of hydrophilic treatments on copper finned tube
evaporators. They showed that the hydrophilically treated evaporator tended to yield a greater cooling
capacity than an untreated evaporator, but the increment was small. This may be partially attributed
to the limited amount of condensate retained on the fin surface of the evaporator.

(Wang, F. et al. 2015) studied the effects of surface characteristic on frosting and defrosting behaviours
of fin-tube heat exchangers. They found the frost thickness and mass of the superhydrophobic heat
exchanger were 17.1% and 28.8% less than those of the bare heat exchanger. The energy
consumptions for defrosting were 258.8, 301.7 and 244.7 kJ for the hydrophilic, bare and
superhydrophobic heat exchangers, respectively. The frost layer on the superhydrophobic fins was
thinner than those on the other two fins, so the heat capacity for melting was also less. The results
indicated that the superhydrophobic heat exchanger can reduce the energy consumption and time for
melting.

Research has been focussed on air conditioning and heat pumps, where frosting/defrosting is less of
an issue as it with commercial refrigeration.

Scope 1 emissions savings (% or None.
another quantifiable metric)

Quality of scope 1 emissions H
information

Scope 2 emissions savings (% or Hydrophobic 11 to 19% lower defrost energy..
another quantifiable metric)

Quality of scope 2 emissions M

information

TRL level TRL1-4

Maintainability issues Less icing issues.

Legislative concerns None.

Payback time (years) Not at commercialisation stage.

1.18.23. Improved axial fans
Almost all refrigerated display cabinets are with evaporator axial fans.

Airflow across the plane of the fan blade is not uniform varying from positive at the tip to negative at
the centre of the fan. Blade shape and twist of the aerofoil along the blade affects the shape of the
velocity profile. The advantages of a tapered, well designed blade with even airflow across the fan
result in higher efficiencies and thus lower power (Hudson Products Corp. 2000)

Yang and Zhao-Hui 2007) optimised the design of a low-pressure axial fan with skewed blades. The
blade was optimised such that the circumferential skewed angle of the optimised blade was 6.1
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degrees. The total pressure efficiency was increased by 1.27%, and total pressure rise was increased
by 3.56%. The stable operating range of the optimised impeller was extended to more than 30%.
Aerodynamic noise was also reduced.

Parker et al. 2005) designed, fabricated and tested improvements to an air conditioner outdoor unit
fan system. An improved high efficiency fan design and advanced exhaust diffuser section reduced fan
motor power requirements by approximately 49 W (26%) while providing superior air flow.

Scope 1 emissions savings (% or None
another quantifiable metric)

Quality of scope 1 emissions H
information

Scope 2 emissions savings (% or Up to 26% of fan energy. For a supermarket remote refrigeration
another quantifiable metric) system with evaporators fans being 4% of total refrigeration
consumption (Foster et al, 2018. Technological Options for Retail
Refrigeration) this would provide a total refrigeration saving of up to1%.

Quality of scope 2 emissions L
information

TRL level TRL5-7
Maintainability issues None
Legislative concerns None
Payback time (years) <2 years

1.18.24. Improved cabinet loading

Cabinet loading has a significant effect on air infiltration in open cabinets. In supermarkets, shelves are
sometimes partially filled or overfilled. This allows more air to enter the cabinet. Therefore, fully
loaded shelves may improve the efficiency of the cabinet, and any method ensuring that the shelves
remain fully stacked should bring energy efficiency benefits. Improving cabinet loading is a relatively
simple energy-saving solution that needs training of supermarket staff. Through better loading
methods, a baseline supermarket can achieve about 1% of energy savings. Overloaded cabinets can
reduce a product’s quality and increase energy consumption by up to 10 to 20% (Carbon Trust & IOR
(2012)).

According to Foster et al. (2018), correct loading of refrigerated cabinets and multi-decks not only
ensures that the goods are at the right temperature, but also saves energy. Faramarzi (2004) states
that overfilled open refrigerated cabinets require up to 6% more energy. Thus, an increase of 6 K in
the temperature of the warmest products. The air channels are to be kept free and maximum stack
heights should be complied with.

Under controlled test room conditions, authors Foster et al. (2018) found that by changing the cabinet
from 6 shelves to 4, the refrigeration load can be increased by up to 60%, with a corresponding increase
of 2°C in the warmest temperature. Similar data from integrated multi-deck cabinets shows a 39%
increase in direct energy usage when going from 5 shelf to 3 shelf layouts, while 8-foot (2.5 m) remote
cabinets show an increase in total energy consumption when going from an empty cabinet to a fully
loaded cabinet, except for M packs (500g test package with a temperature sensor). As a result, cabinet
energy consumption and temperature control are greatly influenced by shelf layout choices and
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product loading (during normal use, these factors can change significantly as customers remove
products).

The volume of product loaded into a typical multi-deck cabinet affects not only energy consumption,
but also the temperature of the product being stored. Again, under test room conditions, the authors
see cabinets that are optimized for minimum loading fail to hold the temperature of the products when
fully loaded, which requires a more intelligent and advanced control of cooling. In addition, the energy
consumption of an 8 cabinet under test room conditions showed a 30% increase in energy
consumption when the load was increased from 20% to 75% and the control settings were adjusted to
ensure similar product temperatures for both cabinet loadings. The most effective loading in a cabinet
is likely to be a function of air circulation (volume of airflow and ratio of back panel flow to supply grill
airflow) and will require changing control setpoints to match any combination (Foster et al. (2018)).

In fact, customers use cabinets, which have an impact on airflows and temperatures in the cabinets.
Cabinet’s loading is variable in real life, and warm products may be loaded into the cabinet. When
performing a test, loading is defined as a solid block of test packs. Unlike in a store, where products
tend to be contained in packages with a high proportion of air surrounding them, the thermal inertia
of these packs is high.

According to Lindberg (2018), two common types of open vertical cabinets were included in a study,
type 1: roll in and back loaded cabinets, and type 2: front loaded cabinets. Dairy goods, which are kept
warmer than meat, are commonly stored in cabinet of the type 1. Cabinet 2 was a traditional cabinet
with a rear wall that permits loading from the front only. Depending on the design, the vertical cabinets
can be loaded with groceries from the front and/or from the back. So, for a better loading, it is
recommended to use vertical designs that can be loaded from both sides.

Loading, in any supermarket, is in the hands of shoppers as well as the supermarket. The cabinet needs
to be both fully loaded and almost empty, but as the load affects the flow of the back panel, which in
turn affects the support of the air curtain, energy consumption is inevitably affected.

Efficiency

Foster et al. (2018) stated that up to 60% variation in refrigeration duty has been observed with shelf
positioning and cabinet loading alone; In order to maintain product temperature under all conditions,
it would be beneficial to redesign the cabinet to withstand variable loadings. Efficiency savings are
difficult to quantify because each change needs to ensure that the lowest energy state is achieved as
often as possible. Consideration should be given to the representativeness of each energy test
condition in normal use; it can be noted that the lowest energy-shelving configuration is usually the
one used for testing. Most cabinets would need to change their control parameters as the cabinet
loading changes.

Energy savings

According to Faramarzi (2004) and Foster et al. (2018), there is no information on the load of the
cabinet under store conditions. Compressor power savings of 60% were achieved under test chamber
conditions. However, whether these translate into store conditions is unclear and appears to be too
high to apply across whole supermarkets. There is insufficient evidence to quantify potential savings
in baseline supermarkets.

United Nations Environment Programme (2018) stated that there are many examples of RACHP
(refrigeration, air-conditioning and heat Pump) devices cooling unnecessary loads in cabinets. The first
step in any system design should be to review cooling loads to try to determine which loads can be
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eliminated or reduced. A lot of strategies can be used to reduce cooling load. A common method is to
use "free cooling" to pre-cool hot products before refrigeration. For example, cooked food at almost
100°C in a food factory is usually cooled by refrigeration. By pre-cooling the product with ambient air
or water cooled in a cooling tower, cooling loads can be reduced by more than 50%. This illustrates a
50% energy savings with no additional capital investment required to minimize cooling loads through

the use of doors on point-of-sale displays.

information

Scope 1 emissions savings (% or None
another quantifiable metric)
Quality of scope 1 emissions N/A

Scope 2 emissions savings (% or
another quantifiable metric)

17.4 ton / year savings of COze (Carbon Trust & IOR 2012)
No Information is available on energy savings (Foster et al. 2018)

Depending on usage and factors

Quality of scope 2 emissions
information

3 independent peer review papers in general agreement (Foster et al.
2018)

Not enough information

TRL level

TRL8-9

Maintainability issues

L : No issues (Carbon Trust & IOR 2012)
L/M : Depending on technology used (Foster et al. 2018)

Legislative concerns

L : No impact (Carbon Trust & IOR 2012) (Foster et al. 2018)

Payback time (years)

1.3 years (Carbon Trust & IOR 2012)

Unable to quantify (Foster et al. 2018)

The baseline store used to fill a part of this table is a typical supermarket of 5,000 m? sales area which is equivalent
to a large supermarket or a small hypermarket (Carbon Trust & IOR (2012) values). However, Carbon Trust & IOR
(2012) affirmed that this information can be applied to any supermarket above 2,000 m? (as above this size energy
usage is relatively linear with the size of the store). However, an ASDA store at Weston-Super-Mare was also used
as a baseline store. The store refrigeration load was split between low temperature (LT) and medium temperature
(MT) packs and condensing units. The size of the store was 6290 m? (74 x 85 m) (total store). (Foster et al. (2018)
values).

1.18.25. Improved cabinet location

In a supermarket, display cabinets tend to be shaded from direct sunlight and the effect of radiation
from ambient lighting is likely to be lower than that from the cabinet lights. Thermal fluctuation in
open display cabinets is mostly caused by air penetration.

Locating display cabinets in a cool, draught free and shaded position will keep energy consumption
low. Draughts have a significant effect on open fronted cabinets as they disrupt the air curtain. It is
therefore important to keep them away from doors and ventilation systems. Chen and Yuan, (2005)
investigated the performance of a refrigerated display cabinet through experiments to determine the
effects of a number of critical variables, including ambient air temperature, relative humidity, and
velocity. The heat load as well as the internal temperature distribution was investigated. The effect of
different air speeds parallel to the length of the display cabinet, ranging from 0.2 to 0.5 m.s* were
investigated. The results showed that an increase in longitudinal velocities caused the inside
temperature to rise slightly but the impact was very limited. The variations of heat load were also
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small. D'Agaro et al., (2006) used a CFD model to compare the effect of the parallel air flow defined in
EN23953 (0.1 to 0.2 m.s~" with that of no air flow and predicted that ambient air movement affected
the cabinet return air temperature and consequently the refrigerating power, which was estimated to
increase by about 30% when parallel airflow was applied.

Due to changes in the ambient air conditions, the vertical open refrigerated display cabinets
experience changes in their thermal performance and energy efficiency. The thermal entrainment
factor calculation or the computation of all sensible and latent thermal loads can be used to evaluate
the aerothermodynamic insulation effect that the air curtain provides (Gaspar et al., 2011). The
equipment ends walls encourage air curtain instability, which in turn leads to thermal entrainment.
From the side where the incoming ambient air enters, the air curtain instabilities are more noticeable
(Gaspar et al., 2010). Gaspar et al., (2011) shows how the thermal entrainment factor and heat transfer
rate fluctuate depending on the ambient air conditions, including changes in air temperature, relative
humidity, velocity, and direction in relation to the display cabinet frontal aperture. The authors
concluded that due to disruption of the aerothermodynamics system of the air curtain, a rise in air
velocity with direction parallel to the frontal opening plane enhances thermal and mass interaction,
increasing total heat transfer and thermal entrainment factor. The results also indicated that the total
heat transfer rate increased by 5% when the air movement (0.2 m.st) direction moved from parallel to
oblique and increased by an additional 1% when it changed from oblique to perpendicular. Hence it
was concluded that latent and sensible heat transfers are significantly increased when the direction of
ambient air velocity is changed from parallel to perpendicular. They also showed that when the
magnitude of ambient air velocity was increased from 0.2 m.s-' to 0.4 m.s~" with constant ambient air
temperature, relative humidity, and direction of velocity, the total heat transfer rate increased by 53%
because of increase in air infiltration load across the air curtain.

Open vertical refrigerated display cabinets in the centre of aisles facing other refrigerated cabinets will
generally work much more efficiently than cabinets at ends of aisles or outside of the refrigerated
areas. This is because display cabinets cool and dry the ambient air around them, such that they gain
less sensible and latent heat from their surroundings compared to a cabinet outside of the refrigerated
aisle. According to Ligthart, (2007) the temperature in the chilled aisle is on average 15.5 °C as opposed
to 21 °C elsewhere in the store and RH can drop to 20% when it is 70% in the rest of the store and that
falls short of the standard thermal comfort requirements. Foster and Quarini, (2001) measured air
temperatures in the aisles of 3 different ventilation type supermarkets. At six locations—two from
each of the three supermarket chains—temperature and velocity measurements were taken
overnight, when the stores were closed. Average temperatures varied between 12.5 °C and 16.1 °C.
No information is available on the effect of cabinet location in store conditions. No solid evidence exists
to make an accurate assessment of how many cabinets in the baseline store could be moved to a more
appropriate location and quantify the energy savings. The above information for energy savings
reported were based on test room conditions which are quite different from the real supermarket
situation.

Scope 1 emissions savings (% or 0%
another quantifiable metric)

Quality of scope 1 emissions High confidence
information
Scope 2 emissions savings (% or No evidence

another quantifiable metric)
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Quality of scope 2 emissions Poor information
information

TRL level n/a. Not a technology
Maintainability issues No issues

Legislative concerns No impact

Payback time (years) Lack of quantified evidence.

1.18.26. Improved glazing

Refrigerated display cabinets with doors use glass to restrict heat transfer from infiltration, and
radiation. Glass doors can be made of single, double or triple glazing with or without a low emissivity
coating. Chilled cabinets tend to have single glazing and frozen cabinets double glazing. The thermal
conductivity of the glass, door frame and spacers used to separate double and triple glazed panels as
well as the emissivity of the glass all impact on the heat transfer through the glass, represented as the
U value. Low emittance (low-E) glass contains a thin, virtually invisible layer on the surface of the glass
which reduces the heat transfer by reflecting radiant heat.

Reducing the conductivity of the gas between the layers of glazing will reduce the heat transfer through
it. Traditionally dry air (desiccant inside glazing) or nitrogen has been used as the filler gas. Argon (34%
lower thermal conductivity than air) is typically used today, and costs are 5% more than for air filled
units (Brinda and Prasanna, 2015). Krypton (65% lower thermal conductivity than air) is even more
expensive and therefore rarely used. Double glazing also exists with a vacuum between the panes, and
this allows a smaller gap between the panes. In the case of Pilkington Spacia™ glazing, the overall
thickness of the double-glazed panel is 6.5 mm compared to a typical pane of 24 mm (Pilkington, 2022).

The layers of double-glazed panels must be held apart to provide the cavity. Aluminium is commonly
used because of its good structural properties; however, it has a high thermal conductivity. Aluminium
has a thermal conductivity of 160 W/m.K, compared to other frame materials, e.g. steel (50 W/m.K),
Rigid PVC (0.17 W/m.K) and Hardwood (0.18 W/m.K). This causes a lot of heat transfer at the edges of
the glazing. Thermally efficient spacers (warm frame/edge) can reduce overall U values by about 25%
(U.S. Department of Energy, 1997). Improving the efficiency of the spacers reduces condensation,
which reduces the need for door frame heaters. Warm spacers can be flexible, made from
thermoplastic or silicone-based materials, plastic/metal hybrid or stainless steel.

The heat loss associated with a thermal bridge is called linear thermal transmittance or psi-value. This
is the rate of heat flow per degree per unit length of the thermal bridge that is not accounted for in
the U-value of the plain elements. Psi values for different spacers and their effect on a windows U
value is given in Table 11 (Fenzi, 2017).

Table 11. Frame with U=1.2 W/m2.K and Insulating Glass Unit with U= 1.1 W/m2.K (940*1048 mm).

Spacer Type Psi (W/m.K) Overall U value (W/m?2.K)
Aluminium 0.085 1.368

Stainless steel 0.05 1.27

Extruded PP with ferritic steel foil 0.044 1.254

Extruded PC hybrid spacer with austenitic steel foil 0.041 1.245

Flexible silicone 0.035 1.229
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The heat conducted through the glazing will be proportional to the U value (combination of
conductivity and surface heat transfer coefficient). SCHOTT (2022) provide double glazed doors for
refrigerated cabinets with U values of 1.1 (swing door) and 1.6 W/mZ2.K (sliding door). REMIS quote a
U value of 1.2 W/ m2.K for their hinged doors on refrigerated cabinets (REMIS, 2022).

Itis assumed that the glazing improvements are additional to current glazing of cabinet doors. A single,
double, and triple glazing's respective U values are typically 5 W/m?2.K, 3 W/m2.K, and 0.8-1.6 W/mZ2.K
(Abbey glass, 2022). This indicates that moving from single to double glazing on chillers would reduce
thermal transmittance through the glass by 40%. For freezers, moving from double to triple glazing
would result in reducing thermal transmittance in the range of 73- 46% depending on the U value of
the triple glazing.

Based on calculation results the heat transfer through chilled cabinet glazing is 125 W/m? for single
and 75 W/m? for double glazing. Hence moving from single to double glazing on a chiller would reduce
the heat load on the cabinet by 50 W/ m? (assuming a 25 °C temperature difference between the
cabinet and ambient conditions). If a chilled cabinet has a heat load of 500 W/m? display area assumed,
this then could reduce the overall compressor load by 10%.

Assuming a 45 °C temperature difference between the cabinet and ambient air/environment which
results in 135 W/m? for double and 36- 72 W/m? for triple glazing (with the respective U value of 0.8
and 1.6), moving from double to triple glazing on a freezer would reduce the heat load on the cabinet
by 99 -63 W/m? ( If a frozen cabinet has a heat load of 1000 W/m?, this then reduces the overall
compressor load by 9.9-6.3%.

Scope 1 emissions savings (% or 0%
another quantifiable metric)

Quality of scope 1 emissions High confidence
information
Scope 2 emissions savings (% or 10% of chiller, 6 to 10% of freezer compressor power

another quantifiable metric)

Quality of scope 2 emissions Poor information in the literature and is based on authors
information calculations

TRL level TRL8-9

Maintainability issues Some problems

Legislative concerns No impact

Payback time (years) 1-2

1.18.27. Increased cabinet set point

Cabinet temperatures are either controlled by individual controllers on each cabinet, or for larger
retailers via a central controller. The primary control parameter is the temperature set-point, and this
is set with the aim of keeping all the food within a safe temperature range.

As product within the cabinet will be at a range of temperatures, the set-point temperature will be
only an indication of the product temperature. This indication is often based on a weighted average of
temperatures measured in air at the exit and entry to the evaporator, or a probe placed within the
refrigerated space.
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For frozen cabinets the set-point is low enough to maintain quality of the frozen product but not so
low as to use excessive energy. For chilled meat and dairy cabinets, the set-point is low enough to
maintain safety and quality for the shelf life of the product, but high enough to avoid freezing. For
produce cabinets the set-point is somewhat of a compromise as different fruits and vegetables require
different temperatures.

Atool is available (FRISBEE Tool - download) which allows the user to look at the impact of temperature
on the shelf life of a product. According to the tool, increasing the display temperature of cooked ham
from 4 to 5 °C would reduce the shelf life by 20 hours, based on predicted growth of Listeria
monocytogenes. The consequence on energy consumption is to reduce the heat load on the cabinet
by approximately 5% (based on a store temperature of 25 °C).

According to Lindberg and Jensen (2014),green salad (ready to eat in a bag) has a shelf life of 12 to 13
days at 4 °C; this reduces to 8 to 9 days at a storage temperature of 6 °C The subsequent reduction in
heat load would be 10% (based on a store temperature of 25 °C).

Other food quality tools and experimental data are available to allow a more considered assessment
of ideal display temperatures of each of the products displayed in supermarkets. The benefits of
increased set-point should be weighed against the effect of reduced shelf life.

Derens-Bertheau et al. (2015) conducted a survey in 2012 which measured temperatures in retail
display cabinets in supermarkets in France. This showed mean temperatures (standard deviation) of
2.4°C,2.6°C, 1.8 °Cand 1.2 °C for yoghurt, prepared meals, meat and sliced cooked ham respectively.

Kou et al. (2015) showed that a relatively large temperature variation between samples located on the
front rows and those at the back rows of retails display cabinets appear to be the major technical
challenges hindering the compliance of FDA Food Code (<5°C) without freezing the products.

A study (Baldera Zubeldia et al. 2016) was conducted in all self-service refrigerating equipment’s from
every food retail store (11 supermarkets representing different national chain-store groups) located in
various municipalities from Southern Spain. Statistically significant breaches in the cold chain were
recorded in the case of products located at the top shelf for all kinds of foodstuffs during the summer
period, and also during wintertime in the cases of top shelf of dairy products and refrigerated
vegetables.

There is often little flexibility in raising set point temperature without causing food at the front and
top of the shelves to be too warm. Doored cabinets should offer more opportunity to raise set point,
due to a smaller temperature difference within the cabinet. However, no evidence has been found to
show that cabinets are maintained too cold. Although some products at the rear of the cabinet are too
cold, products at the front are often too warm and therefore raising set point, will make this problem
worse.

Scope 1 emissions savings (% or None
another quantifiable metric)

Quality of scope 1 emissions High
information

Scope 2 emissions savings (% or None identified.
another quantifiable metric)

Quality of scope 2 emissions High
information
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TRL level n/a. Not a technology.

Maintainability issues None.

Legislative concerns Important to maintain product temperature of all products below a
specified value. Therefore, more appropriate for frozen foods than
chilled.

Payback time (years) No evidence to suggest real life savings can currently be achieved.
Savings might be possible, if for example, temperature of frozen food
was increased.

1.18.28. Internet shopping

Grocery shopping from home has been offered in various forms for many years, originally based on
telephone, fax and postal ordering. Motivations behind early and often small-scale schemes included
increasing sales and profits, supporting local communities or producers, providing a social service and
reducing car traffic (Cairns, 1996). The introduction of computer-based internet ordering accelerated
and expanded many schemes, to the extent that online ordering and home delivery are now commonly
offered nationwide by most of the major supermarket chains.

Although home delivery can offer the potential for reducing customer car journeys, the overall
environmental impact is not easy to gauge, with various contributory factors such as distances
travelled by customers and delivery vans, type of vehicles, delivery failures and returns, type of goods
and whether they are selected in store or at a warehouse (Cullinane, 2009). The aim of the study was
to provide some insight into how online shopping affects the environment. It comes to the conclusion
that, as things stand, it is impossible to say with any degree of certainty whether clicks are more
environmentally friendly than bricks. Post pandemic study of Rai, 2021 on the online shopping
reported the process complexity and claims on both side. In particular, assertions have been made on
both sides regarding the environmental effects of online retail, crediting the effectiveness of home
delivery vs individual shopping excursions on the one hand and pointing out complex consumer
behaviour on the other. The complexity of most of these factors and their interactivity makes
generalisation of likely benefits difficult to predict (for example see Visser et al., 2014 and Wiese et al.,
2012, which look at complex factors which influence the impact on urban transport). The
methodologies used to estimate or model environmental impact also vary and the differences in the
results they give interact with differences due to "real" factors such as geographical location and
consumer behaviour (see for example Matthews et al., 2002, who studied the energy implications of
online book retailing). Although concentrating on the delivery of small, non-food items purchased
online, Edwards, et al.,, (2011) assessed such methodological differences. For the same types of
products, these authors also assessed the significant impact of failed deliveries, returns and residual
consumer trips, e.g., for browsing before online purchase (Edwards, et al., 2010).

Potential environmental benefits were included in a model of a single dual channel retailer, i.e.
simultaneous store and online, retailing products such as electronics, books and groceries (Carrillo et
al., 2014). The effect on the overall environmental impact of operating the online retail channel was
found to be more favourable as the proportion of online sales increased. However, differences
between the goods studied were evident, with grocery deliveries being more energy intensive (and
potentially somewhat less beneficial) due to the need for refrigeration.

Greenhouse gas (GHG) emissions for apples, tomatoes and yogurt sold in the UK, France and Belgium
via hyper and supermarkets, corner shops, open air markets, producer’s basket direct sale, farm shops
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and e-commerce were studied by Rizet et al., 2010. The emissions were split between those resulting
from road or sea transport, energy use in buildings (such as cold stores and the retail premises
themselves) and from the consumer’s journey home. For the first of these, not surprisingly, the
emissions depended on distance and type of transport in combination with quantities transported.
This meant that although emissions were high for items such as apples from New Zealand, there were
examples where small quantities were distributed within the sale country, and emissions for these
could also be high. Emissions from buildings varied considerably by country due to the different energy
sources (France being the lowest due to the high proportion of nuclear power and the UK being the
highest due to the low proportion of nuclear power). The journey home was found to assume varying
importance depending primarily on whether the shopping journey was dedicated to just the product
studied or to a combined shop for multiple products. In assessing emissions related to e-commerce,
the authors assumed selection of goods at a regional distribution centre (RDC) followed by home
delivery or collection at a central collection point but did not include in-store selection. The emissions
for refrigerated yoghurt retailing in the Paris area were given as an example, which showed that e-
commerce was more efficient than the traditional "physical" stores (Table 12).

Table 12. Emissions for refrigerated yoghurt.

Type of retail operation GHG emitted (g CO2-eq/kg)
Hypermarket 170
Supermarket 160
Minimarket 160
E-commerce 110

This was because of several factors; the reduced road transport to the RDC, because physical stores
require considerable energy input for refrigeration, heating, lighting etc. which e-commerce does not,
and significantly that the "last mile" emissions in grouped delivery rather than multiple consumer trips
home were lower. It should be noted, however, that many of these figures are highly dependent on
the assumptions used in the study, on the type of product and the location of the retailing operation.
Factors which impact on GHG emissions associated specifically with grocery retailing in Finland were
described in detail by Siikavirta et al., 2002. The potential to reduce emissions associated with
transport was highlighted, as was the reduced energy required to operate warehouses rather than
physical retail stores. An additional benefit was also described — the possibility of reducing waste due
to avoidance of over-production, better temperature control and use of technologies such as RFID
tracking to assist and speed up distribution, sorting etc.
Considering the case of retailing in Austria, Seebauer et al., 2016 came to different conclusions — that
promotion of online retailing is unlikely to have significant impact on carbon emissions and that a more
fundamental shift in consumer attitudes is required to move towards lower personal consumption of
groceries and other goods.
If the potential environmental benefits of e-commerce are to be realised, reducing consumer car travel
is essential and the importance of consumer behaviour must also be included in any analysis as e-
commerce does not necessarily fully substitute a home delivery for a consumer shopping trip. A Life
Cycle Analysis (LCA) model of various shopping fulfiiment methods was developed to include such
factors (van Loon et al., 2014). This found that impacts varied depending on whether full substitution
of consumer trips was assumed or whether some trips were retained for shopping and related
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purposes. Impacts also varied between types of supply, e.g. from the retailer to the consumer by van
or parcel, retailer sold but shipped directly from the producer, online orders fulfilled by selection in
RDCs, dedicated warehouses or stores, collection in store or elsewhere, and through traditional "bricks
and mortar" stores. In the full substitution scenario, the key contributors to emissions were found
(where present) to be consumer transport, parcel based delivery networks, the physical store, and
transport between the producer and the distribution centre. The carbon footprints of van home
deliveries and consumer pick-up methods were found to be the least, with the others up to 4 times
worse. When some (up to 90%) of the consumer trips were retained, the relative impact of the
different types of supply shifted, with van delivery from local shops becoming worse than consumer
collection from local stores and the same as visiting traditional stores.
Current technology

As mentioned above, online grocery retailing is increasingly based on internet ordering. The goods
ordered can be held in a dedicated home delivery warehouse (the so-called "dark store" option), they
can be selected at RDCs, or they can be selected in-store from goods on display or held in in-store cold
rooms. In the UK, home delivery by multi-compartment vans is common, with the option of collection
by the customer at the store or at a specified collection point. Each of these types of operation has
different transport and refrigeration needs, and all could benefit from further study.
Cost

A comparison of the financial performance of UK online grocery retailing operations during their set-
up and early operation was presented by Hackney, et al. (2006). One of the aspects considered was
the choice of warehouse or store fulfilment of orders. Store models were stated to achieve break-even
earlier and incur lower losses before break-even, but to be less profitable than warehouse models
beyond break-even. This is evidenced by the most successful UK operation in terms of lowest initial
losses and time to break-even at the time, which was Tesco’s store-based model.
The impact of internet shopping on the product quality, particularly for perishable foods (meat, fish,
fruit and vegetable etc.), should be taken into consideration. However, few studies have been carried
out.
The information given in the sections above is mainly concerned with the emissions of transportation
related to e-commerce compared to buying directly from a supermarket. There is no available data for
the difference in emissions from refrigeration for internet shopping compared with supermarket
shopping. If the food is removed directly from the stores’ retail cabinets for the internet shopping,
there would be no difference, except for the refrigerated delivery vehicle. However, if the food is taken
from a cold store and does not enter the retail cabinets, significant emissions benefits would be
expected. It has been assumed that minimum savings are associated with food removal from stores
(i.e., no savings) and maximum savings are associated with the store being replaced by a cold store
and the supermarket no longer being necessary.

Scope 1 emissions savings (% or 0-100%
another quantifiable metric)

Quality of scope 1 emissions High confidence
information
Scope 2 emissions savings (% or 0-100%

another quantifiable metric)

Quality of scope 2 emissions High confidence.
information
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TRL level TRL5-7
Maintainability issues No information.
Legislative concerns There are some legislative concerns with internet shopping like the

enhanced IT security is needed with the online services.

Payback time (years) Varied depending on assumptions made and technology used.

1.18.29. Lighting (cabinets) - efficiency

Refrigerated display cabinets are fitted with lights to illuminate the food on display. Lighting has both
a direct load from the electrical power of the lights as well as an indirect load from the increased
compressor power to remove the heat load created by the lights. Orlandi et al. (2013) found through
numerical simulations that the heat produced by lights accounts for 25% of the total thermal load in
closed refrigerated display cases when the lighting in the cabinets is on. Fluorescent lighting was
frequently used in refrigerated display cases, both closed and open, however, LED lighting is the
normal for new cabinets. The efficiency of a lamp to produce light is called its luminous efficacy (Im/W).
It is the ratio of luminous flux, to input power.

Fluorescent lamps

Linear Fluorescent tubes are only found in old cabinets within stores which have not had a refit. These
lamps are due to be phased out in August 2023 with no new production or import into the EU.

LED lamps

LED lights are fitted to new cabinets and have been retrofitted to older cabinets during supermarket
re-fits. LED lights operate with a direct current (DC) at about 12 V, therefore require a transformer
(driver) to convert the mains (230 V AC) voltage to 12 or 24 V DC. Some lamps have this built in and
some require a transformer. Enhanced safety is a prime feature of LED lighting due to the low voltage.
Another advantage of LEDs is that they allow the use of motion sensors because they can turn on and
off rapidly with no damage, unlike fluorescents.

The US DoE (US Department of Energy, 2022) established the efficacy of warm white colour mixed
(CM)-LEDs to be 138 Im/W in 2020. They have a target of 336 Im/W by 2050. They also presented the
efficiency of the driver as 88% in 2020, with a 2050 target of 95%.

Philips has a number of case studies where their lights have been installed in supermarket cabinets.
They are detailed below.

e Edeka — Philips installed LED lights in their freezer cabinets. They state a 70% reduction in
energy and a 2.7-year payback (Philips LED lighting for refrigeration, 2011).

e A project was conducted in a participating supermarket in northern California to demonstrate
the performance of LED lighting for refrigerated display cases under real world conditions
(Diebel et al., 2013). Energy savings of 46.3% were reported when changing from fluorescent
to LED lights (with greater savings if motion sensors were used).

e Heidinger et al. (2014) developed experimental tests in a glass door multideck display case
with different types of lighting setup: fluorescent lamps and LEDs, both tested in horizontal
(under the shelves) positioning and LEDs in vertical positioning (next to the doors).
Experimental results show that LED illumination under the shelves reduces the direct energy
consumption by 41% and LEDs in vertical position result in 74% of energy economy. The LED
illumination in vertical positioning is the best alternative to save energy and highlight the
products exhibited.

Page 115 | 295



@BENOUGH et road map

EUROPEAN FOOD CHAIN SUPPLY
TO REDUCE GHG EMISSIONS BY 2050

Scope 1 emissions savings (% or 0%
another quantifiable metric)

Quality of scope 1 emissions High confidence
information

Scope 2 emissions savings (% or 46-70% of lighting power if replacing T8 with LEDs
another quantifiable metric)

Quality of scope 2 emissions High confidence.

information

Availability barriers No barriers

TRL level TRL8-9

Maintainability issues No issues

Legislative concerns No impact

Payback time (years) 2.7 years reported in 2011. Rising energy costs and lower cost of LEDs

may have reduced this payback period.

1.18.30. Lighting (store) - efficiency

Supermarket store lighting directly affects the overall energy consumption of the store, through the
electricity consumed by the lights. However, it also indirectly affects the overall energy consumption
by increasing the radiation heat load on the refrigerated display cabinets, resulting in increased
electrical input to the compressor in order to maintain the set temperature. Electricity consumption
by the lights in conventionally lit stores is generally the second highest after the refrigeration system.
For example, Timma et al (2016) reported that lighting used 29% of the total energy in a supermarket
store in Latvia, while a study by Foster et al (2018) reported that 14% of the electrical load was due to
lighting in 565 UK stores. During this study it was noticed that many of the UK stores were undergoing
or had undergone changes in store lighting to more efficient (LED) lighting, so the proportion of the
electricity load due to lighting was likely to be falling.

Generally, supermarkets use high lighting levels e.g., up to 1000 lux, as bright lights are considered to
make products more appealing to customers (Tassou et al, 2011).

For the retail industry (brc.org.uk) have a climate action road map for the retail industry that has a

milestone of 100% LEDs in all new buildings by 2025. They state that LEDs consume approximately
15% of the energy of halogen bulbs for the same light output.

Sainsbury’s plans to install hundreds of thousands of LED fixtures in more than 450 stores by the end
of 2020 and has committed to lighting all stores entirely with LEDs by the end of 2022. The retailer
expects the adoption of all-LED lighting to reduce lighting energy consumption by 58% and reduce
emissions by 3.4% annually. Sainsbury’s ambition is to become the first grocery chain in the UK to use
exclusively LED lighting — in new builds, as well as by retrofitting all existing stores.

Sarhadian et al (2004) reported that 8% of the total heat load for a vertical, open, chilled, display
cabinet was due to lighting (both store and cabinet lighting) with fluorescent tubes. In a more recent
study, Chaomuang (2019) investigated the thermal load for products in a vertical, closed, chilled
display cabinet, utilising low emissivity coated glass doors, also using fluorescent lighting for both the
store and cabinet. It was estimated that visible light radiation transmission through the glass doors
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comprised approximately 7% of the total transmission contributing to the cabinet heat load, which
was mainly due to conduction and convection through the glass doors and side walls, for room (i.e.,
store) lighting with fluorescent tubes (~600 lux). This visible light transmission and heating occurred
despite the reduction in thermal radiation (between the surrounding walls and the food products in
the cabinet) due to the glass doors, expected to be in the range 87-94% (Faramarzi et al 2002;
Heidinger et al, 2019).

The above findings show that both stores and display cabinet lighting contribute to the cabinet heat
load for both open and closed cabinets. No independent studies have been identified where the effect
of using LED store lighting on cabinet heat load has been investigated, although Chaomuang (2019) did
model a vertical, closed, chilled, display cabinet with LED cabinet lights. Within the model, the LED
lights contributed directly to visible light radiation heating of the products, with a 13 W LED cabinet
light located inside the glass door at the top, which was assumed to contribute 75% of its power to
heating of the front load for the top shelf of the cabinet i.e., 9.75 W. This compared to a contribution
from the external (store) lighting power of 1 W m2 (equivalent to 650 lux) across a front load area of
0.25 m?, contributing a heat load of 0.25 W. The total lighting load for the front of the top shelf of the
cabinet was therefore calculated to be 10 W. In fact, a similar lighting power density at the front of the
cabinet was used in modelling a vertical, open, chilled, display cabinet by Laguerre et al (2012). In this
case, a lighting power density of 1.2 W m™ (equivalent to 800 lux) was used for products at the top of
the cabinet, and a value of 0.9 W m (equivalent to 600 lux) for products at the bottom of the cabinet.
For this model, the lighting power density was attributed to both the store and cabinet lighting.

Commercial availability

Installation of LED lighting presents the main opportunity at present for improving store lighting
efficiency (and as noted earlier, has already been adopted for many supermarkets in the UK). However,
its primary energy saving benefit appears to be by directly reducing the stores’ energy use, and it is
unclear whether it provides additional indirect energy savings by reducing the heating load for the
display cabinet. Lower maintenance costs and longer life for LED lighting is also claimed by
manufacturers,

Technology: Lighting (store), impact on cabinet performance

Scope 1 emissions savings (% or Up to 30% direct energy and emissions saving on store lighting
another quantifiable metric) reported, however, no direct effect on cabinet emissions,
Quality of scope 1 emissions M

information

Scope 2 emissions savings (% or No data on cabinet emissions saving

another quantifiable metric)

Quality of scope 2 emissions M

information

TRL level TRL8-9

Maintainability issues L — LED lamps have longer life and less maintenance than

fluorescent lights is needed

Legislative concerns L

Payback time (years) No data on payback times relative to cabinet performance
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1.18.31. Liquid pressure amplification (LPA)

Compressors in refrigeration plants tend to operate at a higher delivery pressure than is needed. With
liquid pressure amplification (LPA), compressors can run at a lower pressure and save energy.

As stated in the section "Reducing head pressure", reducing head pressure will allow the refrigeration
system to run more efficiently (higher COP). However, reducing the head pressure too far can cause
too small a pressure difference across the expansion valve, causing it not to work effectively.

LPA consists of a pump at the outlet of the condenser after the liquid receiver. The pump provides an
elevated stable pressure before the expansion device, allowing the compressor to float as low as
ambient conditions will allow. The pump needs to be able to operate within a refrigeration circuit
without leaking. The energy consumed by the pump and that caused by the extra condenser fan flow
rate (to reduce head pressure) is far lower than that saved at the compressor.

As the pressure at the outlet of the pump is higher than at the exit of the compressor, this allows a
percentage of the liquid after the pump to be injected into the superheated gas after the compressor.
This allows the superheated gas entering the condenser to be brought to saturation, accelerating
condensing and increasing subcooling.

Hadawey et al. (2010) have shown that it is possible to achieve more than 10% in energy savings over
and above those that can be attained with floating head pressure by adopting the use of LPA in
conjunction with liquid injection. The level of energy savings that can be achieved with LPA, however,
is system specific and each application will require careful consideration of the savings against the
capital cost of the technology.

In trials of the HY-SAVE® Liquid Pressure Amplification (LPA) system at a Tesco store in Ireland (Hy-
Save, 2009), independent energy consultants saw the amount of energy consumed by the refrigeration
plant reduce by 24%. Previously at the store, condensing temperatures had to be kept unnecessarily
high at around 32 °C to combat system flash gas and to keep the stores evaporators operating
efficiently. Since LPA® pumps were installed in the system’s liquid line, condensing temperatures have
been reduced to 20 °C (68 °F) whilst delivering vapour-free refrigerant to the store’s display cabinets
and cold rooms, maintaining peak efficiency. Flash gas at the evaporators may be a consequence of
undersized and poorly insulated liquid lines and can also be overcome with liquid subcooling.

Information provided by a refrigeration contractor who trialled several types of liquid pumps has not
shown these delivered energy savings. The type of pump is important due to cavitation which can limit
the operating conditions (head pressure), reducing the potential savings.

No new information has been published on this technology since the last Road map document was
produced.

Scope 1 emissions savings (% or None
another quantifiable metric)

Quality of scope 1 emissions H
information

Scope 2 emissions savings (% or 24% of compressor energy
another quantifiable metric)

Quality of scope 2 emissions L
information
TRL level TRL5-7
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Maintainability issues None.
Legislative concerns None
Payback time (years) Unknown

1.18.32. Liquid-suction heat exchangers

Liquid-suction heat exchangers (LSHEs), also known as suction-liquid heat exchangers (SLHEs) or
internal heat exchangers (IHX), exchange heat between the suction line at the exit of the evaporator
and liquid line at the exit of the condenser. They increase refrigeration capacity by subcooling the liquid
supplied and prevent flash gas at the expansion valve. In addition, they help to ensure that all
refrigerant is evaporated before returning to the compressor. Since most supermarket systems have a
substantial amount of non-productive heat gain between the load and the compressor (due to long
pipe runs), the LSHE essentially recovers capacity that would otherwise be lost.

The beneficial effects of a LSHE are offset by the increase in temperature and reduction in pressure
(caused by pressure drop though the heat exchanger) of the suction gas causing a decrease in the
refrigerant density and compressor volumetric efficiency. Therefore, their installation is not an energy
efficient option for all refrigerants. LSHEs will increase the temperature to the compressor, which
reduces motor cooling and increases discharge temperatures.

Klein, Reindl, and Brownell (2000) state that LSHEs with a minimal pressure loss on the low pressure
side are useful for systems using R134a, R290 and R600. Navarro-Esbri. Molés and Barragan-Cervera
(2013) showed that when a R134a system is converted to R1234yf a LSHE can help lessen the reduction
in COP between 2 and 6%.

Torrella et al (2011) investigated the effect of a SLHE operating in a CO2 transcritical refrigeration plant.
They showed a maximum increase in refrigeration capacity and efficiency of 12%. However, discharge
temperature increased by 10 K at an evaporating temperature of -10°C.

Mastrullo et al. (2007) state that a LSHE is always beneficial for refrigerants R290, R134a, R600 and
R600a. They showed that for R134a the COP could increase by up to 20% (condensing temp of 50 °C
and evaporating temp of -40 °C). At an evaporating temperature of -10 °C and condensing temperature
of 35 °C, the COP increase will be nearer 5%.

Mota-Babiloni et al (2015) showed SLHE had a positive influence on the energy efficiency of R1343,
R1234ze(E) and R450A. They showed benefits in COP for R134a of 0 to 6%, R1234ze of 2 to 7% and
R450A of 1 to 6%. COP increased as pressure ratio of compressor increased.

Nuriyadia et al. (2015) showed a maximum benefit in capacity/COP of 20% for a freezer using R404A
at -20 °C cabin temperature with a HE effectiveness of about 0.5. However, for a refrigerator at 0 °C
there was a 5% reduction in capacity/COP.

Pacific Gas and Electric Company (2011) carried out a feasibility and cost- effectiveness study of high-
performance LSHEs on display cases and walk-ins. The results show that the benefit/cost ratio for all
system configurations and in all climate zones (in California) for all LSHE types is greater than 1 with
the exception of certain MT walk-in LSHEs in small stores. For sizes less than approximately 150 square
feet (14 m?), LSHEs were generally not cost-effective for MT walk-ins. Stakeholders noted that with
certain refrigerants (notably R407A), compressors were sensitive to return gas temperatures and that
an increase in this as a result of adding LSHEs could potentially cause excessively high compressor
temperatures and premature compressor failure for low-temperature suction systems.
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Scope 1 emissions savings (% or None
another quantifiable metric)

Quality of scope 1 emissions H
information

Scope 2 emissions savings (% or CO: transcritical: 12%.

another quantifiable metric) R134a: 0 to 5% (chiller) to 20% (freezer at high condensing
temperature).

R1234ze:2to 7%
R450A: 1 to 6%.

Quality of scope 2 emissions M
information

TRL level TRL8-9
Maintainability issues None.
Legislative concerns None
Payback time (years) Unknown

1.18.33. Loading (food) — reducing heat load

Refrigerated display cases are used to keep food cold; they are not created to remove a lot of heat
from overly warm products. Therefore, products should be loaded at the cabinet display temperature.
According to Foster et al. (2018), this may not happen:

- When the product arrives in the cold store too warm, with no time to cool down.

- If the temperature of the cold store from which the product is put into the cabinet is higher
than the temperature of the cabinet.

- If the product has been exposed to ambient conditions for too long, waiting to be charged.

The first one should not happen if the refrigerated product is carried out with a correct temperature
checking at delivery. The second should not happen if the temperature of the cold store is set correctly,
is not malfunctioning, and is used effectively with a good door management strategy. The third should
not occur if appropriate procedures are in place to ensure that the product is not left unattended and
uninsulated for longer than recommended.

The main consequence of loading a warm product is that the product will be above safe storage
temperature until it cools, reducing in this way its shelf life. Another important consequence is that if
the heat load from a product is higher than what the cabinet can extract, then the cabinet will heat up
and possibly raise other products above their storage temperature. Products that are left out on humid
days may also experience condensation, which can adversely affect the appearance of the product and
may also affect the defrosting process of the cabinet.

Even if cabinets are capable of removing all the heat, refrigerated cabinets are not the most efficient
system to accomplish this task. Refrigerated cabinets operate at a lower COP than cold stores and are
therefore inefficient to cooling products. Effective policies and procedures should limit the
temperature of products loaded into cabinets. These policies and procedures should include employee
training.

The amount of time it takes to load food into a cabinet affects the amount of air that gets into it. This
is more important in closed cabinets, but also affects open cabinets where the air curtain is disturbed
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during loading. This increases energy consumption while the refrigeration system removes the
additional heat and also requires additional defrosting heat to remove moisture. Staff training can
clearly illustrate the importance of keeping the door open for as short a time as possible during loading.

ASHRAE (2006) stated an increase in maximum product temperatures by 6.3°C, 2.6°C, 1.2°C, and 0.5°C
due to blocked return air, overloading, cavities, and air curtain interference, respectively.

According to Carbon Trust and IOR (2012), reducing loading time minimizes infiltration and reduces
food heat gain, thus saving energy. The time it takes to load food into a cabinet with doors affects the
amount of air entering the cabinet and the amount of heat the food gets at ambient temperature.
Extended door openings can also increase the number of defrost cycles, as well as the use of a cabinet
heater to prevent condensation from forming on the door. Loading time can be minimized by pre-
merchandising groceries so that large quantities of food can be put into the cabinet quickly. Staff
training can also help reduce the time it takes to load cabinets. The temperature at which food is
loaded into the cabinet can affect the performance and energy consumption of the equipment.
Thermal gain during loading can be minimized by reducing loading time and transferring food from
cold storage rooms to cabinets in insulated containers. Eliminating the temperature rise during loading
can reduce the energy consumption of basic supermarkets by around 1%. Most groceries in
supermarkets are pre-cooled prior to loading, but there are some cases where items such as beverages
are loaded at ambient temperature. In these cases, the beverage can be cooled more efficiently in a
cold room or similar location before being loaded into the cabinet.

Tsamos et al. (2019) conducted an experimental study of the heat transfer and airflow behaviour in an
open front vertical multi-deck refrigerated display cabinet. In their project, cold shelf technology was
tested, where air is circulated in each individual shelf. They showed a temperature distribution of all
M-Packs (test packages with a temperature sensor) measured during the 48-hour test. The average
temperature was determined to be 2.1 °C. During the 48-hour test, the temperature of all products
was recorded between -1 °C and +5 °C. This indicates that the cabinet can meet the requirements of
ISO 23953-2015. The energy consumption of the tested cabinet was 25.38kWh/24h on the first day
and 25.31kWh/24h on the second day, showing the consistency of the energy consumption. Compared
to the same test cabinet, but without cold shelf technology, the determined energy was 42 kWh/24
hours. As a result, significant energy savings can be achieved when using cold shelf technology along
with air guiding strips. The technology has been integrated into the airflow guiding strips and shows
even greater energy savings, from 42kWh/24h to 25.3kWh/24h (Refrigerated Display Cabinets (2015)).

According to Derens et al. (2014), a previous cold chain survey was conducted in France in 2002 (Derens
et al., 2006) with the French Association of Food Industries (Ania study). Three types of refrigerated
chilled products were monitored along the cold chain: prepacked meat, ready-to-eat or to cook
products, and yogurt. At the end of the production line, a small temperature logger was placed inside
the food packaging and was sent through the supply chain. In the end, the consumer who found the
logger was asked to return it to the lab. 480 recorders were sent back, with a return rate of 66%, to
create time and temperature reports of 314 product locations. The results show that temperature
control is crucial in the last 3 steps of the cold chain. The average product temperature was 2°C higher
than the recommended value for 7.3% of products in display cases, 59.7% in transport after purchase,
and 40.3% were in household domestic refrigerators. Another field study on smoked salmon was
conducted for 200 products by Morelli and Derens (2009). This study confirms the results presented
by Derens et al. in 2006 which is the temperature abuse in the last 3 steps of the chain. The authors
reported that 45% of the product (smoked salmon) was consumed within 2 days of purchase and 75%
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within 7 days. However, the product shelf life was 4 weeks, and the recommended preservation
temperature was 4°C. Since most of the products are consumed within a few days, the safety risk is
low despite the high temperature of household domestic refrigerators.

According to Gougou et al. (2015), a cold chain field European study (2013) in France named Frisbee
investigated products distributed in supermarkets and hypermarkets. Two field tests were conducted
in Greece and France to update the cold chain database. According to Derens et al. (2014), the analysis
of the information provided by consumers gave 89.1% of the products were sold in hypermarkets and
8.9% in supermarkets. Data processing for the 83 returned temperature loggers was performed as
follows: average product temperature from production to consumption was calculated for each logger
representing 83 cold chains. The average of 83 chains was then calculated. The average temperature
of sliced ham in the French cold chain was 3.8°C. Analysis of the temperature distribution showed that,
throughout the cold chain, 58% of the products were kept at or below 4°C and 90% were kept at or
below 6°C. The lowest temperature observed in the entire chain was -1.9°C and the highest was 21.5°C.
The average duration of a product in the entire chain was 14 days, with 67% of duration being less
than 15 days. This shows that 67% of consumers have used their ham before the ‘halfway use date’,
as the product has a 30-day shelf life. Frisbee field testing confirmed other studies highlighting the
most sensitive link: post-purchase transportation by consumer and especially the domestic
refrigerator.

Zubeldia et al. (2016) performed a temperature and duration study between mid-day and 2pm to
ensure that stores were opened before many hours. Measures were performed on packed products
situated inside the refrigerating equipment at the most unfavourable places as close to load limit as
possible. They found that the official procedures adopted for controlling the cold chain are not
appropriate to ensure compliance with safety regulations for perishable foods in self-service retail.
Such procedures need to be modified, especially in regions like Andalusia, where temperatures vary
continuously throughout the year. The procedure should take into account lower temperature-
controlled foods, the season and the position of the product in the refrigerator, measuring regularly
the surface temperature of the stored product as per previous specifications. Such changes should not
only be adopted by economic operators but should also be revised by official controls when examining
food stores.

Scope 1 emissions savings (% or None
another quantifiable metric)
Quality of scope 1 emissions N/A

information

16.7 ton / year savings of COze (Carbon Trust & IOR 2012)
Insufficient evidence exists to quantify savings. (Foster et al. 2018)

Scope 2 emissions savings (% or
another quantifiable metric)

Quality of scope 2 emissions
information

There is no doubt that this technology can save energy. However, there
is not enough information in the articles to quantify the savings in terms
of energy and CO; emissions.

TRL level

TRL8-9

Maintainability issues

L : Noissues (Carbon Trust & IOR 2012) (Foster et al. 2018)

Legislative concerns

L : No impact (Carbon Trust & IOR 2012) (Foster et al. 2018)

Payback time (years)

2.8 years (Carbon Trust & IOR 2012)
1.4 years (Foster et al. 2018)
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The baseline store used to fill a part of this table is a typical supermarket of 5,000 m? sales area which is equivalent
to a large supermarket or a small hypermarket (Carbon Trust & IOR (2012) values). However, Carbon Trust & IOR
(2012) affirmed that this information can be applied to any supermarket above 2,000 m? (as above this size energy
usage is relatively linear with the size of the store). However, an ASDA store at Weston-Super-Mare was also used
as a baseline store. The store refrigeration load was split between low temperature (LT) and medium temperature
(MT) packs and condensing units. The size of the store was 6290 m? (74 x 85 m) (total store). (Foster et al. (2018)
values). Insufficient evidence exists to quantify savings.

1.18.34. Magnetic refrigeration

Technologies such as magnetic cooling have potential advantages such as no harmful refrigerants and
potentially high efficiencies above those of vapour compression technologies. Magnetic refrigeration
takes advantage of the magnetocaloric effect; the ability of some metals to heat up when they are
magnetized and cool when demagnetized. Much of the original work and most prototypes developed
were based on the use of gadolinium magnets that are rather expensive. More recent work has looked
for new materials that are cheap, have suitable transition temperatures and exhibit a large
megnetocaloric effect. Magnetic refrigeration has the prospect of efficient, environmentally friendly
and compact cooling for a wide field of applications.

Astronautics Corporation in America and Chubu Electric Power Co Inc in Japan have both produced
rotary magnetic refrigerator systems. The highest COP reported for a near room temperature,
permanent magnet system was 2.4. This was based on a 560 W cooling capacity at zero temperature
span. For a 5K temperature span and 20°C sink temperature, the COP reduced to 0.6 and the cooling
duty to 159 W (Lewis et al, 2007).

Back in 2008 Gschneidner and Pecharsky predicted that production of near room temperature,
magnetic refrigeration systems will grow to 1000 units by 2015, by which time they would consider
the technology to be commercialised. However, this was an over ambitious prediction and the authors
do not know of any commercially available systems to date (2023).

Successful commercialisation will require (Lewis et al, 2007):

. ‘Magnetic refrigerants’ with a larger magneto caloric effect to be produced in large
quantities.

. Permanent magnets need to be stronger, smaller and cheaper.

. Improvements could be made to the cycles.

. Improvements to the engineering design of the systems.

Camfridge (backed by Cambridge University) began a project with Whirlpool in 2009 and expected
demonstration units to be available in 2012. However, this has not materialised due to a number of
issues related to the magnets themselves and also the methods to apply the cooling to a refrigerator
(Whirlpool, 2009; Wilson et al, 2006). Cooltech developed a prototype magnetic refrigerator and
applied it to an Arneg enclosed serve-over cabinet. The technology was demonstrated during the
Euroshop fair in 2014. Cooltech Applications declared bankruptcy in 2018. Ubiblue was formed by
some of the old Cooltech Application's team members, this later became Magnoric. Magnoric is still
at the prototype stage.

Ismail et al (2021) reviewed developments in magnetic refrigeration. They concluded that materials
for construction are not yet available and so this limits large scale commercialisation. Most (95%) of
the e-rare earth magnets used for the technology are produced in China. Potentially the technology
can achieve high COPs (up to 9.44) but this is very dependent on the materials applied. The main
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current focus is cryogenic coolers and mobile refrigeration and not domestic or food service

refrigeration.

information

Scope 1 emissions savings (% or n/a
another quantifiable metric)
Quality of scope 1 emissions n/a

Scope 2 emissions savings (% or
another quantifiable metric)

50% claimed by manufacturers but appears unlikely as claims do not
always include pumping power and losses. Claims not independently
validated.

Quality of scope 2 emissions Low
information

TRL level 1-4
Maintainability issues Unknown
Legislative concerns None
Payback time (years) Not known

1.18.35. Motor Efficiency Controllers (MECs)

Unlike inverter drives, motor efficiency controllers do not influence the operating speed of the motor;
they simply aim to improve the efficiency of the motor by reducing the losses in the motor windings.
Because an MEC does not affect the running speed of the motor it will not provide any means of
capacity control. However, it can provide energy savings without altering the fine balance of a well
optimised and well sized refrigeration system and can be used on systems where variable speed units

cannot be employed.

MECs reduce the power supplied to an induction motor by monitoring the current and voltage
waveforms for slip as the voltage waveform is trimmed by the MEC. The more the voltage can be
trimmed, the greater the savings; hence savings are usually only appreciable on motors running at 75%
load or less for a significant amount of the time. Peak to peak voltage and frequency are maintained
as shown in Figure 37, to ensure that peak torque and operational speed are unaffected by the MEC.
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Input Voltage and Current — With Energy Savings Enabled

MEC Output Voltage and Current - With Energy Savings Enabled

Figure 37. Current & voltage waveforms on single-phase motor both with and without energy savings
(Envirostart).

The energy used and paid for is equal to the integral of the area under the input voltage waveform
multiplied by the integral of the area under the input current waveform multiplied by the power
factor.

Savings from MECs are limited by the magnitude of the losses within the motor being controlled and
are generally greatest in motors which are part-loaded. Case studies by Envirostart (2022), a
manufacturer of MECs, have found that savings of up to 40% are likely on single-phase applications
and savings of 15% are likely on three phase applications.

A case study in retail refrigeration in Scotland reported energy savings for a single-phase chest freezer
and three-phase walk in freezer estimated to be 25% and 17%, respectively (Grant, 2008). The
estimated payback periods for the single-phase and three-phase units, based solely on the capital cost
of the MEC units, are 2.44 years and 0.6 years, respectively.

A supermarket case study in France (Hughes and Hollis, 2004) reported average energy savings on the
refrigeration pack of 10.46% for two weeks (1 week energy saving mode on and the other energy saving
mode off), with a payback period of 1.7 years including unit installation costs.

Scope 1 emissions savings (% or 0%
another quantifiable metric)

Quality of scope 1 emissions High confidence
information
Scope 2 emissions savings (% or 10.5% on display cabinet compressor pack

another quantifiable metric)

25% on integral chest freezer
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17% on 3-p walk-in freezer

Quality of scope 2 emissions Manufacturer information

information

TRL level TRL8-9

Maintainability issues No problem

Legislative concerns No impact

Payback time (years) 1.7 y on display cabinet compressor pack

2.4y on integral chest freezer

0.6 y on 3-p walk-in freezer

1.18.36. Nanoparticles in refrigerant

Nanofluids are engineered colloidal suspensions of nanoparticles (1-100 nm) in a base fluid. The size
of the nanoparticles imparts some unique characteristics to these fluids, including greatly enhanced
energy, momentum, and mass transfer, as well as reduced tendency for sedimentation and erosion of
the containing surfaces. To enhance heat transfer, nanofluids were developed, mainly based on copper
and aluminium nanoparticles of above 20 nm size (Eastman et al.,, 1996). Theoretically, these
nanoparticles have a high thermal conductivity and hence should improve the heat transfer near the
laminar sublayer (Jana et al., 2007; Lee et al., 2007; Ko et al., 2007). Experimental work at NIST (Bello,
2008) with varying concentrations of nanoparticle additives indicates a major opportunity to improve
the energy efficiency of large industrial, commercial cooling systems. NIST have shown that dispersing
low concentrations of copper oxide particles (30 nm in diameter) in a common polyester lubricant and
combining it with R134a improved heat transfer by between 50 and 275%. Optimising mixtures of
refrigerants, lubricants and nanoparticle additives could be beneficial. High-performance mixtures
could be swapped into existing chillers, resulting in immediate energy savings. Due to improved energy
efficiency, next-generation equipment would be smaller, requiring fewer raw materials in their
manufacture.

Energy savings of between 9.6 and 26% have been reported for a domestic refrigerator (Bi et al., 2008,
Bi et al., 2011). The 26% reduction in energy was for R134a/mineral oil with nanoparticles compared
to R134a/POE oil. The ability to use mineral instead of POE (polyolester) oil was the main reason for
the energy savings. The 9.6% in savings were with R600a refrigerant.

Jaiswal (2015) evaluated nanoparticles suspended in R404A. They calculated COP enhancement
between 3 and 15% depending on the nanoparticles and their concentration. Higher concentrations
gave the highest COPs and copper oxide was the best nanoparticle.

Fedele et al (2015) studied several nanolubricants, formed by polyolester or mineral oil as a base fluid,
and titanium oxide (TiO3) or single-wall carbon nano-horns as nanoparticles in a heat pump test rig. In
contrast with some published data, no improvement was detected with 0.05 to 0.5 wt% of TiO2 or 0.1
wt% of single-wall carbon nano-horns in tested commercial oils.

An updated review on the application of nanorefrigerant showed that R134a and R600a with
nanoparticles had been used in earlier studies with the main issues of reliability and stability (Kasaeian
et al., 2018). Hence a suitable method of nanoparticles production and dispersion needs to be adapted
for nanoparticles, and refrigerant pair.
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According to Saidur et al (2011) several literatures have indicated that there is significant increase of
pressure drop with nanofluids. For example, Peng et al (2009) presented experimental results which
showed that the frictional pressured drop of refrigerant-based nanofluid increased with the increase
of the mass fraction of nanoparticles, and the maximum enhancement of frictional pressure drop was
20.8% under the test conditions.

A recent review study on the challenges with the nanorefrigerant for the refrigeration system in terms
of performance and stability reported that long term stability could be achieved by moving away from
the isoelectric point (pH at which an equal number of positive and negative charges) (Gokhan, et
al.,2021).

Currently there has been little work on the safety of nanoparticles in refrigeration systems. Although
nanoparticle "kits" are sold, there are serious concerns over their safety and their impact on the
compressor and expansion valve. Majgaonkar (2016) reviewed the use of nanoparticles in refrigeration
system and proposed the investigation of the possibility of utilization of non-toxic or biodegradable
nanoparticles.

Scope 1 emissions savings (% or 0%
another quantifiable metric)

Quality of scope 1 emissions
information

High confidence

Scope 2 emissions savings (% or
another quantifiable metric)

Up to 26 % is reported, depending on the nanoparticles type and its
concentrations. However, many studies also raise issues and show
minimal benefit.

Quality of scope 2 emissions
information

No robust information is available for supermarkets and the values are
based on assumptions that the domestic and supermarkets refrigerators
have the same savings

TRL level

TRL1-4

Maintainability issues

Major issues of reliability and stability with toxic effect, poor
stabilization, erosion effect, high viscosity, clogging issues and
environmental impact when dealing with leakages

Legislative concerns

Lack of legislation with potential health issues

Payback time (years)

<6 months

1.18.37. Night blinds and covers

Night blinds (or curtains) are a well-established energy saving technology for open refrigerated display
cabinets (both chilled and frozen). They act as a physical barrier reducing air entrainment into cabinets
and reducing radiation heat transfer to products, especially when reflective blinds are used. This
results in reduced heat gain by the cabinet, and hence reduces the cooling load and energy input for
the cabinet refrigeration system. Although they save significant energy when used, they are generally
only applied outside of store trading hours i.e., overnight or during holiday periods. Night blinds are
most commonly used with multi-deck refrigerated display cabinets.

Covers

Covers are often used for well-type open cabinets e.g., freezers. They are typically solid plastic or glass
and may be used outside of trading hours only (as for night blinds), or they may also be used during
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trading hours as well, in which case they are usually transparent and typically of the sliding door type,
to provide visibility and access to products.

Effectiveness of night blinds and covers

Hawkins et al (1973) investigated the use of reflective night blinds during non-trading periods for
freezer cabinets, and reported energy savings of 27-29%, when the night blinds were in use.

Faramarzi and Woodworth-Szleper (1999) investigated the use of low emissivity (i.e., reflective)
aluminium shields in open chilled display cases during non-trading hours. They found that for standard
operation i.e.,, 18 hours of trading, and 6 hours of non-trading with the shields in place, the
refrigeration load was reduced by 8.5%. However, during holiday periods, where non-trading was
extended to 24 hours, with the shields remaining in place, the refrigeration load was reduced by 42.4%.

In another study, Axell and Fahlen (2000) reported energy savings of between 25 and 40% when using
night curtains for a chilled open display cabinet, with the curtains in place for a period of 12 hours (out
of 24). However, it was also noted that for poorly fitting curtains, air infiltration could result in
unacceptably warm food at the edges of the cabinet during night hours. However, an investigation by
Datta et al (2004) into the effect of night blinds in open integral chilled display cabinets, also with the
blinds lowered for 12 hours out of 24 found energy savings were between 10 and 22%.

Acha et al (2016) reported that the use of night blinds in open refrigerated display cabinets during non-
trading hours of 10 hours (out of 24), provided an energy saving of 10%. However, it was noted that
staff in stores may not pull-down night blinds when the store closes, as replenishing of refrigerated
items inside cabinets usually takes place during non-trading hours. However, motor-driven blinds are
often installed, to close cabinets automatically during set periods of shop closure. In a second case
study by Acha and Shah (2016), the energy benefit of using night blinds for non-trading periods (10
hours (out of 24), was determined to be 31-32%, when the night blinds were in use.

Commercial availability

Night blinds for refrigerated open display cabinets are available commercially and widely used. They
can generally be provided as an option from the manufacturer when installing a new cabinet, however,
they can also be retrofitted to an existing cabinet. Claimed energy savings when using commercial
night blinds for chiller cabinets include: (i) a reduction in energy costs of 50% (based on cabinet and
ambient efficiency) (Chiller Blinds, 2022); and (ii) a reduction in total energy consumption (for the
cabinet and associated plant combined) of 20-30% with the night blinds lowered for 12 hours (out of
24) and 48% when the night blinds were lowered for 24 hours (Thermasolutions, 2022).

Technology: Night blinds and covers

Scope 1 emissions savings (% or None

another quantifiable metric)

Quality of scope 1 emissions H

information

Scope 2 emissions savings (% or 27-29% when night blinds in use applied to freezer cabinets

another quantifiable metric) 8.5-40%, depends on room temperature, and hours (in 24) of blinds use
Quality of scope 2 emissions M

information

TRL level TRL 8-9
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Maintainability issues Need to ensure good fit of blinds to cabinet to minimise air entrainment
at edges; and need to ensure staff apply blinds promptly during non-
trading hours

Legislative concerns None

Payback time (years) 2 years new installation; 4 years retrofit (Datta et al, 2004)

1.18.38. Novel heat exchanger designs

The majority of evaporators and condensers in supermarkets are fin and tube heat exchangers.
Evaporators are a significant part of the overall cost of refrigerated cabinets and therefore less efficient
evaporators are often used to keep the cost of the cabinet low. The same is the case for condensers
on integral cabinets. Space is also an issue for refrigerated cabinets. Display area and loading volume
are at a premium, and smaller heat exchangers are often used (Chandrasekharan and Bullard, 2004a).

The heat flow to or from the evaporator or condenser is governed by the overall heat transfer
coefficient, the surface area of the heat exchanger and the temperature difference between the
refrigerant and the heat exchange fluid.

Evaporator optimisation

Optimising the design of display cabinet evaporators has been demonstrated to achieve compressor
energy savings of 28% (Chandrasekharan and Bullard, 2004b). The main reasons for the better
performance were the better frost distribution, higher air-side area due to the larger depth of the coil
and higher fin density.

Sarhadian et al. (2004) carried out an experimental evaluation of a number of viable and near-term
energy-efficiency solutions to an open vertical refrigerated display case. They improved the evaporator
effectiveness as a function of the product of overall heat transfer coefficient and surface area (UA) by
68% over a baseline evaporator by increasing the number of circuits, increasing the number of fins,
reducing the tube diameter and enhancing the internal tube surface. The evaporator had an 18%
increase in refrigerating effect, measured as cooling effect, per mass of refrigerant (mainly due to the
increase in UA, but also partly due to improved suction-liquid heat exchange due to a better liquid
suction heat exchanger). Incorporating these technologies improved the refrigeration effect by 19%
and reduced the refrigeration system's electric power consumption by 11% (excluding condenser).

It is worth considering that the optimum evaporator for a horizontal open and a vertical glass door
refrigerator maybe different. Getu and Bansal (2007) used a mathematical model of evaporators of
low-temperature supermarket display cabinets based on various empirical correlations of heat transfer
coefficients and frost properties in a fin-tube heat exchanger in order to predict the performance of
the display cabinets under frosted conditions. They showed that the frost thickness and the frost
thermal resistance on the horizontal open evaporators were higher than that of vertical glass door
evaporators for the measured store relative humidity (33 to 41%) and temperature (24.1 to 26.7 °C).
However, the air pressure drop was far higher for vertical glass-door than horizontal open cabinets.
This higher pressure drop in the vertical glass door cabinets was mainly due to higher mass flow rate
of the air (14.66 kg/s) and smaller dry free-flow area of the evaporators (3.1 m?), as compared to 1.84
kg/s and 4.4 mzfor the horizontal open cabinets.

Micro-channel heat exchangers

The use and understanding of transport phenomena in micro-channel heat exchangers is still
developing and is currently a topic of much research effort (Shiferaw et al., 2009; Xiong et al., 2022).
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Micro-channel heat exchangers have small channels between plates, giving them better rates of heat
transfer (effectiveness). As these heat exchangers are often less deep in the air flow direction, they
offer less resistance to air flow and therefore can reduce fan power. These heat exchangers have been
used for some time in the automotive industry for air conditioning due to their compact nature and
low weight. In addition to enhanced heat exchange, micro-channel heat exchangers weigh less and by
being smaller than conventional heat exchangers can aid reduction in refrigerant charge. Reducing
refrigerant charge can potentially enable less safe, more environmentally friendly or more efficient
refrigerants to be applied.

According to Danfoss (2015) micro-channel heat exchangers improve COP by around 10% and require
30% less refrigerant. However, this percentage of increment in COP is linked to the particular design
of the unit and can be lower for an enhanced design of the classical “round-tube-and-fin” coil.
Furthermore, the charge reduction can be lower; it mostly depends on the design of the manifold.

Frost formation can block evaporators (especially in freezers) and so gaps between pipes and fins need
to be larger on evaporators than on condensers and air conditioning evaporators. This limits the
effectiveness of the evaporator. For this reason, micro-channel heat exchangers tend to be more
suited to condensers and evaporators which do not generate frost. With careful design microchannel
evaporators can be used under frosting conditions. However, defrosting issues must be considered
(Carlson, Hrnjak and Bullard, 2001). Another issue with micro-channel heat exchangers is refrigerant
maldistribution which to date has been an issue preventing their use as evaporators (Kulkarni and
Bullard, 2013). In this regard Shao et al. (2010) compared fin and tube heat exchanger with
microchannel heat exchanger under frost conditions and it was reported that the performance of the
microchannel heat pump system is significantly impacted by the refrigerant-side maldistribution in the
presence of ice. A recent work by Hu et al., 2020 conducted an experimental investigation of a micro-
channel evaporator's performance and icing characteristics in an air source heat pump unit and it was
emphasized that there are still some important aspects that needs attention. For example, refrigerant
maldistribution may not only be among flat tubes, but also exists among the micro-channels of the
same flat tube. In addition, flow resistance characteristics of microchannel is very important and may
affect refrigerant distribution and the heat transfer performance greatly, and relevant study should be
strengthened in future.

Currently micro-channel heat exchangers are costly to fabricate. The cost of extruding and brazing
tubes to the header is higher than that of manufacturing louvered fins (Kulkarni & Bullard, 2013). There
is no evidence of utilising this as a case study in supermarkets.

Heat exchange with different groove types
Rifled tube

Rifled-tube heat exchangers were introduced in the early 1980’s. Rifling can be used in both
condensers and evaporators. Rifling increases the wetted surface area and increases the surface heat
transfer coefficient by inducing turbulence (ACHR, 2000).

Rifled tube has a more beneficial effect on evaporators than condensers - the reason for this is two-
fold:

The increase in evaporator performance has a larger effect on the system performance than the same
increase in condenser performance.

An evaporator coil has a higher percentage of its internal surface area in two-phase flow than a
condenser does.

Page 130 | 295



@BENOUGH et road map

EUROPEAN FOOD CHAIN SUPPLY
TO REDUCE GHG EMISSIONS BY 2050

Celik and Nsofor, 2014 conducted the performance analysis of 3.6% higher COP. Despite the fact that
the pressure drop for the grooved-tube evaporator was marginally higher (364.5 pascal for grooved
type compared to 41.7 pascal in case of regular tube evaporator for liquid and 439.5 for grooved type
to 50.9 in case of regular type for two phase) than that for the standard tube evaporator, the additional
compressor demand was not very substantial. Rifled tube is more expensive to produce than plain
tube; however, the heat exchanger could be smaller and use less material. Due to a lower overall effect
on system performance and the better applicability of micro-channel heat exchangers, condensers are
not as likely to justify rifled tubing.

Internal finning type

Internal finning can aid evaporation and condensation inside the tubes. One approach is to use small
spiral fins (micro-fins). The benefits of this are increased heat transfer, with a consequential increase
in pressure drop.

Ponchner (1995) showed average condensation enhancement factors ranging from 2.0 at a low mass
flux to 1.4 at a high mass flux for R134a in an 18° helix angle, 0.375" o.d. micro-finned tube. The micro-
fins increased pressure drop by a factor of 1.19 to 1.26. Jiang et al. (2016) showed for the micro-fin
tube, the average heat transfer coefficients of R22, R134a, R407C and R410A are 1.86, 1.80, 1.69 and
1.78 times higher than those of the smooth tube. The average pressure drop of R22, R134a, R407C and
R410A for the micro-fin tube is 1.42, 1.30, 1.45 and 1.40 times higher when compared with that for
the smooth one. The benefits of increased heat transfer in reducing temperature difference between
refrigerant and air needs to be compensated with the negative effect of the pressure drop on
compressor power.

Energy savings assumed

Evaporator optimisation: As it is not clear what an un-optimised and optimised evaporator are and
that results have been reported that include other technologies, we are unable to evaluate a savings
value.

Micro-channel heat exchangers: according to Danfoss (2014) micro-channel heat exchangers improve
COP by around 10% (based on fin and tube coils of the same size). It is unknown from the reference if
this includes the evaporator as well as the condenser. Itis assumed that compressor power will reduce
by this amount.

Groove types: 3.6 % increase in the COP value with the grooved tube evaporator in comparison to
regular tube evaporator (Celik and Nsofor, 2014).

Refrigerant emission savings assumed

According to Danfoss (2014 micro-channel heat exchangers require 30% less refrigerant. It is therefore
assumed that the direct emissions are reduced by this amount.

No direct emission savings are assumed for each of the other technologies. Any improvement in the
effectiveness of heat exchangers should make them smaller, reducing the overall refrigerant charge.

Scope 1 emissions savings (% or Micro-channel heat exchangers: 30%

another quantifiable metric) All other technologies 0%

Quality of scope 1 emissions Lower confidence for Micro channel heat exchanger savings
information Medium confidence for all other types
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Scope 2 emissions savings (% or
another quantifiable metric)

Evaporator optimisation: unknown

Micro-channel heat exchangers: 10% reduction of compressor power

Heat exchange rifling: 3.6%

Enhanced internal heat transfer (micro-fins): no information

Quality of scope 2 emissions
information

Low to medium confidence depending on the technology

TRL level

TRL 1-4 for microchannel
TRL5-9 for other types

Maintainability issues

Frosting issues with micro-channel.

Legislative concerns

No concern

Payback time (years)

Unknown

1.18.39. Peltier cooling

Peltier or thermoelectric (TE) devices are lightweight, small, and inexpensive and do not utilise
refrigerants. TE devices are limited by their low efficiencies (approximately one third those of a vapour
compression system) but do have some advantages in terms of direct emissions, reliability, quiet
operation and also may be useful for spot cooling.

There is no published information on the use of Peltier coolers in real life retail display cabinets. It
would appear likely that the most suitable application would be to spot cool an area of high
temperature within a cabinet. However, good design and optimisation could potentially overcome
such issues without the use of a more complex additional technology such as Peltier cooling.
Information presented by Min and Rowe (2000) indicated that the COP of current Peltier coolers is less
than 0.5 when operating over a 20 K temperature span. With optimisation, COPs of between 1 and 1.2
were thought possible by the authors. The COP of direct expansion integral systems was presented by
Grace et al., (2000). They suggested that, depending on optimisation of the system, a chilled cabinet
would have a COP of around 2.5. Therefore, it is assumed that if Peltier cooling were used as a
replacement for the current baseline store chilled integral cabinets, the energy usage would be 2.5
times higher (compressor energy only).

The COP value for the TE module is low and therefore is unlikely to replace the traditional vapor
compression system. However, the utilization of TE as a subcooler is easy to control and suitable for
medium and small capacity plants and its utilization with CO; transcritical system were widely
investigated in contrast to other refrigerants but mainly theoretically (Wantha, 2020). Aranguren et
al.,, (2021) performed experimental research by testing an actual transcritical CO2 vapor compression
system including a TE subcooler at the exit of the gas-cooler of the refrigeration system. The results
indicated an enhancement of COP of 11.3% with increase in cooling capacity of 15.3% at optimum
operating point when the discharge pressure was 83.3 bar and voltage supplied to TE modules were 2
V and 9 V for the fans. The experimental study investigating the impact of thermoelectric subcooler
integration to a R134a refrigeration system, while looking into system performance, total power
consumption, and cooling capacity was conducted by Wantha (2020). The study reported an
improvement of the system overall COP 27.3% with increase of 50.7% cooling capacity at a maximum
subcooling of 8K. The cooling capacity of the system was around 300 W, with a subcooler COP around
2 at 7 K subcooling.
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Scope 1 emissions savings (% or 100%
another quantifiable metric)

Quality of scope 1 emissions Assumptions based
information
Scope 2 emissions savings (% or 2.5 times higher energy consumption

another quantifiable metric)

Quality of scope 2 emissions High confidence
information

TRL level TRL5-7
Maintainability issues No issues
Legislative concerns No impact
Payback time (years) None

1.18.40. Pipe insulation

Tubing should be insulated on the low-pressure side between the evaporator and compressor to
minimise condensation (on chiller circuits) or ice build (freezer circuits). Liquid lines on CO; plant may
also require insulation as it may run at an intermediate pressure leading to a below ambient
temperature. There is likely to be some potential benefit in energy consumption due to good insulation
as colder, denser gas will enter the suction of the compressor. However, this is likely to be small.
Liquid lines on economised systems should also be insulated as they may form condensation and the
benefits of the economiser could be somewhat reduced if un-insulated. Liquid lines which run through
hot ceiling voids could also gain heat and lead to flashing so should also be insulated.

It is standard practise to insulate pipework and so there is minimal opportunity for energy savings
unless the refrigeration plant insulation has been damaged or compromised.

Abujab and Abusafa (2022) investigated the economic and environmental impacts due to optimum
thickness selection for thermal piping insulation in building air conditioning system piping network
with different diameters for the common insulation types (rock wool, extruded polystyrene, and
flexible foam). The research was based on the current thermal insulation cost over its life cycle and
was calculated as 15 years. The thermal power savings of 1.2% of the system overall capacity were
obtained with optimal thermal insulation. However, the study concludes that the physical parameters
of the refrigerant, such as quality and flow rate, do not affect the optimal insulation thickness for all
insulation types. These results are for a building air conditioning system and therefore will not be the
same as for a supermarket refrigeration system. However, it is reasonable to expect that energy
savings would be of a similar magnitude as the thermodynamic effect of the heat losses through the
cold long pipe runs are similar.

Scope 1 emissions savings (% or | 0%
another quantifiable metric)

Quality of scope 1 emissions High confidence
information

Scope 2 emissions savings (% or | 1.2% of the system overall thermal capacity
another quantifiable metric)
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Quality of scope 2 emissions Low
information

TRL level TRL8- 9
Maintainability issues No issues
Legislative concerns No impact
Payback time (years) 15

1.18.41. Pipe pressure drops minimisation

Reducing the pressure drops between the compressor and condenser and compressor and evaporator
will reduce the pressure ratio of the compressor, reducing its energy consumption. A saturated
temperature difference in the suction line or liquid line of about 1 K (between compressor and heat
exchanger) would account for an energy penalty of about 3% for a chiller system.

However, it is not practical to significantly minimise suction and discharge line pressure drops, since
sufficient oil return velocity of between 6-10 m/s should be maintained for all operating conditions
and this inevitably imposes a significant pressure drop, especially in systems with long suction line runs
such as pack supermarket systems. The competing requirements of maintaining oil return velocity and
reducing pressure drop will always lead to a significant pressure drop.

Pressure drops can be reduced by reducing pipe runs, and this gives an obvious benefit to integral
systems over remote systems. However, it is essential to consider the energy efficiency of the integral
system being used in comparison with a pack system. A simple integral system without capacity control
for example may be intrinsically less efficient than a pack system with capacity control. There is no
evidence to suggest that energy could be saved in a typical supermarket store. Refrigeration systems
should already be designed for low pressure drops and therefore, there should not be any savings
available for this measure.

Scope 1 emissions savings (% or | 0%

another quantifiable metric)

Quality of scope 1 emissions
information

High confidence

Scope 2 emissions savings (% or
another quantifiable metric)

No quantified value with emission savings reported in the literature

Quality of scope 2 emissions
information

High confidence

TRL level TRL8-9
Maintainability issues No issues
Legislative concerns No impact
Payback time (years) None

1.18.42. Recommissioning

The aim of commissioning new buildings is to ensure that they deliver, if not exceed, the performance
and energy savings promised by their design. When applied to existing buildings, commissioning
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identifies the almost inevitable “drift” from where things should be and puts the building back on
course (Mills, 2009).

It has often been found that significant amounts of energy are wasted through poor commissioning
(Evans et al., 2013) and it is widely known in the industry that recommissioning (commissioning again)
can help (Gaved, 2013). A recommissioning effort will detect and correct any major systemic problems
that develop over time.

There is a crossover between service and maintenance and recommissioning. A very thorough servicing
programme may incorporate many aspects which are considered under recommissioning. Aspects of
recommissioning which are not likely to be included in servicing are optimizing control logic and
establishing the most appropriate equipment set points. It is possible that these have been modified
inappropriately at some point or it may be that things have changed, and new values are considered
more appropriate.

Recommissioning maybe done at different frequencies, either periodically to ensure systems are
operating at their designed set-points or after performing significant maintenance, replacement, or
upgrades to a store which fundamentally change how a store will perform. The U.S. Department of
Energy (2012) recommends recommissioning every three to five years. Recommissioning may be
triggered by other things, e.g., energy consumption or higher-than-normal maintenance costs.
Monitoring of plants and cabinets provides an early warning of equipment losing efficiency and it may
be more prudent to recommission when monitoring indicates there are problems.

A number of refrigeration recommissioning measures are given below:

e Check refrigerated cases set points. It is possible they have been set lower than needed.

e C(Clean and calibrate humidity sensors that control anti-sweat heaters.

e Repair or replace gaskets and seals on refrigerated cases (should be covered under
maintenance).

e Verify correct charge in refrigeration systems and repair any refrigerant leaks. Leaks should be
covered under f-gas maintenance. However, it is possible that systems have been improperly
charged.

e Verify optimal head and suction pressures.

e Verify or establish an effective maintenance protocol.

e Ensure that airflows in refrigerated cases are not blocked by improperly stocked shelves. If
they are, adequate measures, e.g., Training, monitoring or a physical mechanism to stop this
happening, should be put in place.

e Check temperature probe locations. For refrigerant temperatures, they should be in proper
contact with the refrigerant pipe and for air probes they need to be in a sensible position for
measuring the air temperature.

e Training of service contractors is a vital part of ensuring that the plant continues to operate at
the best possible efficiency, much of the blame for poor performance being laid at the door of
under-skilled, time-poor service staff.

Retro- and recommissioning yield average whole-building energy savings of 16% (not specific to
retailing) and a simple payback of 1.1 years, according to Mills (2009).

Some companies offer a recommissioning service paid for as a commission on energy saved and
forecast energy savings of 5 to 10% as a result of recommissioning (Xcel Energy, 2010). Energy savings
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for display cabinets was reported up to 10% (Carbon trust, 2019). A payback period of less than 2 years
was also reported for the recommissioning in supermarket refrigeration system (Klemick et al., 2015).

Scope 1 emissions savings (% or No information available.
another quantifiable metric)

Quality of scope 1 emissions n/a
information

Scope 2 emissions savings (% or Up to 10%
another quantifiable metric)

Quality of scope 2 emissions Low confidence
information

TRL level TRL8-9
Maintainability issues No problems
Legislative concerns No impact
Payback time (years) less than 2 years

1.18.43. Reducing/floating head pressure

Condensing temperatures (as determined by head pressures) need to be higher than the temperature
of their surroundings e.g., air or water, in order to reject heat from the refrigeration system to the
outside environment. Most supermarket refrigeration systems operate with a minimum condenser
head pressure (and temperature), selected to be high enough to allow consistent operation under all
expected operating conditions, ensuring that the thermostatic expansion valves (TXVs) can operate
effectively, and allow the use of refrigerant gas to defrost the evaporators, when required. However,
in many cases, particularly for air cooled systems (which is the most common cooling method used),
there is scope to reduce the condenser head pressure. The benefits of reducing head pressure and
methods that can be used for achieving this are discussed below.

For R744 refrigeration the pressure drop across an expansion valve is greater than with other
refrigerants, so the minimum setting for head pressure control will be a lower condensing
temperature. Therefore, the opportunity for reducing the head pressure is at best reduced and
possibly eliminated.

Effect of head pressure on refrigeration system efficiency

Using a set minimum head pressure means that when outside temperatures fall, the temperature
difference between the condenser and ambient air increase. However, if head pressures are allowed
to float down as ambient air temperatures decrease e.g., in winter, while the temperature difference
between the condenser and ambient air is maintained (allowing heat to continue to be rejected at the
same rate), significant energy savings can be achieved. The savings in energy result from improved
coefficient of performance (COP) of the refrigeration system, which depends on the pressure ratio i.e.
the ratio of condenser to suction pressure. The suction pressure relates to the refrigeration
temperature, so is effectively fixed for a selected operating temperature, however, if the condenser
pressure floats down with the ambient temperature, the compressor work input energy needed is
reduced, and the COP will correspondingly increase. Reducing the head pressure will result in energy
saving of between 2 and 4% for every 1°C reduction in condenser temperature (Carbon Trust, 2011).

Page 136 | 295



EUROPEAN FOOD CHAIN SUPPLY
TO REDUCE GHG EMISSIONS BY 2050

(?M})ENOUGH et road map

Methods of controlling head pressure

There are a number of methods used for controlling the head pressure for air cooled refrigeration
condensers (Parker and Hannifin, 2021), namely: (1) Air side control. For example: (a) fan cycling i.e.
switching fans on and off to control the air flow rate across the condenser, which will affect its
temperature. However, this can cause step changes in temperatures, unstable refrigerant flow and
stress on the fan motors; or (b) a variable speed drive (VSD) can be used for the fans, which provides
better control and less stress on the fan motors but is more expensive; (2) Refrigerant side control.
This involves reducing the condenser surface area. This can be done by: (a) partially flooding the
condenser with liquid refrigerant, in order to maintain a constant head pressure during periods of low
ambient temperatures. However, this requires the use of additional refrigerant, which would be an
issue with charge restrictions, and also a large reservoir that is able to hold all of the refrigerant, when
needed; or (b) splitting the condenser into two circuits, one for summer/winter use and one for
summer only use. The summer condenser is not used during periods of low ambient temperature. This
method requires the installation of a condenser splitting valve in the discharge line.

Issues to consider when floating head pressures

Possible issues that can arise when floating head pressures, at low ambient temperatures are: (A)
underfeeding of TXVs, leading to refrigerant starving of evaporators, reducing their capacity; (B) oil
logging may occur if the load is low e.g. during defrost of the evaporators, resulting accumulation of
oil in the evaporator, which can then cause damage to the compressor when normal refrigerant flow
rates resume; (C) a reduction in compressor efficiency and higher discharge temperatures can also
result from reduced load and underfeeding of TXVs, as a result of high superheats (Demma, 2004).

Strategies to avoid low head pressure issues

Improved and more stable control of refrigerant circulation at low head pressures can be achieved by
using electronic expansion valves (EXVs) instead of TXVs. EEVs are more expensive but can help to
minimise fluctuations in capacity and liquid quality, and better control superheat. Using this approach
15-20% improvements in compressor efficiency were reported, for every 6°C reduction in head
pressure for supermarket refrigeration systems, enabling stable operation while at condenser
temperatures of 21°C and lower (Emerson, 2022). Another way of avoiding low head pressure issues
is to use a liquid pump to maintain refrigerant (see section on liquid pressure amplification (LPA))
circulation and reduce flash gas. When using this approach, energy savings of between 19 and 43%
were reported for two supermarket installations, in the USA (Wheeler and Smith, 1988).

Benefits of reducing head pressure

The Carbon Trust (2011) stated that for a typical refrigeration system with a condenser temperature
set point of 40°C, allowing the head pressure to float down to 20°C, (when the ambient temperature
permits), would typically reduce compressor energy by 25-35% for a chilled temperature system.
Mathematical modelling of supermarket refrigeration systems by Ge and Tassou (2000) found that by
reducing the head pressure set point from 15.1 bar to 12 bar on an existing supermarket system, could
provide substantial energy savings of over 22% for a 24-hour period in summer. They also noted that
variable-speed control of the compressor provided better control of the suction pressure, and reduced
power consumption by 10% compared to an on-off strategy.

In other studies Wang et al (2017) reported energy savings for compressors and condenser fans, when
floating head pressure, of between 4.2 and 28.3% for a range of locations and ambient temperature
conditions, across the US. Yu and Chan (2004) investigated the effect of reducing head pressure using

Page 137 | 295



EUROPEAN FOOD CHAIN SUPPLY
TO REDUCE GHG EMISSIONS BY 2050

(?M})ENOUGH et road map

condenser temperature control for air cooled building chillers. They reported savings in chiller power
consumption of 18.4% across the annual cooling load profile for the building. A study by Yu et al (2006)
investigating the constraints of TEVs on air cooled chillers reported that by using EEVs, differential
pressure requirements could be met while reducing the condenser temperature from 45°C to 22°C,
providing a 28.7% increase in chiller COP. They concluded that the potential savings in chiller power
could help decide the economic viability of replacing a TXV with an EXV to facilitate the floating of head
pressures.

Commercial availability

All equipment needed to allow floating of head pressure is readily available. Simplest method of
controlling head pressure is on-off switching of condenser fans. However, variable speed drive for the
fans reduces stress on fans and avoids sudden changes in refrigerant flow. Also, stability of flow
through expansion device improved by replacing TEV with EEV, but at additional cost. Liquid line pump
can also be used to maintain refrigerant pressure at expansion device, but at additional cost.

Scope 1 emissions savings (% or None
another quantifiable metric)

Quality of scope 1 emissions H

information

Scope 2 emissions savings (% or 5-40% compressor energy, depending on scope for reducing head
another quantifiable metric) pressure e.g., variation in ambient temperatures. This is for HFC

systems. For R744 systems there is no evidence that head pressure
is maintained higher than required.

Quality of scope 2 emissions M

information

TRL level TRL8-9

Maintainability issues M — need to avoid low head pressure problems e.g., due to unstable
TXV operation

Legislative concerns L

Payback time (years) Depends on whether additional equipment e.g., EEV expansion

device or variable speed drive fans are installed

1.18.44. Reducing thermal radiation

Refrigerated retail cabinets gain heat by infiltration and by convective, conductive and radiative heat
transfer. The rate of heat gain and proportions of the different heat transfer modes depend on the
design of the refrigerated cabinet (e.g., vertical or horizontal) and the temperature difference between
the inside of the cabinet and its surroundings. Radiative heat gain is greatest where temperature
differences are highest. Faramarzi et al (2000) reported a radiation heat load of 8-10% for a medium
temperature (i.e., chilled) open vertical cabinet, but a radiation heat load of 43% for a low temperature
(i.e., frozen) coffin (or well) type cabinet. A study by Sarhadian et al (2004) showed that radiation
accounted for 12% of the heat load for an open multi-deck (vertical) medium temperature display
cabinet. In a further study, Faramarzi et al (2002) found a radiation heat load of 7.5% (of the total) for
a medium temperature open vertical cabinet, in contrast to a radiation heat load of 1.3%, for a medium
temperature closed (i.e., glass door) vertical cabinet, with a total reduction in heat load (from all heat
transfer modes) of 68%. Radiative heat load for refrigerated retail display cabinets or the products
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within these cabinets, depends on the emissivity of their surfaces. Emissivity values (between 0 and
1.0) represent the fraction of the incident radiation that is absorbed or reflected. For example, matt
black paint surfaces may have an emissivity of 0.95, indicating that 95% of the heat is absorbed and
5% reflected, whereas aluminium foil may have an emissivity of 0.04, indicating that 4% of the heat is
absorbed and 96% reflected. Standard glass typically has an emissivity between 0.85 and 0.95.
Consequently, by using different materials, the radiative heat load for refrigerated display cabinets can
be modified.

Radiant reflectors

Aluminium foil or infrared reflectors provide low emissivity surfaces and are used in some open display
refrigerated cabinets, both for aesthetic reasons and to reduce radiation heat transfer. They have
greatest impact on freezer cabinets, although open freezer cabinets are less popular nowadays (only
horizontal freezer cabinets are available, not vertical), with glass door freezer cabinets most common.
Radiant heat reflectors are less effective for vertical display cabinets due to the orientation of the
exposed surfaces, which tend to face cooler surfaces within the supermarket room, than horizontal
cabinets which face a warm ceiling. The use of radiant heat reflectors in open well-type freezer
cabinets was reported by Hawkins et al (1973), who found 2 K reductions (in the highest temperature
locations) for products stored within the cabinets, by using simple reflectors, and reductions of up to
5 K, using corner cube type reflectors. This would represent energy savings of between 5 and 8%, if the
evaporator temperature for these cabinets was increased by between 2 and 5 K.

Afonso and Matos (2006) investigated the effect of radiant shields (i.e., aluminium foil reflectors)
placed around the air condenser and compressor components of the refrigeration system for a
domestic refrigerator-freezer. They found a decrease in the internal temperatures of the refrigerator-
freezer of 2 K. No difference in the energy consumption of the refrigeration system with or without
the radiant shields was found in these tests, however, if the evaporator temperature was increased by
2 K, when using the radiant shield, it is estimated that an energy and carbon saving of 5% could be
achieved. These results could be applicable to integral refrigerated retail display cabinets; however,
this type of shielding would not improve the performance of remote display cabinets.

Scope 1 emissions savings (% None
or another quantifiable metric)

Quality of scope 1 emissions H
information
Scope 2 emissions savings (% 5-8% (for low temperature, open well-type display cabinets)

or another quantifiable metric)

Quality of scope 2 emissions M

information

TRL level TRL 8-9

Maintainability issues None

Legislative concerns None

Payback time (years) No information available.

Low emissivity glass

An experimental study comparing the use of TEC15 low emissivity (0.2) glass with high emissivity (0.9)
glass, in a medium temperature (i.e., chilled) horizontal delicatessen cabinet was reported by Paurine
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et al (2018). The comparison involved measuring the surface temperatures of food products placed
within the cabinets, with the tests carried out under controlled environmental and operating
conditions. It was found that lower food surface temperatures (of the order of 2 K, on average) were
obtained when using the low emissivity TEC15 glass, and it was estimated that energy (and carbon
emissions) savings of approximately 13.5% could be obtained.

Scope 1 emissions savings (% None
or another quantifiable metric)

Quality of scope 1 emissions H
information
Scope 2 emissions savings (% Up to 13.5% (for medium temperature, horizontal, delicatessen cabinet)

or another quantifiable metric)

Quality of scope 2 emissions M
information

TRL level TRL 8-9
Maintainability issues None
Legislative concerns None
Payback time (years) Not available

Low emissivity packaging

An alternative approach to reducing radiative heat transfer to food products placed in refrigerated
retail display cabinets is to use low emissivity packaging for the food products. Cortella (2008) noted
that frozen food is often wrapped in aluminium bags, with emissivities of typically 0.2 to 0.3, which is
much lower than that for paper (emissivity 0.9 to 0.95). In open refrigerated display cabinets, the use
of low emissivity packaging can provide reductions in food temperatures of 4 to 5 K for food placed at
the front or top of the cabinet. This would imply that the evaporator for these refrigerated cabinets
could be increased by 4 to 5 K, which could provide energy and carbon emission savings of 12 to 15%.
Davies et al. (2012) examined the potential to use new printing techniques to produce low emissivity
packaging. In the work they measured packaging emissivities from 0.79 (waxed paper) to 0.01
(aluminium foil/plastic laminate). They showed food top surface temperatures were reduced by 10.6,
9.9, 9.4 and 6.0 K for packaging emissivities of 0.01, 0.07, 0.28 and 0.44 compared to the standard
packaging emissivity of 0.79, when used in a low temperature open well-type display cabinet. This
would enable refrigeration system efficiency improvements that could reduce energy consumption
and carbon by up to 30%. Overall carbon savings were predicted based on energy and the use of
packaging with low embodied carbon.

Scope 1 emissions savings (% None
or another quantifiable metric)

Quality of scope 1 emissions None
information
Scope 2 emissions savings (% Up to 30% (for low temperature open well-type display cabinet)

or another quantifiable metric)

Quality of scope 2 emissions M
information
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TRL level TRL 3-4; or TRL 8-9

Maintainability issues None

Legislative concerns None identified to date

Payback time (years) Not applicable. Any small additional cost of packaging recovered in
product price

Commercial availability of these technologies

There are a number of manufacturers offering low-E (i.e., low emissivity) glass as an option for
supermarket refrigerated display cabinets. These include: Oscartielle’s Brione 2 and Dione refrigerated
glass doored cabinets; Quisure’s insulated glass door refrigerated display cabinets; and low emissivity
glass manufacturers of low emissivity glass for refrigerated display cabinets e.g., Glacier Door Systems.

1.18.45. Refrigerants - general

The Paris Agreement is a legally binding international treaty on climate change. It was adopted by 196
Parties at COP 21 in Paris, on 12 December 2015 and entered into force on 4 November 2016. Its goal
is to limit global warming to well below 2, preferably to 1.5 degrees Celsius, compared to pre-industrial
levels. To achieve this long-term temperature goal, countries aim to reach global peaking of
greenhouse gas emissions as soon as possible to achieve a climate neutral world by mid-century.

To control emissions from fluorinated greenhouse gases (F-gases), including hydrofluorocarbons
(HFCs), the European Union has adopted the F-gas Regulation. The current F-gas regulation, which
applies since 1 January 2015, replaces the original F-gas adopted in 2006.

The current Regulation strengthened the previous measures and introduced far-reaching changes by:

e Limiting the total amount of the most important F-gases that can be sold in the EU from 2015
onwards and phasing them down in steps to one-fifth of 2014 sales in 2030. This will be the
main driver of the move towards more climate-friendly technologies;

e Banning the use of F-gases in many new types of equipment where less harmful alternatives
are widely available;

e Preventing emissions of F-gases from existing equipment by requiring checks, proper
servicing and recovery of the gases at the end of the equipment's life.

In 2020 HFCs with global warming potentials of more than 2,500 were banned in all refrigeration
systems. This mainly covered R404A which was typical in supermarket refrigeration systems and has a
GWP of 3922. A service ban also came into force which meant that equipment with a charge in CO;
equivalent greater than 40 tonnes will no longer be able to be refilled or serviced with virgin HFCs with
a GWP > 2,500. For an R404A system, typical in supermarket refrigeration, this covers any system with
a charge of more than 10.2 kg. Recycled or reclaimed gases with a GWP > 2,500 can still be used for
servicing and maintenance until 2030, if labelled correctly.

Although possible, the use of HFCs with a high GWP will become increasingly expensive, so in the long
term it will make financial sense to opt for equipment containing refrigerants with a low GWP.

From 2022 all F gases with global warming potentials of more than 150 will be banned as the
refrigerant or foam blowing agent in any hermetically sealed system. Supermarket remote systems are
not hermitically sealed, however, refrigerated cabinets with integral refrigeration system are. This
mainly affects the use of HFC 134a (GWP of 1430) and most non-flammable “drop-in” refrigerants.
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F gases with global warming potentials of more than 150 will also be banned in central pack systems
with a rated cooling capacity of 40 kW or more. This covers centralised refrigeration systems supplying
many refrigerated cabinets.

Typical interim drop-in replacements for R404A are R407A/F/H, RA48A, R449A, RA52A. These
refrigerants are non-toxic and non-flammable but have a GWPs between 1300 and 2200. For longer
term alternatives, refrigerants R455A and R455C have a GWP of 148 but are flammable (Class A2L) and
therefore not “drop-in” refrigerants. Natural refrigerant such as hydrocarbons (HCs), CO; and ammonia
offer very low GWP (<10) but in the case of HCs are also flammable, CO, is technically more difficult,
and ammonia is toxic, therefore, it is difficult to be applied directly in public space, i.e. requires indirect
systems.

HFC taxes are used in some European countries, for example in 2014 Norway had a tax of € 55 per kg
of R134a (Maratou, Skacanova, and Chasserot 2014), in 2023, the tax rate is 0,952 NOK*? per kilo of
the GWP value.

At the time of writing (March 2023) the European Parliament supported an HFC phase out by 2050 and
multiple bans on fluorinated greenhouse gases (f-gases, both HFCs and HFOs) in applications such as
heat pumps and stationary refrigeration. The phase out of HFCs by 2050 takes the phase down of 80%
to 85% between 2036 and 2047. The proposed revision would bind this legislation to the PFAS (per-
and polyfluoroalkyl substances) restriction process.

1.1.1.4 Carbon dioxide (CO,, R744)

Carbon dioxide (R744) is an alternative refrigerant for remote supermarket refrigeration systems and
heat pump chillers. The major benefit over currently used HFCs is that it has a GWP of 1. The major
benefit over HCs, (the other alternative to HFCs) is that it is non-flammable.

R744 is hazardous to health at reasonably low concentrations, so this also needs to be taken into
account if the concentration of CO:can build up in confined spaces due to a leak. Despite the issues
with R744, many retailers are convinced that the benefits far outweigh the drawbacks.

R744 systems started to grow in 2001 in Scandinavian countries when Denmark introduced GWP based
taxation of refrigerants. Later in 2007 a charge limitation of 10 kg was placed on HFC systems, ruling
them out supermarket refrigerated cabinets (Matthiesen, Madsen, and Mikhailov 2010).

R744 has very different properties from other refrigerants at working temperatures. The saturated
vapour pressure of R744 at -10 °C is 26 bar, as opposed to 4.3 bar for R404A, therefore, the transport
properties are excellent, and pressure drop in long pipelines does not reduce the performance as in
conventional unit. The pipework and joints need to be able to withstand a much higher pressure,
however, the pipes itself are much smaller in size (diameter). When the saturated vapour temperature
is below 31 °C the system will be operating sub-critically and therefore similar to a standard
refrigeration system. However, when above this temperature, the discharge pressure is above 73 bar
and the system will operate trans-critically. This means that heat at the high-pressure side of the cycle
cannot be rejected by condensation in a condenser but instead must be rejected by gas cooling, i.e. at
gliding temperatures. Whether the system is operating sub or trans-critically will depend on climatic
conditions.

42 https://www.skatteetaten.no/en/business-and-organisation/vat-and-duties/excise-duties/about-the-excise-

duties/hfc-and-pfc/
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Sawalha et al. (2017) compared field measurement and modelling results of COP’s for HFC and CO;
systems, the new CO; systems had higher total COP than HFC systems for outdoor temperatures lower
than about 24 °C. The modelling was used to calculate the annual energy use of HFC and new CO;
system in an average size supermarket in Stockholm, new CO; systems use about 20% less energy than
a typical HFC system.

In addition, according to Sawalha et al. (2017), “new” installations (i.e. booster-based architectures)
are characterized by higher COPs at outdoor temperatures below 24 °C, as well as by an energy saving
by 20% compared to HFC systems in an average-size supermarket in Stockholm

In theory, a transcritical refrigeration system is not efficient, however, in practice, most transcritical
systems that have been installed are as efficient or more energy efficient than corresponding state of
the art R404A systems (Matthiesen, Madsen, and Mikhailov 2010). There are several reasons for this,
but most important is that the trans-critical systems are installed in areas where they actually operate
sub-critically most of the year. Therefore, this has given rise to the so-called “CO; efficiency equator”.
By that time, this line approximately falls on the Northern border of Spain and Italy, making tran-
scritical R744 systems in countries below this latitude less efficient than the typical subcritical R404A
refrigerant. Additional technologies can make R744 systems more efficient than HFCs, these are heat
reclaim, booster systems, parallel compression and ejectors, thereby eliminating the so-called “CO;
efficiency equator”.

According to EIA and Shecco (2018) adding an adiabatic gas cooler to a trans-critical system offers
annual energy savings of 8-12%. Adding parallel compression delivers 6-8% savings and in combination
with gas ejectors, savings can reach 8-10% compared to a trans-critical system without these
enhancements. These additional technologies, recommend for new systems installed in warm climate
regions to reduce the energy consumption also led to increased installation costs. Currently, initial
costs of enhanced CO; trans-critical systems are higher than conventional HFC based systems; for
example, the price of a system with ejector technology and parallel compression is up to 10% higher
than a standard CO, booster system; however, this is expected to change as the technology becomes
more widespread (as has occurred with the standard CO, booster system), and simplified ejector
system configurations are implemented, as shown by SINTEF/NTNU (Pardifias et al.). The cost of CO,
compressors in Europe is now on par or even lower than the cost of HFC compressors; however, cost
is still an issue for variable speed technology, especially for larger equipment.

From the end of 2011 up until October 2013 an additional 1,555 R744 TC supermarkets appeared on
the European market, bringing the total number of CO, TC stores in Europe to 2,885 (Masson 2014).
The adoption of R744 varies in Europe, mainly for climatic reasons, but also legislative. Only 21
installations were running in Southern Europe (i.e., Spain, Italy) over the same period of time. German
retail group ALDI Sid reports that the discount food retail giant had 1,496 stores using CO; transcritical
systems worldwide in 2017 (McLaughlin 2018). Plug-ins using CO; are also available and tests have
shown 16 per cent energy usage reduction compared to HFC-404A units. The initial system cost
however is eight per cent higher for the CO; unit, owing to the heat exchanger costs (Menghini 2016).
Case Study

Food retailers who participated in the Life-C4R (Carbon 4 Retail Refrigeration) project reported energy
savings and other benefits associated with installations of transcritical CO, (R744) equipment in warm
ambient climates (McLaughlin, 2018). The first pilot project for the Life-C4R project, launched in
October 2019, took place at a store in Carpenedolo, Italy, where summer temperatures frequently
reach 35°C. The store saved 54,514kWh/year compared to standard solutions. At a store in Bologna,
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Italy, they saved 55,868 kWh/year. These systems used patented technology whereby a low-pressure
liquid receiver is used to flood medium-temperature cabinets with liquid CO,, eliminating superheat
and allowing the evaporation temperature of the cabinets — and, ultimately, the efficiency of the
system — to increase. Case Study II: See: https://www.ntnu.edu/multipack/virtual-tour-to-demo-sites

Cascade

The advantage of a cascade system is that the high-pressure side of the R744 circuit can be kept
subcritical by using the low pressure side of another refrigerant to cool it.

R404A has been used for the high temperature circuit, as it is has been the predominant refrigerant
used in supermarkets for many years. As the high temperature circuit is confined to the plant room,
leakages of the higher GWP fluid can be kept to a minimum.

Da Silva et al. (2012) compared a R744/R404A cascade system to a conventional R404 system. They
found that the cascade system presented a lower refrigerant charge, 47 kg of both fluids, which
represents less than a half of the refrigerant charge of the other system. They found the cascade
system to be 22-25% more efficient than the R404A system. The two racks that make up the cascade
system using CO2 on low temperature and R404A on high temperature stage were found to be 18.5%
(based on 2008 values) more expensive than single stage racks using R22 and R404A based on the
same cooling capacity. CO, evaporators were physically smaller and less expensive due to the
increased specific cooling capacity of the refrigerant. It was found that the R404A evaporators need
approximately 20% more surface area to achieve the same thermal performance as the CO2
evaporators (based on the same temperature difference between evaporating and room
temperature). Refrigerant charge in each of the three systems also has an influence on the total cost.
The cascade system has 32 kg of CO, as well as an additional 15 kg of R404A, (32 + 15 = 47 kg). The
R404A system had 125 kg.

However, with future F-gas legislation, another refrigerant is required. Cabello et al. (2017) conducted
an experimental comparison of a cascade refrigeration facility working with the refrigerant pairs
R134a/R744 and R152a/R744. They found that, apart from safety considerations, as R152a is included
in the A2 group, the results of the wide range of tests conducted show that no special energy
improvement or penalty is achieved. They also concluded that replacement of R134a with R152a is
technically and energetically feasible.

Amaris et al (2019) found that an R744 cascade system had better performance than a R744 booster
conventional system and R744 parallel-compressor booster system above ambient temperatures of 2
and 14°C respectively.

As the high side is outside the building, this allows the possibility of using flammable refrigerants. Felzer
(2020) produce a R290/R744 cascade system for supermarkets, as a relevant and future proof
alternative in warm climate regions.

The latest figures from Masson et al. (2014) reveal 1,639 stores using CO,/HFC cascade systems in
Europe. In addition, 19 stores use CO,/NH; cascade systems. Germany has the highest number of these
systems. A German retailer has shown 35% energy savings using R134a/R744 compared to the
previously used R404A systems.

Booster systems

A booster system uses two compressors to run both LT and MT packs in the same cycle. The first
prototype was developed in the framework of the EU Project “Life” at Danish Technological Institute
in June 2006 and installed in a small Danish store in 2007.
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Fricke et al. (2016) compared the coefficients of performance of a trans-critical CO, booster and an
HFC-based refrigeration, and it was found that over the outdoor ambient temperature range of 15.6°C
to 31.1°C, the COP of the trans-critical CO, booster system was on average 15% greater than that of
the HFC system.

Carrier has installed a transcritical CO; booster system in a Carrefour supermarket in Valencia, Spain,
where temperatures average 30 °C in summer (Cooling Post 2014). This system uses hydrocarbon
subcoolers, economisers and parallel compression to allow the CO; system to operate efficiently at
such high ambient temperatures. After 15 months of operation the system is showing a return on
investment of 1.2 years with energy savings of 13% from the refrigeration system.

RDM controls have equipped New Zealand’s first transcritical CO:refrigeration grocery store. The new
plant has only been running for a relatively short period, yet early indications are that the system is
delivering "a double digit percentage reduction in energy use" compared with conventional systems
(Darby 2018).

Parallel compression

In a conventional R744 booster system, the amount of flash gas removed from the liquid receiver and
thus compressed by the high stage (HS) compressors goes up significantly with rise in outdoor
temperature (Gullo, Hafner, and Banasiak 2018). Gullo et al. (2016) estimated that in trans-critical
running modes the flash gas mass flow rate is on average equal to 45% of the total mass flow rate. As
a consequence, extremely poor performance can be ascribable to such a technology in high ambient
temperature countries. A method, which leads to modest enhancements in COP, is that based on the
compression of a part of or the total amount of the flash gas from IP to HP with the aid of one or more
parallel (or auxiliary) compressor(s). As reported by Gullo and Hafner (2017) compared to a R404A
direct expansion unit, the energy efficiency limit commonly experienced by conventional booster
technology at outdoor temperatures above about 14°C can be pushed up to 27°C by adopting parallel
compression.

Secondary system

With a secondary system, R744 is pumped as a volatile secondary fluid through the evaporators of the
refrigerated appliances where it boils and provides the cooling effect. The return pipe to the receiver
carries a mixture of liquid and gas. The high side will primarily use an HFC refrigerant in a conventional
circuit. This does not appear to be a common system type and no references to systems in Europe
were found.

Scope 1 emissions savings (% or GWP of refrigerant reduced to 1.
another quantifiable metric)

Quality of scope 1 emissions High
information

Scope 2 emissions savings (% or Up to 20% quoted compared to HFC. This value depends on type of CO2

another quantifiable metric) system and where installed. High ambient temperatures in Southern
Europe can still offer energy savings, but plant may need to be more
complex.

Quality of scope 2 emissions High. A number of peer reviewed publications agreeing and lots of case

information studies.

TRL level TRL8-9

Maintainability issues Less staff trained for CO..
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Legislative concerns None.

Payback time (years) Lack of published information. An efficient R744 supermarket may cost
up to 10% more than an HFC equivalent but the energy savings achieved
should balance the additional cost giving paybacks of <1 year.

1.18.46. Refrigerant - HFO refrigerants and blends

Hydrofluoroolefin (HFO) refrigerants are considered “fourth and last generation” refrigerants. They
are unsaturated organic compounds composed of hydrogen, fluorine and carbon. The main benefit of
these refrigerants is that they have 0.1% of the GWP of HFCs, however, their decomposition products,
especially TFA and PFAS, are significantly reducing the applications which are allowed to apply these
kind of synthetic working fluids . For refrigeration applications the two HFOs are R1234yf, R1234ze and
R1234zd.

R1234yf (GWP =<1, on a 100-year perspective) was developed for motor vehicle air conditioning and
was used to replace R134a from 2011 to 2017. It is not suitable for supermarket refrigeration in its
pure form. It is mildly flammable (A2L classification).

R1234ze (GWP = 7) is currently still allowed to be used for air-cooled and water-cooled chillers. It has
a comparable energy efficiency, but slightly lower cooling performance compared to R134a. Although
it is classed A2L, it is considered non-flammable at 20°C ambient temperature, however, forms a
flammable mixture with air at temperatures above 30°C. PED fluid group 2.

R1234zd (GWP =4.5) can be used in low pressure chillers where R-123 may have been used in the past
or for organic Rankine cycle applications.

Blends
There are many refrigerant blends containing HFOs (Table 13).

Table 13. List of HFO based refrigerants suitable for supermarket refrigeration.

R-number  Composition ‘ GWP Replacement Safety class
444A R32/152a/1234ze 93 134a A2L
445A R744/134a/1234ze 120 134a A2L
448A R32/125/1234yf/134a/1234ze | 1387 404A Al
449A R32/ 125/ 1234yf/ 134a 1397 404A Al
450A R134a/ 1234ze 605 134a Al
451A R1234yf/ 134a 133 134a A2L
451B R1234yf/ 134a 146 134a A2L
452A R32/ 125/1234yf 2140 404A Al
454A R1234yf/R32 239 404A A2L
454C R1234yf/R32 148 404A A2L
455A R32/ 1234yf/744 148 404A A2L
513A R1234yf/ 134a 631 134a Al
513B R1234yf/134a 596 134a Al
515B R1234yf/134a 293 134a Al
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Orucg et al (2021) experimentally investigated blends R454A and R454C in a R404A refrigeration system.
Three evaporation temperatures (-5, 0 and +5°C) were considered. The COP of R454A and R454C were
greater than R404A by about 14% and 10%, respectively. The cooling capacity of R454A was higher
than R404A by 11%. These refrigerants could be used directly in available R404A systems without any
constructional modification requirement if safety concerns can be solved.

Makhnatch et al. (2017) carried out a retrofit of R449A into an existing R404A medium temperature
indirect supermarket refrigeration system (secondary fluid temperature at the evaporator outlet
between -9 and -4 °C). It was demonstrated that with a slight expansion device adjustment and 4%
increase of refrigerant charge, R449A could be used in this refrigeration system designed for R404A
because of its suitable thermodynamic properties and acceptable maximum discharge temperature.
At a secondary fluid temperature at the condenser inlet of 30 °C, the COP of R449A nearly matches
that of R404A (both were between 1.9 and 2.2), despite having approximately 13% lower cooling
capacity.

Hart et al (2020) investigated investment strategies to reduce carbon intensive refrigerants in the food
retail industry. The marginal abatement cost (MAC) curve, relating to CO,. abatement for an average
30K ft? store in the estate, demonstrates the benefit of R449A retrofitting. Achieving 45% of the R-744
CO.e savings at just 9% of the MAC, it is a useful stepping-stone towards the superior, but costly, R744
CO4. savings available. The strong uptake of retrofitting with R449A may mean the industry becomes
over reliant on this single refrigerant and, as regulatory phaseouts commence, and prices rise,
companies could be left exposed. They also showed that although R449A is a better retrofit option,
however, new stores should implement R744, as it is seen to be a future proof option, beside HC based
systems.

Peterson et al, (2016) looked at fractionation of the blends during leakage due to their temperature
glide during phase change. They showed that the composition shift of the blend components for a
charge loss of 20% to 30% remained within typical refrigerant tolerances. The performance parameters
for capacity and efficiency remained within £5%.

Mendoza-Miranda et al. (2016) carried out a comparative evaluation of R1234yf, R1234ze and R450A as
alternatives to R134a in a variable speed reciprocating compressors. Predictions showed a reduction
in the cooling capacity obtained with R1234yf, R450A and R1234ze, in comparison with R134a. Also,
COP values for R1234yf, R450A, and R1234ze were lower than those obtained from R134a.

Gullo and Cortella (2016) found R1234ze can be effectively used in indirect refrigerating plants along
with R744 as the secondary fluid. Secondary loop systems using natural or HFO refrigerants as the
primary working fluid and R744 as the secondary fluid could be considered as an efficient alternative
to currently used technologies as long as a suitable trade-off among economic, environmental, and
energetic aspects is found.

Gil et al (2021) theoretically tested new HFC/HFO blends. The analysis showed that it is extremely
difficult to find a blend with a negligible impact on the greenhouse effect and at the same time good
thermodynamic properties, which could be used as a replacement for R404A in low-temperature
systems.

Prices of HFC refrigerants in Europe stabilised in the first quarter of 2020, but R1234yf declined in price
for the first time https://www.coolingpost.com/world-news/hfc-refrigerant-prices-stabilise/.
However, R1234yf was still more expensive than the HFC blends containing it. By comparing online
prices (https://www.wolseley.co.uk/) of refrigerants, R407F was the most expensive, closely followed
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by R1234ze. R134a, R448A, R449A were about half the price of R407F. R452A was about 75% of the
price of R407F and reclaimed R404A was 2/3 the price of R407F.

Citarella et al.(2022) carried out a thermo-economic study food refrigeration system working with low
environmental impact refrigerants. They found that R449A is the refrigerant with the lowest set-up
costs, and its COP in the optimal configuration is similar than those of R452A and R404A, representing
a good compromise as mid-term R404A replacement. Among the refrigerants with a GWP below 150,
R454C had the lowest set-up costs and the second highest value of COP (Table 14).

Table 14. Capacity and COP of HFO blends at different conditions compared to R404A as well as GWP

and ASHRAE class.

Refrigerant Capacity cop Reference Evaporating
temperature

R448A Similar +4 1o +9% Sethi et al, (2016) Low

R448A -15to0-12% +13t021% Mota-Babiloni et al, (2014). | Low

R448A -6 to -1% +6 to +15% Mota-Babii et al, (2014) Medium

R449A -9to +2% +2 to +15% Tecumseh, (2016) Low

R449A -9to-3% +2 to +9% Tecumseh, (2016) Medium

R452A -1to +1% +5 to +10% Tecumseh, (2016) Low

R452A -4 to -2% +1to +2% Tecumseh, (2016) Medium

R454A +8% +8% Hughes (2018) Low

R454A +6% +4% Hughes (2018) Medium

R454C -22t0-16% +1to +3% Tecumseh (2020) Medium

R454C -30to -20% -6 to -2% Tecumseh (2020) Low

R455A -2t0-13% +6 to +8% Tecumseh (2020) Medium

R455A -2t0-22% -2 to +5% Tecumseh (2020) Low

Scope 1 emissions savings (% or
another quantifiable metric)

In proportion to their GWP.

Quality of scope 1 emissions
information

High

Scope 2 emissions savings (% or
another quantifiable metric)

It is not possible to come up with an overall value as there are many
blends and they perform differently under different conditions.

Quality of scope 2 emissions
information

High. A number of peer reviewed publications agreeing and lots of case
studies. However, the COP of the blends is almost always higher than for
R404A. The worst case reported is R454C used at low temperatures
where the COP can be reduced by up to 6%. The best case is the R448A
at low temperatures where the COP can be increased by up to 21%.

Although the COP is generally higher, the capacity of these refrigerants
is general lower, by a similar degree. Therefore, components such as
evaporators may need to increase.
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TRL level TRL8-9
Maintainability issues Potentially some issues around flammability.
Legislative concerns A2L refrigerants will require some safety. Blends above GWP of 150 will

be subject to some restrictions due to f-gas regulations.

Also, potential issues with new regulation and PFAS.

Payback time (years) Systems becoming similar in price to conventional HRC systems
(especially if the HFO used is Al classification).

1.18.47. Refrigerant - HC refrigerants

Hydrocarbon (HC) refrigerants are natural, low toxicity refrigerants that have no ozone depleting
properties and negligible global warming potential. There are 3 common HCs used in refrigeration.
These are R290 (propane), R600a (isobutane) and R1270 (propylene). A number of other
hydrocarbons, such as blends containing ethane, propane or butane, are also used as refrigerants.

HC refrigerants have an A3 safety classification. Due to the flammability of HC refrigerants, the quantity
of refrigerant which can be used in a refrigeration system is limited, such that they are unable to be
used in distributed systems where refrigerant is transported from a central condensing unit to multiple
evaporators through piping.

For distributed systems, secondary circuits must be used. They can, however, be used in integral
cabinets as long as charge restrictions are observed. The limit for R290 is approximately 1 kg according
to EN 378 standard.

R600a (GWP of 4) has a lower volumetric refrigerating effect (VRE) than R134a and therefore requires
a specific compressor. R290 (GWP of 3) and R1270 (GWP of 2) have similar thermodynamic properties
to and therefore can be used as a retrofit. However, flammability mitigation measures must be taken.

The world’s biggest retailers and food and beverage manufacturers have been testing natural
refrigerants since the early 2000s. Since approximately 2010 they have moved beyond pilot projects,
undertaking mass rollouts of R290 propane-based standalone refrigeration cases (HRAI 2020).

Arslan et al. (2021) saw a 24% increase in COP of R290 compared to R449A.

Anthunes et al. (2016) experimentally investigated drop in alternatives refrigerants to R22. The
behaviour of the refrigerants (with the same cooling capacity) showed that the system with the R1270
had the highest COP values for the same evaporation conditions. At an evaporating temperature of -
10°C it had a 20% higher cooling capacity than R404A and 13% higher than R290. R1270 had a 29%
higher COP than R404A and 5% higher than R290.

R290 can also be used to provide sub-cooling of a two stage transcritical R744 system. This can
significantly increase the COP of the system (Liu et al. 2019). Hydrocarbons can also be used in cascade
refrigeration systems with R744 in the low-temperature circuit (Bellos and Tzivanidis 2019)

Tecumseh (2019) state an increase in COP of between 8 to 31% from changing from their R404A
compressors to replacement R290 compressors at -35°C evaporating temperature and 40°C
condensing temperature. They also state an increase in COP of between -2 (decrease) to 28% from
changing from their R134A compressors to replacement R290 compressors at -10°C evaporating
temperature and 50°C condensing temperature.

Arnemann et al. (2012) carried out experiments with a scroll compressor. They showed R290 and
R1270 have a higher COP than R404A at higher pressure ratios. At low pressure ratios, R290 does not

Page 149 | 295



EUROPEAN FOOD CHAIN SUPPLY
TO REDUCE GHG EMISSIONS BY 2050

@BENOUGH et road map

show such an advantage, while R1270 always has a better COP than R404A. At an evaporating
temperature of -10 °C, R290 has a better COP than R404A, between 0 and 29% for a condensing
temperature of 30 and 60 °C, respectively. At the same conditions, R1270 has a better COP of between
8 and 15%.

R290 is used with polyolester oil in compressors, meaning material compatibility is almost identical to
R134a or R404A in terms of oil.

It is technically feasible to remove R404A or R134a from existing systems and replace them with R290,
R1270 or blends containing HC, as appropriate. However, it is highly likely that the resultant system
will not comply with safety rules related to the application of HC refrigerants because the refrigerant
quantity is unlikely to comply with charge limits and the electrical equipment will not be suitably
protected.

The safety of commercial applications with incorporated or remote condensing units in Europe is
covered under EN 60335-2-89 and is currently limited to a refrigerant charge of 150 g. Above this
charge is covered by EN 378. However, the IEC version was updated to allow charges of approximately
500 g of R290 and 1.2 kg of A2L refrigerants. Thisis not yet harmonised with the relevant EU Directives.

Scope 1 emissions savings (% or In proportion to their GWP.
another quantifiable metric)

Quality of scope 1 emissions High
information
Scope 2 emissions savings (% or -2to +31%

another quantifiable metric)

Quality of scope 2 emissions High. A number of peer reviewed publications agreeing and lots of case

information studies. The COP of both R290 and R1270 is almost always quoted as
higher than R404A.

TRL level TRL8-9

Maintainability issues None

Legislative concerns Flammable so require compliance with relevant standard.

Payback time (years) Generally, cost parity with HFC systems.

1.18.48. Secondary systems

The majority of medium and large supermarkets use multiplex refrigeration systems with direct
expansion evaporators in each of the display cabinets, with refrigerant distributed by means of
common suction and discharge lines to a centralised refrigeration system in a plant room (lIR, 2018).
Consequently, they use a large refrigerant charge and are prone to leakage e.g., typically 15 to 17%
per annum (Zhang, 2006 and Accurio, 2017). Secondary loop systems use a refrigeration system
contained in a plant room to cool a secondary fluid which is then circulated to all the display cabinets
in the supermarket. The secondary fluids are often termed brines, but are typically single-phase glycol
based fluids, although two phase CO, or ice slurries can also be used. In supermarkets, secondary loop
systems are most commonly used for cooling medium temperature display cabinets, although CO; or
potassium formate can be used for low temperature i.e., freezer, cabinets.

The main advantage of secondary loop systems is that they use fluids with virtually zero (or 1 in the
case of CO,), so there are no emissions from any leakage. Also, the primary refrigerant which may have
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a higher GWP, is contained in the plant room and a lower refrigerant charge is needed and leakage
rates are likely to be lower, so overall refrigerant leakage will be lower and direct emissions greatly
reduced. The use of secondary loop systems has been claimed to reduce direct emissions by up to
90% compared to multiplex centralised refrigeration systems for supermarkets, where high GWP
refrigerants e.g., R404A or R507A are used e.g., Wang et al (2010), Palm (2007).

Whether secondary systems are more or less expensive is disputed. Delventura et al (2007) state that
there is a cost saving due to reduced halocarbon refrigerant (this would not necessarily be the case
with R744) and the reduction in pipe length. They also state a field trial by the California Energy
Commission conducted over a 9-month period resulting in energy savings of 4.9%. Another advantage
suggested by Delventura et al (2007) were ease of maintenance due to simplified pipe layout, not
requiring f-gas trained technicians, no need to adjust TEVs (this is not the case if EEVs are used) and
reduced oil return issues. According to ACHR (2009) this can lead to up to 50% lower maintenance
costs.

IIR (2018) state extra costs due to the introduction of an additional heat exchanger between the
primary refrigerant and the brine, which reduces the performance (i.e., COP) of the cooling system
compared with multiplex systems; the energy consumption of the brine circulation pumps are high, as
secondary fluids are often viscous, particularly at low temperatures. Stignor (2007) reported that
replacing propylene glycol (39%.) with Temper -20 reduces total costs and using variable speed pumps
can reduce energy consumption by almost 30%

The use of CO; as a secondary fluid can reduce the power consumption of the liquid circulation pumps
(due to its low viscosity, thereby reducing the pressure drop in the secondary loop). It can also enhance
heat transfer in the heat exchangers and improve the overall performance of the refrigeration system.
It was concluded that although secondary loop systems are likely to be more expensive, in terms of
capital cost, the potential reduction in operating costs could compensate for this, although this would
need to be evaluated on a case-by-case basis.

Llopis et al (2018) note that secondary loop systems usually increase the energy consumption of the
system. This results from the extra temperature difference due the additional heat exchanger between
the primary and secondary fluids, and the energy consumption of the secondary fluid pump, although
this can be minimised by appropriate design of the secondary loop system. Additional energy
consumption for secondary loop systems ranges from -4.9% (i.e. an energy saving) (Delventura et al,
2007) to 22.8% for R134a and 32.8% for R507A (Llopis et al, 2018).

Sanchez et al (2017) evaluated the energy input of using a R134a/CO2 direct cascade system against a
R134a — secondary loop/CO, indirect cascade system. They determined an energy increase for the
indirect cascade system of between 7.6% and 14% when using the secondary loop system with
propylene glycol, and between -0.3% and 11.1% when using a proprietary secondary fluid, Temper -
20.

Sanchez et al (2018) conducted an energy assessment of an R134a refrigeration plant upgraded to an
indirect system using R152a and R1234ze(E) as refrigerants. Experimental tests demonstrated that an
indirect configuration results in an increase in the total energy consumption of the refrigerating plant
regardless the refrigerant adopted. The average increase was 21.8% for R134a, 18.7% for R152a and
finally 27.2% for R1234ze(E). The adoption of an indirect system also reduces the refrigerant mass
charge of the facility from 42.5 up to 62.0% depending on the refrigerant used.

Nelson et al (2015) compared a secondary CO; system to a baseline DX system and found the energy
consumption was 7 to 12% higher and the initial costs 17 to 32% higher.
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In summary therefore, the use of secondary loop systems can provide significant savings in direct
emissions e.g., up to 90%, compared to a multiplex centralised refrigeration system where a high GWP
refrigerant e.g., R404A is used, although as the supermarket industry moves to low or zero GWP
refrigerants, these savings will correspondingly reduce (to zero). By far the majority of cases show
secondary loop systems increasing energy consumption.

Scope 1 emissions savings (% or Up to 90% (for high GWP refrigerants, e.g., R404A and R507A)
another quantifiable metric)

Quality of scope 1 emissions H
information
Scope 2 emissions savings (% or -32.8% to +4.9%. By far the majority of studies show energy increases.

another quantifiable metric)

Quality of scope 2 emissions H

information

TRL level 8-9

Maintainability issues L (low maintenance requirements claimed)
Legislative concerns L

Payback time (years) Probably no payback.

1.18.49. Shelf risers and weir plates

Shelf risers are strips of (usually clear) plastic of approximately 50 mm height that are fitted to the
front of refrigerated display cabinet shelves. They have two functions, firstly to retain products on the
shelves, but secondly to reduce outside air entrainment for open cabinets.

Weir plates are used similarly, although they are typically around 100 mm in height. They can be made
of either plastic or glass, and are fitted at the front of the shelf, helping to separate the chilled air
curtain air from the outside air. This creates a shallow well of cold air across each shelf, providing a
more uniform and lower temperature environment for the products on the shelf. This helps by
reducing temperatures for the products at the front of the shelf. It also reduces the refrigeration
system energy input needed to achieve the set cabinet temperature.

The main drawback of using shelf risers or weir plates is that customer access to the products on the
shelves is slightly restricted, so they are sometimes removed (in which case the benefits are obviously
lost). They may also become damaged or detached, and if not replaced their benefits are again lost.

Shelf risers and weir plates are a simple, well-established technology, and are easily manufactured, at
low cost. It is estimated that they are already fitted to 50% of display cabinets (Foster et al, 2018).

Energy savings
It has been suggested by the Carbon Trust (2019) that energy savings of 1-2% can be achieved by fitting
shelf risers or weir plates to refrigerated display cabinets. However, Foster et al (2018) reported that
in experimental tests with refrigerated display cabinets, the use of risers and weir plates produced
much larger energy savings of between 8 and 16%. With these higher energy savings, payback times
will be reduced.
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Commercial availability

Shelf risers and weir plates for use in display cabinets are available from a range of manufacturers and
are already widely used.

Scope 1 emissions savings (% None
or another quantifiable metric)

Quality of scope 1 emissions H
information
Scope 2 emissions savings (% 1-2% energy and cost savings suggested by Carbon Trust (2019)

or another quantifiable metric) | g.16% energy and cost savings measured by Foster et al (2018)

Quality of scope 2 emissions M

information

TRL level TRL 8-9

Maintainability issues Need to clean risers and weir plates regularly for hygiene and visibility

reasons. Need to replace damaged or detached risers or weir plates

Legislative concerns Need to use food grade plastic for risers

Payback time (years) 1-1.5 years with higher cost savings

1.18.50. Short air curtains

Conventional open vertical refrigerated display cabinets have a full length, down flowing, refrigerated
air curtain in front of the cabinet shelves, supporting the refrigerated air used to maintain the
temperature of the food products on each shelf, which is generally introduced through the back panel.
The aim of using the front air curtain is to minimise entrainment of the room air and protect the
temperature of the products at the front of the shelves. One problem, however, is that as the distance
the air flows from the top of the cabinet increases it is subject to turbulent mixing and the temperature
of the food products is less well controlled (Stribling, 1997). Another drawback of full-length air
curtains is that the high flow rates needed result in increased entrainment, causing chilled air to build
up in the walkway/aisle, reducing the thermal comfort of store customers as well as being inefficient
i.e., wasteful of cooling energy.

Hayes and Stoecker (1969) suggested that short air curtains, with no back panel flow, could remain
stable throughout their height, and that slower discharge velocities could be used than for taller
curtains, and would have a lower entrainment rate. Studies by Stribling et al (1995), Axell (2002) and
Schuster and Krieger (2007) also suggested that shorter air curtains would be more efficient and less
subject to turbulent mixing. This was supported by findings from CFD modelling work and practical
measurements on air curtains undertaken by Hammond et al (2011).

Hammond et al (2016) investigated the use of short air curtains with the air issuing from the front of
each shelf, protecting and enclosing the products on the shelf immediately beneath within a cell (of
air). This provides a stable air curtain for each cell and enables the use of the back panel flow to be
eliminated. This results in less pressure on the air curtain for each cell and a reduction in cold air
spillage from the case, providing improved energy efficiency. In tests, a reduction in heat gain by the
cabinet of 28.3% was achieved, and a 35.9% reduction in refrigeration energy consumption, compared
to a conventional cabinet with a full-length curtain and back panel flow. Temperature control was also
improved, with the range of product temperatures being reduced from 9.5 K to 3.1 K.
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Short air curtains for open, vertical refrigerated display cabinets were also investigated by Pitchers et
al (2018), who reported a 24.5 % reduction in total energy consumption compared to a conventional
cabinet.

Commercial availability

Adande Refrigeration has developed a cabinet based on short air curtains called "Aircell" which is being
proposed as a viable alternative to doors. Aircell works by dividing the case’s merchandising envelope
into separate air flow managed cells with short, low pressure air column (Aircell, 2022). Each cell has
its own air curtain which is more effi-cient than the full height air curtain on a conventional multideck
case. The net result is less pressure on the air curtain of each cell and a substantial reduction in cold
air spillage from the case (Wood, 2013).

Efficiency

Aircell his claimed to provide similar energy savings (circa 30%) to fitting doors and tighter temperature
control than conventional cabinets.

Costs

Aircell claims that the cost for fitting the technology (to a new cabinet) is not expected to be any more
expensive than fitting glass doors to a cabinet, with payback times of the order of 2 years.

Scope 1 emissions savings (% None
or another quantifiable metric)

Quality of scope 1 emissions H
information
Scope 2 emissions savings (% 24.5-35.9% energy savings and hence emissions savings reported in tests;

or another quantifiable metric) | 30% claimed by Adande

Quality of scope 2 emissions M

information

TRL level TRL 8-9

Maintainability issues Unknown at present
Legislative concerns L

Payback time (years) 2 years claimed by Adande

1.18.51. Store dehumidification

Entrainment or infiltration of ambient air into an open display cabinet account for around 78-81% of
the total heat load on the cabinet (ASHRAE, 2002). For ambient temperature of 25 °C and 60% relative
humidity (RH) (class 3 BS EN I1SO 23953 conditions) around half of the infiltration load is latent. The
condensation and subsequent freezing of the moisture removed from the ambient air results in
frosting of the evaporator coil. Frosting then reduces the performance of the cabinet by reducing the
effectiveness of the evaporator (frost forms a thermally insulating layer) and by reducing the volume
of the air circulation (due to increased pressure against fans) which weakens the air curtain and so
increases the rate of infiltration of ambient air into the cabinet.

Dehumidification of the ambient air reduces the latent heat load portion of the infiltration load. Work
by Howell (Howell, 1993a, Howell, 1993b and Howell et al., 1999) has shown that even after the energy
required to dehumidify the ambient air is considered, the energy saving is around 5% for every 5%
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reduction in store humidity (based on reduction in store humidity from 55 to 35% or 14 to 7 °C dew
point temperature). In the UK dew point varies from about 1 °C in winter to 12 °C in summer. It is
therefore applicable to dehumidify UK stores in the summer, but in winter the humidity is already quite
low according to thermal comfort requirements.

When determining the ideal store conditions, the comfort of the shopper must be considered. It is
likely that drier, warmer air will be more acceptable to shoppers than cooler air (Pursglove, 2013;
Tassou and Xiang, 2003; Ndoye, Mousset, Carlier, and Arroyo, 2011). Low humidity can lead to dry skin,
irritated sinuses and respiratory tract, and itchy eyes. Over time, low humidity can dry out and inflame
the mucous membrane lining your respiratory tract, although it is unlikely that the time spent shopping
in a supermarket store will lead to such severe effects. Reducing the dew point to below 2 °C can also
result in eye irritation (ASHRAE, 2013).

Fricke and Sharma (2011) investigated the potential energy savings associated with reducing the
relative humidity in the vicinity of refrigerated display cases in supermarkets, as compared to the
widely accepted current practice of maintaining a relatively high and uniform humidity level
throughout the entire supermarket. They showed that when the relative humidity is reduced from 55%
to 35%, refrigeration system energy use decreases by 15% to 22 % for medium temperature and 0%
to 17% for low temperature refrigeration systems. The defrost cycle could be reduced in the range of
25-50% in case of medium temperature open display cases. Additionally, the anti-sweat heaters could
be deactivated at RH value of 35%. The energy savings depends on the temperature level of the
refrigeration system and refrigerated case type. The performance improvement because of lower
humidity with open display cases is likely to be lower with doored display cases. Adaptive defrosting
(or at least a less frequent defrost regime) may be required for the display cabinets to fully realise the
potential benefits of store dehumidification (Tassou and Datta, 1999). There are clearly benefits to the
refrigeration system in dehumidification throughout the year. However, these benefits may only be
practically possible in summer.

Howell (1993a and b) developed a method to relate the RH in supermarkets to the energy performance
of open display cabinets. The results indicated that reducing the RH of the supermarket from 55% to
35% reduces the energy demand of open display cabinets by 30%, defrost energy by 60% and anti-
sweat heater operation by 70%, but with an increase in HVAC energy consumption by 8%. According
to Howell, 19933, Howell, 1993b and Howell et al., 1999 there should be overall benefits in the UK in
the summer months (UK dew point is above 7 °C for approximately 5 months of the year).

Orphelin et al., (1997, 1999) proposed the optimal RH level as 40% for the specific case studied in
French context during the summer. Lower RH puts pressure on the HVAC system and is very ineffective
in terms of cost, while high RH puts a burden on the refrigeration systems due to defrost. At 25°C
ambient temperature a 10% reduction in RH will lead to a 6% reduction in compressor power, however,
it becomes 4% at 15°C.

Kosar et at (2005) quantified the savings (in refrigeration) when dehumidification was applied (3—-21 %

reduction in compressor energy use with a 20 %relative humidity (RH) reduction in the space, a 4-6 %
reduction in defrost energy, and a 15-25 % reduction in anti-sweat heater energy)

Scope 1 emissions savings (% or | 0%
another quantifiable metric)

Quality of scope 1 emissions | High confidence.
information
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Scope 2 emissions savings (% or | 4 to 30% reduction in energy consumptions in open display cabinets but
another quantifiable metric) with increase of 8% increase in HVAC system.

Quality of scope 2 emissions | Lack of agreement in literature but some level of quantification of savings
information achieved were reported.

TRL level TRL8-9.

Maintainability issues No issues.

Legislative concerns No impact.

Payback time (years) Variable depending on situation.

1.18.52. Store temperature control (increase/decrease set points)

Store temperature will usually be controlled between two values. When the minimum value is reached,
heat will be put into the store and when the maximum temperature is reached cooling will be put into
the store. The set points may change between night and day and winter and summer and trading and
non-trading hours. Reducing the set point minimum value would allow some savings on the
refrigeration system because of the lower temperature difference between the ambient and cabinet
temperature. However, the thermal comfort of customers’ needs to be considered while adjusting the
set points values.

Thermal comfort is a human-experienced sensation that occurs as a consequence of a scenario of
environmental and personal variables. The environmental variables such as air temperature, mean
radiant temperature, relative air velocity and ambient water vapour pressure are within the control of
the HVAC system of a store. However, personal variables such as activity level and clothing are not
(ASHRAE, 2013). Literature review reported the human thermal comfort and interactions between the
subsystems (HVAC and display cabinets set points temperature) in order to investigate the comfort
challenge and possible energy savings. In this regard Alfano et al., (2019) investigated thermal global
comfort, local discomfort, and cold stress in the supermarket refrigerated areas via surveys in central
Italy. The result of the local microclimatic conditions shows air temperature vertical differences of up
to 8-9°C between head and ankles for open display cabinets. Due to chilly air stratifications, it was
found that local discomfort was one of the biggest challenges for females. Cold aisles near refrigerated
cabinets are the most common complaint from shoppers but most remedies for this would result in
increased energy consumption of the store. Fitting doors on cabinets does, however, allow both the
energy consumption of the cabinets to be reduced and improve customer comfort.

Mylona et al., (2017) investigated the relationship between the building envelope, temperature set
points and the subsystems in order to reduce energy consumptions with fitted doors display cabinets.
An integrated building/HVAC/refrigeration system model was developed in EnergyPlus for a
supermarket in the UK that was calibrated using operational data. Due to the usage of closed frozen
food cabinets, the environment was kept at a level where workers and consumers could be
comfortable. A significant interdependence between the subsystems smart operations and energy
savings was found, with the biggest total store energy reduction of (4%) occurring when the HVAC is
only working during trade hours. Further detailed investigation with the model was highly
recommended to look into the interaction of subsystems in terms of energy performance, the
provision of comfortable interior environments for staff and customers, and the impact on
refrigeration system performance.
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An updated review study by Lindberg (2020) summarized the complexity due to temperature
constraints and interactions between the ambient environment and the display, cabinet and in-store
layout design which places a heavy burden on supermarket refrigeration systems. There are reasons
to assume that energy efficiency measurements, with regard to both energy efficiency in buildings and
energy efficiency in operations, contain difference of opinions on how different barriers should be
studied differ. It was concluded that it is necessary to do empirical research that makes use of real
data, including field measurements, behavioural research involving lab experiments, and perceptions.
A single study cannot give a comprehensive overview of all the connected factors in the topic of
consumers' buying situations for chilled groceries because it is so broad and complex.

Assuming store temperature is reduced by 1 °C, the impact on compressor energy based on
temperature difference between the cabinet and the ambient conditions (25 °C difference for chillers,
40 °C for freezers) would be 4% for chillers and 2% for freezers. This assumes that the reduction in set-
point does not come from air conditioning.

Scope 1 emissions savings (% or | 0%
another quantifiable metric)

Quality of scope 1 emissions High confidence
information

Scope 2 emissions savings (% or | Effect of reducing store temperature by 1°C (assuming A/C not required)
another quantifiable metric) 4% of compressor energy for chiller

2% of compressor energy for freezers

Quality of scope 2 emissions Low confidence as it is based on a simplistic calculation.

information

TRL level TRL8-9

Maintainability issues No issues

Legislative concerns No impact

Payback time (years) If feasible, paybacks will be very short as only a setting change is
required.

1.18.53. Strip curtains

Strip curtains consist of clear, plastic (usually PVC) strips hung over the front of supermarket
refrigerated display cabinets, to provide a separation between the cold and warm air and prevent air
infiltration. They are quicker and cheaper to install than glass doors, although they are less transparent,
and require more maintenance e.g., regular cleaning for hygiene and visibility reasons, and inspection
for damage and replacing strips if needed. The grade of PVC selected needs to be appropriate for the
temperature at which they are used, and UV stabilisers are used to prevent loss of transparency over
time. Condensation can also be problematic and affect visibility under some conditions.

By preventing air infiltration into refrigerated display cabinets, strip curtains can reduce the heat load
on the refrigeration system, resulting in energy savings. In general, strip curtains are less effective than
glass doors at preventing air infiltration, but more effective than air curtains.
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Use of strip curtains in cold stores

Strip curtains are widely used for cold stores, where they maintain a barrier between the inside (cold)
air and the warmer outside air, while allowing ready access for e.g., personnel and fork lifts. In studies
by Chen et al (1999) and Cleland et al (2015), on the effectiveness of strip curtains in preventing air
infiltration through the doors of cold stores it was found that reductions of 85-95% could typically be
achieved.

Commercial availability

PVC strip curtains for use in refrigerated display cabinets are commercially available from a number of
suppliers. For example, in the UK, these include Redwood PVC (Redwood, 2022), who claim energy and
cost savings of 60% when using their strip curtains for a supermarket chiller cabinet at 3°C and suggest
payback times of less than 1 year. The cost of a strip curtain of 2.5 m x 1.7 m for a typical size chilled
multi-deck cabinet would be £205 in 2022.

Chiller Blinds (2022) also offer PVC strip curtains for supermarket chiller cabinets with claimed energy
savings of 50%, while Rayflex Group (2022) also provide top fixing PVC strip chiller blinds for
refrigerated cabinets with claimed energy savings of 40%.

Scope 1 emissions savings (% None
or another quantifiable metric)

Quality of scope 1 emissions H
information
Scope 2 emissions savings (% 30%-60% energy and cost savings of open fronted display cabinets

or another quantifiable metric) | claimed by commercial suppliers.

Quality of scope 2 emissions M

information

TRL level TRL 8-9

Maintainability issues Need to clean strip curtains regularly for hygiene and visibility reasons.

Need to renew damaged or aged strips

Legislative concerns Need to use food grade PVC for the strip curtains

Payback time (years) 1 year suggested by commercial supplier

1.18.54. Suction pressure control

The required suction pressure is not a constant parameter; and will depend on the load demand of the
display cabinets. Hence proper suction pressure control is very crucial for the effective operations of
the refrigeration systems inside the supermarkets to achieve the balance between the demand and
supply. The suction pressure value would normally be set to allow adequate cooling at peak load.
During the winter and overnight a higher suction pressure may be acceptable due to lower cooling
demand. Increasing the suction pressure will also increase duty time. Compressor power consumption
is directly related to pressure ratio, so increasing suction pressure will reduce pressure ratio and
therefore compressor power. The compressor operations at higher pressure ratio continuously may
degrades its performance due to lubrication issues and hence negatively impact the compressor life.
According to typical compressor data from Bitzer (compressor 4NES-14Y-40P with R404A as a
refrigerant), raising the evaporating temperature by 4 to 5 °C (typical with suction pressure
optimisation) will increase the COP by 11% in chiller and 13% for the freezer.
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Approaches used

Various approaches have been adapted to control the suction pressure adequately based on the
literature review. Altering the number of compressors in the pack in operations approach is more
commonly used. The means by which suction pressure control operates to reduce energy use is by
running fewer compressors for shorter periods of the day. This is best done by acting on the pack
controller directly. The suction pressure prevailing is compared with the suction pressure set-point
value to control the number of compressors in operation. It is possible to vary the set-point according
to external factors, such as the external ambient temperature. This can save significant amounts of
energy. Sometimes, for convenience, cabinets are connected to systems that are aimed at higher
temperatures than that for which the system has been designed and set up. To enable this to be done,
mechanical evaporator pressure regulators (EPRs) are used to maintain the higher set pressure to the
refrigerated cabinets. However, the pressure drop across the EPR represents a cost. It will be
understood that the suction pressure of the compressor needs to be below the pressure of the EPR.
One way of implementing suction pressure control is to use an electronic EPR that varies the pressure
by using a stepper motor. The suction pressure will be controlled to maintain cabinet temperature
rather than fixed suction pressure. This varies the evaporator temperature in the individual cabinet.
The different evaporator temperature feeds through to providing a different amount of cooling to the
cargo in the cabinet. This type of suction pressure control means that the evaporating pressure (and,
therefore temperature) varies independently for each cabinet. The suction pressure provided to the
system as a whole (from the refrigeration pack) has to be lower than that required by the “most needy”
cabinet. To ensure that this is so, it is done separately for each load (cabinet). Therefore, suction
pressure will vary to maintain a constant cabinet temperature. It is necessary for the pack controller
to be in communication with the cabinets and to adjust the suction set-point dynamically in operation.
This lower pressure will mitigate against overall refrigeration system efficiency. Another way of
implementing suction pressure control is to vary the pressure set-point at the compressor pack
dynamically without altering valves on the cabinets. The input for the change in the pack pressure set-
point can be ambient temperature in the shop or, better, information about the state (i.e. refrigerating,
defrosting, recovering from defrost etc.) of and “hunger” of each of the cabinets. The temperatures
for each of the cabinets is then controlled by a solenoid valve switching the refrigerant flow on/or off
to the evaporator. The literature review reported varying information regarding the energy savings
and hence the carbon emissions due to suction pressure control according to the system size, number
of packs, low, medium and high temperature packs, locations, and optimization with other
technologies. For example, Lawrence et al. (1998) analysed the potential savings of suction pressure
optimisation for three climatic conditions, Barcelona (Spain), Birmingham (UK) and Bergen (Norway).
They predicted savings from 8.6% for frozen packs in Bergen to 14.7% for chilled packs in Birmingham.
Lawrence and Gibson (2009) state that typically suction pressure control saves 15% of pack energy. A
study conducted by a supermarket chain (Parker Hannifin Corporation, 2010) showed an 11.4%
reduction in energy for the low temperature pack and 1.5% reduction for the medium temperature
pack when suction pressure was controlled. A study by California Utilities Statewide Codes and
Standards Team, 2013 showed that floating suction pressure was considered cost-effective (based on
a Life Cycle Costing Methodology and not just financial cost) for all system configurations and in all
climate zones.

Acha et al. (2016) considered a UK supermarket located in south-east with sales area of 3,300 m? as a
case study to estimate the energy savings with suction pressure control and night blinds optimizations.
Other key features of the refrigeration system were a) Transcritical CO; refrigerant (R744) booster
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system utilization with multistage compressors; b) Fully functional night-blinds in all open sales floor
cabinets (chilled and frozen); c) Pack suction optimisation enabled in the refrigeration control system.
The study reported total energy savings of 17% of compressor over a year via suction pressure control
in conjunction with night blinds optimization (7% with suction pressure alone) in contrast to business
as usual (BAU). The study reported energy saved/total store electricity use as 7.9% for the blinds plus
suction pressure control optimization. A payback period of 3 months was reported for the suction
pressure optimization only. The yearly Carbon emission savings was 27.6 tonne per year due to
pressure control with a total of 64.1 tonne per year for the Blinds +PO scenario.

The most recent study found, by Liu et al. (2021) was on the performance analysis of a modified dual-
ejector and dual-evaporator transcritical CO, refrigeration cycle for supermarket application and its
impact on the pressure ratios. The authors introduced two ejectors and a flash tank in contrast to the
conventional dual evaporator transcritical CO, refrigeration cycle. The results showed that the
compressor pressure ratio reduced by 19.1%, due to increase in suction pressure at a typical working
condition and with the COP improvement in the range of 15.9 to 27.1%. at a range of working
conditions.

Scope 1 emissions savings (% or 0%
another quantifiable metric)

Quality of scope 1 emissions
information

High confidence (No direct emission savings are assumed)

Scope 2 emissions savings (% or
another quantifiable metric)

Limited information is available. One study reported 11.4% in energy for
the low temperature pack and 1.5% for medium temperature pack
when suction pressure was controlled. It is assumed these savings apply
only to remote cabinets. Another study for the pressure control
optimization with night blinds reported a total energy savings of 17%
per total packs use per year in conjunction in contrast to business as
usual (BAU).

Quality of scope 2 emissions
information

Savings not robustly quantified with varying information based on the
combination with other technologies, cycle and cabinet type used. Most
supermarkets do control suction pressure.

TRL level

TRL8-9

Maintainability issues

The suction pressure control via electronic pressure regulators is more
accurate in comparison to mechanical regulators, however the stepper
motor needs to be checked and replaced regularly.

Legislative concerns

No impact

Payback time (years)

<1 year/3 months reported for optimization with night blinds

1.18.55. Tangential fans

Air flow in retail display cabinets is usually provided by axial fans interspersed across the length of the
cabinet. The diameter of the fan is usually bigger than the height of the evaporator, so the fan is angled
downwards to allow it to fit. This leads to a very uneven flow onto and through the evaporator.

The small ratio of impeller diameter (30 to 65 mm) to impeller length means that tangential fans are
an easy fit within retail display cabinets. The impeller length can cover the full length of the cabinet
e.g., 2.5 m and the impeller diameter the height of the evaporator. This leads to a very linear even flow
onto the evaporator.
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It is claimed that tangential fans can provide more even air flow in cabinets and have been shown to
produce overall energy savings of 2% (Faramarzi et al., 2000). The savings are relatively small and are
probably related to the slight increase in evaporating temperature that can be achieved if air flow is
more uniform.

The use of tangential fans in place of axial fans could reduce the number of motors required and
thereby reduce capital cost. A disadvantage of tangential fans may be that they are more difficult to
clean in comparison to axial flow fans and the motor at the side can cause them to be difficult to fit in
place without restricting the length of the impellers.

Scope 1 emissions savings (% or 0%
another quantifiable metric)

Quality of scope 1 emissions High confidence
information

Scope 2 emissions savings (% or 2% of compressor energy on remotes and integrals
another quantifiable metric)

Quality of scope 2 emissions Savings not robustly quantified and based on assumptions
information

TRL level TRL8-9

Maintainability issues some problems with cleaning

Legislative concerns none

Payback time (years) No information

1.18.56. Thermal store

To cope with the challenges of peak power consumption in refrigeration processes, technology that
can provide flexibility to these systems has gained significant interest over the last decade. Cold
thermal energy storage (CTES) is a technology that relies on storing thermal energy at a time of low
demand for refrigeration and then using this energy at peak hours to help reduce the electricity
consumption of the refrigeration system. This could mean a significant reduction in investment costs
for the plant owner, as well as reduced operating costs due to limiting the electricity consumption of
the plant during the most expensive hours of the day. (Arteconi et al. (2017)).

According to Selvnes et al. (2022), there are two methods of storing thermal energy in a material: By
changing the temperature of the material (sensible CTES) or by changing the phase of the material
from liquid to solid (latent CTES). A common term for materials where the latent heat capacity is used
for the purpose of storing thermal energy is phase change materials (PCM). PCMs are often divided
into three groups: eutectic materials, inorganic materials, and organic materials (Mehling &Cabeza,
2008). Phase segregation or separation are the limitations/challenges that occurs in several PCMs,
particularly inorganic salt hydrate PCMs (Farid et al., 2021). The primary selection criteria to meet
when choosing a PCM for the refrigeration application is a high latent heat capacity and an acceptable
phase change temperature (Li et al., 2013). To assess heat transfer and effectively design the heat
exchanger (HEX) of the cold thermal energy storage system for improved performance, the thermal
conductivity characterization of PCMs is required. The amount of published research integrating cold
thermal energy storage in various food cold chain components employing water-salt solutions and
paraffin PCM in both active and passive approaches has increased over the past ten years (Selvnes, et
al., 2021).
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Selvnes et al. (2022) stated that the main benefit of PCMs related to CTES for refrigeration systems is
the possibility to store and release thermal energy at a constant temperature, which matches the
process in the refrigeration system very well. PCMs have become an emerging product on the market,
and PCMs with a phase change temperature down to -40 °C are available. Their paper presented the
design and thorough experimental performance testing of a CTES unit based on a pillow plate heat
exchanger with a low-temperature commercial PCM as the storage medium. The results from the
experimental testing have demonstrated the feasibility of using the CTES unit with PCM for peak
shifting of the refrigeration load. The charging time of the CTES unit was mainly affected by reducing
the CO; evaporation temperature, effectively increasing the temperature difference between the CO;
refrigerant and the phase change temperature of the PCM. Decreasing the TCO,evap from =13 oC to
-15.5 °C yielded a reduction in the charging time by 44% for 60 = 30 mm. Moreover, the flexible design
of the CTES unit allows the designer to select a discharge characteristic of the CTES unit that matches
the refrigeration load curve of the refrigeration plant by changing the plate pitch.

Ballot-Miguet et al. (2019) stated that one of the outcomes was the completion of several
demonstration projects in the US, Canada and Japan where CTES technology was implemented in large
chillers for air-conditioning systems. The principle was storing cold energy in large cold-water tanks or
tanks filled with ice to serve the cooling demand during peak summer periods where extra refrigeration
capacity was needed, and the supply of electricity was limited and expensive. A glycol solution was
circulated in tubes inside the tanks to transfer the heat to and from the storage and the refrigeration
system. They also reported the performance of a 500 kWh-capacity CTES unit integrated into a glycol
circuit for medium temperature cooling purposes in a supermarket CO2 refrigeration system. The CTES
unit was installed in a supermarket in France and operated as a subcooler for the refrigeration system
during high ambient temperatures to improve its performance, reducing the annual electricity
consumption by 6%.

According to Arteconi et al. (2017), as far as cold applications are concerned, a cold thermal energy
storage (CTES) is typically coupled to a chiller for air conditioning. It can be a thermally stratified chilled
water storage or an ice storage. The purpose of using a TES is to improve refrigeration equipment
efficiency, reduce the installed capacity, increase the operational flexibility and reduce energy costs:
cold is produced during off-peak periods and used during on-peak periods. Typical operational
strategies of such systems are full storage and partial storage strategies. A full storage strategy shifts
the entire peak cooling load to off-peak hours. In a partial storage strategy, the load is partially supplied
by the thermal storage and partially by the refrigeration unit. The chiller can be designed to operate
as load levelling or demand limiting. Partial storage is the most used configuration because of lower
initial capital costs. It saves about 40-60% of peak cooling electricity demand. Full storage is interesting
for short peak periods with very high costs for electricity production. The peak electricity demand can
be reduced up to 80-90%.

Referring to Bush et al. (2018), Fidorra et al. (2016) provided an overview of four possible
configurations. In Layout #1, a dedicated medium-temperature evaporator can be used to cool a
storage medium, which may later be used for subcooling. This has the advantage of being internal to
the cycle. A TRNSYS model of such a concept was explored by Polzot et al. (2015), who considered a
water tank as the storage medium. Layout #2 shows storage integrated in the MT level load such as by
a PCM inside display cabinets; a similar concept was explored by Waschull et al. (2014). In Layout #3,
storage is used to cool the receiver liquid outlet to the evaporators, to reduce the required mass flow
for a given cooling capacity. In Layout #4, a storage medium upstream of the receiver inlet can be
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charged or discharged by adjusting the refrigerant pressure passing through the storage medium.
Lowering the pressure boils some refrigerant to charge the storage media; increasing the pressure to
a point where the saturation temperature is warmer than the storage temperature in turn allows the
refrigerant to be cooled by the storage medium.

Fidorra et al. identified the above storage approaches and evaluated them through steady state
thermodynamic analysis. The researchers found Layout #1 to have high demand reduction potential,
with relatively small hardware required; a large temperature difference leads to relatively low
efficiency though. Layout #2 was also assessed to have high potential for peak reduction, but sizing
and deployment of the storage material is challenging. In Layout #3, small temperature differences
mean that large heat exchangers are needed, and the total reduction potential is comparatively small.
In Layout #4, there are no new heat exchangers required other than the storage itself; however, the
temperature difference between charging and discharging is small which may present heat transfer
challenges. Research gaps in the areas of detailed simulation models and transient simulations were
identified. In addition, the work of Fidorra does not examine the opportunity to use external sources
(such as a dedicated cooling unit) for storage; there may be an opportunity for improved efficiency
from dedicated cooling equipment.

According to Selvnes et al. (2022), CTES pilot installation are also currently being discussed for the dairy
industry and in supermarket refrigeration systems. The experience gained from field tests will be
important for the stakeholders in the industry to gain confidence in CTES technology, demonstrating
the potential of the technology and ensuring further implementation across multiple sectors. The
planned future studies on the technology are the development and validation of a dynamic numerical
model to investigate the impact of integrating CTES technology into a complete refrigeration plant.
Furthermore, it is relevant to investigate any performance degradation of the CTES unit over time, as
well as partial charging and discharging cycles.

According to the studied literature, there are two ways to integrate PCM storage units into display
cabinets: directly into the shelves of the cabinet, or by installing a PCM-HEX unit in the air circulation
duct. A PCM-shelf-based design with heat pipes has been demonstrated to be an effective method for
reducing product temperature fluctuations of up to 83.3% (Wu, et al., 2017). The drawbacks when
PCM and heat pipes are added to the PCM shelf design are that the shelf become significantly heavier
and may need the shelf support to be reinforced. Even with water acting as the PCM in the shelves,
food may still be harmed in the event of a PCM leak. However, the more common application was the
integration of a PCM-HEX unit in the cabinet's main duct for air circulation. This might be due to the
fact that these PCM-HEX units are quicker to install, more technically feasible, and require fewer
alterations to the display cabinet itself. An energy savings of up to 5% were obtained using water as a
nucleating agent (with a melting temperature of -2°C and radiator- HEX), with a reduction of peak
display cabinet temperature by 2K during defrosting period, and a 27% reduction of compressor
ON/OFF cycling (Alzuwaid, et al., 2015; Alzuwaid, et al., 2016). Similarly, another study reported a
reduction in maximum cabinet temperature of 1K using water/ice PCM with Fin tube -HEX
configurations (Ben-Abdallah et al., 2019). New concepts for PCM-HEX unit designs are proposed and
developed, allowing the display cabinet to be separated from the primary refrigeration system during
the process of releasing the storage (Jokiel, et al., 2019; Manescu, et al., 2017). Each cabinet could
work independently having the ability to meet its entire refrigeration demand during the discharge
process with this type of PCM-HEX. To demonstrate the viability of these concepts, however,
experimental validation must be done.
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The second method for integrating thermal energy storage in supermarkets is centralised storage into
the central refrigeration circuit. Despite the fact that extensive research was done in this area, with
most of the reported work has only used analytical methods. Therefore, experimental studies are
required to demonstrate the overall system performance and reliability. The integration of a coil-in-
tank laten heat storage with ice serving as the storage medium with CO, refrigerated system between
the high-pressure control valve and the liquid receiver was suggested by Heerup and Green, (2014).
The storage integration's goal was to reduce energy use and costs utilizing the shift in refrigeration
load from day to night, as well as the benefiting from the ambient temperature conditions and
electricity cost. A total energy reduction of 14.4 % with a peak compressor power reduction of 50%
was reported. The payback period was found to be greater than five years. Similarly, Fidorra, et al.,
(2015) presented two distinct setups for integrating thermal energy storage into a transcritical CO;
booster refrigeration system with parallel compression. The findings shows that daily energy
consumption reductions of up to 3.5% and 5.6% could be obtained depending on the system layout,
with a reduction of 15% of maximum compressor power consumptions. However, there is currently a
lack of experimental data to support this research.

Scope 1 emissions savings (% or
another quantifiable metric)

No information available

Quality of scope 1 emissions
information

High confidence

Scope 2 emissions savings (% or
another quantifiable metric)

Up to 5% with display cabinet

4-14.4 % (depending on the climatic conditions) with the main
refrigeration system itself

Quality of scope 2 emissions
information

High confidence with display cabinets

Medium confidence with refrigeration system

TRL level

TRL8-9 with the display cabinets
TRL1-4 with the refrigeration system

Maintainability issues

Replacement of the PCM may be needed

Legislative concerns

n/a

Payback time (years)

More than 5 years

1.18.57. Thermostatic flow control (TFC)

Thermostatic Flow Control (TFC) is a flooded evaporator technology, applicable for capillary-based
refrigeration systems, excluding refrigerants with large temperature glide (Zimmermann, 2008). Two
capillary tubes and a tube form receiver make up a thermostatic flow controller that is thermally
connected to the suction line (Figure 38). It creates a strong, hermetic closed device that needs no
maintenance or modification and is therefore suitable for deployment in inaccessible areas, such as
when enclosed in isolation foam. The pressure in the receiver—which is controlled by the need for
refrigerant in the evaporator—determines how much refrigerant flows to the evaporator. This
equilibrium makes sure that the evaporator is flooded and hence fully utilised for all types of charges.
It takes the place of the conventional capillary tube for a tiny additional cost (according to the
inventor), improves the performance of these devices in both cold and warm environments, and
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simplifies manufacture because the volume of refrigerant is no longer as important as it is for
conventional capillary tubes. The circuit often used for small freezers and refrigerators is generally
depicted in Figure 1. The pressure drop between the condenser and evaporator is shared between the
two steps, and the receiver pressure is controlled by the difference between gas supplied and gas
removed (Evans, 2015). If the heat exchanger removes more gas than supplied by the first throttling
step, then the receiver pressure goes down — otherwise the receiver pressure goes up. According to
the patent, it is possible to ensure the evaporator is always flooded, though the authors could find no
independent evidence for this.

The primary benefits of this system are the improved system efficiency as in any flooded evaporator
system (see section on flooded evaporators). The secondary benefit is that this is done without either
a pump or a gravity head and float valve allowing it to be economic for smaller systems.

Figure 38. TFC concept (upper diagram conventional capillary system, lower diagram TFC system)
Zimmermann, 2008
1: compressor. 2: condenser, 3: liquid line, 4: evaporator, 5: suction line, 6: capillary tube, 7: thermal contact between

capillary tube and Suction line, 8: capillary tube, 9: receiver, 10: capillary tube, 11: thermal contact between receiver and
suction line, 12: thermal contact between capillary tube and suction line.

Scope 1 emissions savings (% or | Flooded evaporators use more refrigerant so direct emissions would be
another quantifiable metric) higher.

Quality of scope 1 emissions High confidence
information

Scope 2 emissions savings (% or | Unknown
another quantifiable metric)

Quality of scope 2 emissions n/a
information

TRL level TRL1-4
Maintainability issues Unknown
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Legislative concerns Could be an issue in near future due to more refrigerant

Payback time (years) Unknown

1.18.58. Training and maintenance

Poor cabinet loading, excessively cold set-points, and misuse of features such as night blinds or night
set back all lead to increased energy consumption and risk damage to (or reduced quality of) the stored
product.

Maintenance staff can cause a significant increase in energy usage through misguided adjustment of
set-points or poor commissioning. Every degree warmer the condensing temperature is set, or degree
cooler the evaporating temperature is set, will result in a 2 to 4% increase in energy consumption
(Action Energy, 2003). Similar losses occur because of dirt/debris build up on condensers as this also
increases the condensing temperature. Fennelly (2014) states that dirty condensers are the biggest
single reason for non-scheduled service calls.

Electric defrosts on frozen cabinets are only about 15% efficient (85% overhead) (Lawrence and Evans,
2008) and so significant energy wastage can result from an overly cautious defrost schedule.
Conversely, excessive frosting of the evaporator reduces the efficiency of the system and can, by
reducing air flow within the cabinet, lead to poor product temperature control and increased heat
loads through infiltration.

On cabinets with doors, the seals should be inspected, cleaned, and replaced where necessary. A
leaking door seal will increase the heat load on a cabinet, increasing the energy consumption and
leading to poor stored product temperature control.

Options to reduce energy consumption through training are vast and include better training of staff
when using the cabinets, better training of refrigeration engineers, better design of supermarkets and
training of cabinet manufacturers to develop more energy efficient cabinets. Therefore, it is difficult
to exactly quantify savings. Many options are included in other sections (e.g., defrosting, settings, store
operation). Based on the information available, it has been assumed that savings cannot be
guantified.

Limited information is available on refrigerant loss reductions through better maintenance. Historical
evidence from supermarkets has shown that refrigerant losses can be reduced by around 15% by
better maintenance but there is little published evidence to corroborate this. Francis et al., (2017)
investigated refrigerant leakage withing two supermarket chains in UK, while analysing 1464
maintenance records. Above 82% of the recorded leakages were mainly due to pipe or joint failures or
seal leakage in compressor pack and liquid line. The study highly recommended improvement in
design, installations and maintenance of pipework’s to reduce the refrigerant leakage.

Scope 1 emissions savings (% or | No published evidence
another quantifiable metric)

Quality of scope 1 emissions n/a
information

Scope 2 emissions savings (% or | No quantified evidence of savings with poor information in the
another quantifiable metric) literature

Quality of scope 2 emissions n/a
information
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TRL level TRL8-9
Maintainability issues No issues
Legislative concerns No impact
Payback time (years) n/a

1.18.59. Trigeneration

Trigeneration (otherwise known as Combined Cooling Heat and Power, CCHP) is the production of
cooling, heat and electrical power in one combined process. Typically, this is based on oil or gas fired
generators which produce electricity, and in the process generate heat. The heat can be used directly
e.g., for hot water or space heating, but it can also be used as required by an absorption chiller (or
more rarely an adsorption chiller or a desiccant cooling system) to produce cooling. The proportions
of electrical power, heat and cooling can be varied depending on demand. Sources of waste heat and
renewables such as biogas can also be usefully exploited in trigeneration systems.

There has been considerable research on trigeneration systems and their performance, summarised
in several comprehensive review papers (Cho, Smith and Mago, 2014, Jradi and Riffat, 2014; Liu, Shi
and Fang, 2014; Deng, Wang and Han, 2011; Wu and Wang, 2006). The primary generators include
internal combustion engines and gas turbines and, with continuing research, fuel cells, Rankine cycles
and Stirling engines also show promise. The strategy chosen for operation of trigeneration systems is
critical to their efficiency (see, for example, Jradi and Riffat, 2014), with options being to follow thermal
load, follow electrical load or to optimise a combined strategy.

Supermarkets have heating, cooling, and electrical consumptions simultaneously. These could be
supplied together with energy savings without modification to the refrigeration cycle. Heat recovery
systems were reported as one of the most interesting options from an economic and energetic point
of view by Fricke (2011). The use of trigeneration specifically for supermarket applications has also
been researched. Trigeneration was found as an interesting option in supermarkets which produce
energy and carbon emission savings (as detailed in the paragraphs below), especially with CO; as a
working fluid (Mota-Babiloni et al., 2015). Maidment et al. (1999) theoretically assessed the
performance of a CHP system used to supply heat and power to a relatively small UK supermarket. In
the standard application, a vapour compression system was used to supply display cabinet cooling, but
the addition of absorption cooling driven by waste heat from the CHP system was also assessed. The
absorption cooler supplied glycol at -10 °C, and this was used to cool the chilled display cabinets.
Primary energy savings of 20% and a payback period of 6 years were estimated. Extending the use of
the absorption system to supply the frozen cabinets was found to be impractical. In further work
(Maidment and Tozer, 2002), various CCHP configurations and CHP engine sizes were modelled and
compared with conventional supermarket energy performance. The optimum configuration was found
to be a lithium bromide / water absorption system for chilled water between 7 and 14 °C (the cabinets
cooled by cascade vapour compression system in the cabinet), and variation in payback versus engine
size for the various configurations was presented for the supermarket considered.

Marimon et al. (2011) compared various configurations of ammonia / water absorption based CCHP
systems with two commercial water chillers and an indirect cascaded refrigeration system in low and
medium temperature cabinets in a supermarket. It was found that all had payback periods of less than
6 years with lowest payback period of 4.6 years and carbon emission savings of approximately 22.7
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tons per year. As in other studies, the authors stressed the impact on such analyses of the price
differential between electricity and gas and of energy subsidies.

Micro gas turbine (MGT) based trigeneration systems for supermarkets were modelled by Sugiartha et
al. (2009), who found energy and emissions benefits compared with conventional supermarket
systems. Operation in a full electrical output mode was found to be preferable to a heat-load following
strategy. Payback periods were shown to reduce as the price differential between electricity and gas
increased. For an MGT setup with an absorption COP of 0.5 operated on full electrical mode, a payback
period of 5.7 years was found. The alternative of using the absorption cooling for space cooling was
found by Ge et al.,, (2013) to also show promise in an MGT-based CHP plant integrated with CO:
refrigeration. In a MGT system configuration when used for power generation, space cooling, and
heating with exhaust heat recovery instead of refrigeration effect generates more than 90% of the
required electrical power by consuming much more gas to meet the space heating and cooling
demands (Ge et al., 2013). However, there is a residual of 1,354,283 kWhy, of heat capacity left due to
a lessened cooling demand during the summer. Availability and uptake of trigeneration systems has
improved in recent years, but further development and experience in operation are still required
before more widespread adoption. Availability and uptake of trigeneration systems has improved in
recent years, but further development and experience in operation are still required before more
widespread adoption.

Several more recent studies have looked at integrating trigeneration with carbon dioxide (CO.)
refrigeration systems. Suamir, Tassou and Marriott (2012) proposed using the cooling generated by
the trigeneration system to condense the CO:refrigerant in a cascade arrangement. Cooling produced
by trigeneration systems ensure subcritical operation throughout the year condensing CO, fluid
(Suamir et al., 2012). This ensured that the CO:refrigerant was maintained in subcritical conditions at
all times. Using an electric to gas price ratio of 3.6, a payback period of just over 3 years was found
compared to conventional systems, with energy savings of 30% and greenhouse gas emission savings
of 43%. Options for such systems were further explored in Suamir and Tassou (2013). Trigeneration
supermarket studies using CO; as working fluid of the refrigeration cycle are very common. Suamir and
Tassou (2013) modelled supermarket conventional and integrated CO, refrigeration and trigeneration
energy systems. Trigeneration provides fuel energy and CO, emission savings of around 30% and 43%
respectively (over the conventional system), with a 3.2 year payback period. An updated study by Lykas
et al., (2022) investigated the optimization of a solar driven polygeneration system with CO, as a
working fluid for the supermarkets aiming at refrigeration, electricity, and heating. The final results
show that annual energy and exergy efficiency was 67.8%, and 10.1% respectively with payback period
of 7.55 years. Chatzopoulou et al., (2017) reported a feasibility study of an absorption chiller
(ammonia-water based system) integrated with a CHP unit in a typical distribution centre from an
economic point of view for. A comparative analysis with conventional grid connected systems; a
Trigeneration; and a CHP system were conducted. The results show that trigeneration based system is
more effective and saved 16% of electricity demand, and 48% energy cost per annum in comparison
to the conventional grid connected system. It was found that for the integrated system, energy and
cost savings are strongly linked to the energy intensity of the building.

Scope 1 emissions savings (% or If the remote chiller packs were replaced with a secondary absorption
another quantifiable metric) system, it is assumed that there are no direct emissions with this
system, as ammonia has a GWP of 0 and this results in 100% savings.
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Quality of scope 1 emissions Lower confidence and based on theoretical analysis
information

Scope 2 emissions savings (% or Based on theoretical results, the possibility of using waste heat from a
another quantifiable metric) CHP system to cool chiller packs using an absorption chiller. It was
assumed that there is enough waste heat to do this, and this heat would
otherwise be wasted, and that grid waste heat is also wasted. With
these assumptions, 100% of the remote chiller refrigeration power
would be saved.

Quality of scope 2 emissions Lower confidence and based on theoretical analysis and depend on the
information availability of enough waste heat

TRL level TRL5-7

Maintainability issues Unknown

Legislative concerns No impact

Payback time (years) 4.6 years at best with ammonia / water absorption based CCHP systems

1.18.60. Two stage compression

Operating the compressor over a large pressure ratio (high condensing temperature and low
evaporating temperature) can require an intermediate pressure step to avoid discharge line
temperatures becoming too high. High discharge line temperatures can cause both the refrigerant and
oil to decompose, and the system performance degrades. The conventional two-stage cycle-based
refrigeration system uses the same components as the conventional single-stage cycle but with two
compressors, one for low stage compression and another one for high stage compression. The low
stage compressors lift the pressure and temperature from evaporating to an intermediate
temperature and pressure values while the high stage compression is to obtain the condenser
temperature and pressure. However, the system is expensive in terms of energy consumption if there
is no intermediate control strategy for pressure and temperature. Intercooling between the stages
reduces the compressor discharge temperature and improves the system COP as well and this has
been analysed experimentally and numerically with the optimized intermediate pressure as an
important variable for the performance improvement. Three well established approaches for the two
stages compression have been reported in the literature and discussed in the following:

e Flash vessel. By separating flash gas from an intermediate receiver and injecting it between
the compressor stages, the discharge temperature can be reduced. The liquid from the
intermediate receiver that enters the evaporator is at a lower enthalpy and vapour quality
than it would have been if expanded in one stage, therefore increasing the capacity of the
compressor and the system COP. In addition, compression in the high-stage compressors
occurs closer to the two-phase region with lower specific work required. The flash tank
approach was investigated by Khan & Zubair (1998), Nikolaidis & Probert (1998) and
Torrella et al (2009). Mancuhan, E. (2019) reported a theoretical analysis with flash
intercooling using different refrigerants (R717, R134a, R152a and R290, R404A, R507) by
finding the optimum operating parameters. The results indicated that R290 has better
performance than the R404A and R507A systems in terms of COP with a value of 1.81 at
evaporating and condensing temperature of -35 °C and 40 °C respectively. R717 was found
to have the highest COP of 2.65 relative to R134a and R152a at evaporating and condensing
temperature of -20 °C and 40 °C respectively.
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e Direct liquid injection. The direct injection approach was investigated by Torrella et al.
(2009) & Cabello et al (2010). This approach uses two stage compression and two stage
expansion. A portion of the liquid leaving the condenser is expanded to the intermediate
pressure and temperature and is injected into the suction of the high stage compression.
As a two-phase refrigerant, the enthalpy and so temperature of the low stage compression
discharge is greatly reduced and so has the effect of reducing the enthalpy and again
temperature of the high stage compression discharge. A suitable compressor must be
selected as there is a higher risk of two-phase refrigerant in the high stage compression
suction line.

e Subcooler. Alternatively, liquid from the high pressure condenser is expanded through a
heat exchanger which subcools the high-pressure liquid from the condenser, therefore
increasing the capacity and COP of the system. The expanded refrigerant from the heat
exchanger is injected between the compressor stages, reducing discharge temperature.
Use of a subcooler has been investigated by Kauffeld (2016), Torrella et al., (2009, 2010),
Roytta et al., (2009), Cecchinato et al., (2009), Cabello et al., (2010) and Turunen-Saaresti
etal., (2010).

The schematic diagram for the three two stage compression approaches (the flash vessel, direct
injection, and subcooler) discussed above is illustrated in Figure 39. The three approaches were
analysed experimentally by Torrella et al (2009) and Cabello et al (2010) by varying condenser pressure
with constant evaporating pressure and varying evaporating pressure with constant condensing
pressure. The COPs, total resultant pressure ratios, and intermediate pressure were experimentally
established. The increase in condensing pressure causes the total pressure ratio to increase which
results in lower COP values due the work input increase. The results show that for the subcooler
configuration an increase in average COP value of 28% and 10% were obtained in comparison to flash
vessel, and direct injection systems.
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Figure 39. Three two-stage system configurations [Torrella et al (2009)].

Cecchinato et al (2009) investigated two stage cycles using CO> as the working fluid. Torella et al. (2010)
conducted a second law analysis based on experimental data of a two-stage vapour compression
(R404A) facility driven by a compound compressor for medium and low-capacity refrigeration
applications (between -36 °C and -20 °C evaporating temperature). They showed that a subcooler gave
the best COP. Direct liquid injection gave a lower COP without an optimized intermediate pressure
value. Depending on the refrigerant used, energy savings of the order of 10% might be achieved in
conventional systems with a subcooler (Kauffeld, 2016). For supermarkets the main benefits of two-
stage systems are for R744 (where most of the research has been concentrated). However, when
working below evaporating temperatures of about -30 °C, discharge temperatures can also be high for
R404A systems; therefore two-stage systems have the same advantages as for R744 systems due to
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the high discharge temperatures. A dedicated subcooler could be used to increase the cooling capacity
and COP value as well. (Qureshi et al., 2013; Mota-Babiloni et al., 2015).

High discharge temperatures can be a problem with transcritical R744 cycles. For freezer racks,
compressor exit temperatures of 120-150 °C will be encountered even under isentropic compression
conditions (Srinivasan, 2011). Girotto et al., (2004) reported discharge temperatures as high as 200 °C
for single-stage compression, and with two-stage compression with inter-stage cooling, discharge
temperatures below 140 °C (which is commonly considered an acceptable value for the CO;
compressor). According to Srinivasan (2011) the benefits with the two-stage compression that are
derived as a result are:

a) Operating each stage with a high volumetric efficiency.
b) Reduction of leakage across the piston rings.

C) Increase in isentropic efficiency of each stage.

d) Reduction of discharge gas temperature.

e) Abatement of problems associated with lubricating oils.
f) Reduction in compressor work.

However, these benefits need to be balanced against:

An increase in the number of cylinders and the motors and the need for an additional heat exchanger
for sub-cooling and associated increase in costs.

Much of the research is theoretical and is very dependent on refrigeration system design and many
supermarket R744 systems are booster systems (see: Refrigerant — Carbon dioxide (CO2, R744)).
Sawalha (2008) used a computer simulation model of a centralised CO, transcritical system with
accumulation tank. Using two-stage compression in the centralised system solution instead of single-
stage resulted in a total COP that was about 5-22% higher than that of the reference centralised
system. The research showed that the two-stage system can be applied to the high-pressure circuit of
the booster system, whilst the low-pressure circuit remains unchanged. Almeida & Barbosa (2011)
conducted a theoretical analysis of a two-stage transcritical cooling cycle using R744 as a refrigerant.
They predicted that performance of the two-stage cycle was superior to that of the single-stage system
by 15%. When the intercooler operated at about the geometric mean of the evaporating and
condensing pressures, compared to the single-stage cycle, the coefficient of performance (COP) of the
two-stage cycle is improved. Huff et al., (2014) theoretically investigated three two-stage cycle options
for the CO; cycle. They claimed that a two—stage split cycle outperformed all other options and showed
a 38-63% performance improvement over the basic single-stage cycle. Baomin et al. (2022) proposed
a multi-stage dedicated mechanical subcooler integrated with R744 booster supermarket refrigeration
system in different climate regions of China. Results indicated that the COP improvement of the three-
stage dedicated mechanical subcooling system was in the range of 1.12-28.84% compared to the
baseline system at an ambient temperature of 0—40 °C, and results in lower discharge pressure.

Scope 1 emissions savings (% or Can result increase in emissions due to more circuits, however this is
another quantifiable metric) difficult to quantify, and no clear values are reported

Quality of scope 1 emissions Based on assumptions and could not be quantified based on results
information

Scope 2 emissions savings (% or The performance improvement strongly depends on the approach used
another quantifiable metric) for the two-stage compression process and the refrigerant type used.

The literature review reported possible improvements in the range of
5-22% for R744 in supermarkets. An energy saving of 27% for R404A
based system and 20% for R134a based system in contrast to basic
refrigeration system configurations was reported by introduction of the
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optimal subcooling. The COP value for R290 was higher than R507A,
and R404A by 5.2% and 8.3% respectively.

Quality of scope 2 emissions Medium

information

TRL level TRL8-9

Maintainability issues Depending the on the two-stage compression approach — extra

maintenance of the additional components will be required

Legislative concerns None

Payback time (years) Unknown

1.18.61. Vacuum insulated panels (VIP)

VIPs consist of an open cell foam slab enclosed in a barrier film (Brown et al, 2007). A high vacuum is
achieved within the enclosure, maintained by the impermeability of the barrier film and by the
presence of a gas absorber (or getter) within the enclosure. The foam slab maintains the physical
dimensions of the panel, supporting the barrier film, reduces convection by the remaining gas
molecules and the radiant heat transfer across the panel. The getter absorbs water vapour,
atmospheric gasses and gasses emitted by the slab during the life of the panel to maintain the vacuum.

VIPs typically have a thermal conductivity of around 3 mW/m.K (measured at the centre of a panel).
However, the film material does influence the conductivity of the panel as a whole and 5 mW/m.K
would be more typical when considering the complete panel. Recent research (Hammond and Evans,
2014) has shown that VIPs embedded into PU foamed walls will yield 86% of the expected benefit
(assuming manufacturers’ thermal conductivity data); the remaining 14% being equivalent to the
variation in thermal conductivity of the PU and VIP (within claimed manufacturing tolerances).

The present cost of VIPs is more than that for PU foam, but the energy savings achievable can still
make them an economic option. The main benefits of VIPs are the reduced thermal transmission for
the same thickness, the reduced space taken by the insulation for the same thermal transmission or a
combination of these two, especially where energy indexes are calculated based on internal volume
and external dimensions are constrained.

The thermal conductivity of VIPs is around one fifth of that of the polyurethane foam typically used.
So, for a given thickness of wall, the heat gain through the walls could be reduced by as much as 80%.
However, polyurethane has two major benefits which are missing from VIPs; the low cost and the
mechanical properties; PU foam can be used to add rigidity to a cabinet whereas VIPs must be
protected from indentation, puncture or buckling to avoid damage to the foil coating. Furthermore,
any panel joints of poor integrity can quickly offset all losses.

Energy savings can be made but unless space is of a high value, the additional cost of the VIP is unlikely
to be justified alongside the option of adding more PU foam. Paybacks demand on howe the VIP is
applied and how many walls of an appliance have VIPs applied. Evans and Hammond (2014) provide
costed payback for the application of VIPs to domestic, professional and retail chillers and freezers.
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Scope 1 emissions savings (% or n/a
another quantifiable metric)

Quality of scope 1 emissions n/a
information

Scope 2 emissions savings (% or 80% of heat gain through walls
another quantifiable metric)

Quality of scope 2 emissions Medium

information

TRL level 5-7

Maintainability issues Need to maintain membrane seal
Legislative concerns None

Payback time (years) Depends on application, 1.4-12 years

1.18.62. Variable Speed drives (VSDs)

Most motors are designed to rotate at a set fixed speed based on the number of magnetic poles built
into them and the supply voltage and frequency applied. Variable speed drives (VSDs) provide effective
speed control of AC motors by manipulating voltage and frequency. VSDs save energy by reducing the
work output of a motor driven system to match the demand through speed reduction.

In a retail refrigeration system, VSDs can be used to drive the compressors or condenser fans. How
much energy can be saved depends on the type of motor. Refrigeration compressors used in retail
refrigeration such as reciprocating compressors are positive displacement devices and have a constant
torque requirement irrespective of speed. Therefore, the shaft power is determined by the operating
conditions (pressure difference) and flow rate, which both effect torque. In general, a reduction in 50%
speed would provide a proportional 50% reduction in shaft power. For fans the variable torque
characteristic of the fan means that the relationship between flow and speed of the fan is such that
the input power reduces in a cube law relationship with the speed reduction.

Overall benefits in terms of energy consumption will only be seen if the increased efficiency of running
continually at low speeds compared to running at high speeds and cycling on and off are greater than
the efficiency loss of the inverter/drive. VSDs are typically 92-98% efficient
(https://www.dalroad.com/wp-content/uploads/2016/03/Variable-Speed-Drives2.pdf).

It is intuitive that reducing the speed of a motor will reduce frictional losses and wear and tear on seals
and bearings. However, cooling, and, where applicable, lubrication must be maintained. Cooling is
often provided by a fan attached to the motor, and if the speed is reduced, the cooling provided may
reduce with speed at a faster rate than the heat generation; this will cause the motor to overheat and
fail prematurely. Similarly, where a lubrication mechanism is driven by the motor, lubrication may fail
with a reduction in speed.
Retrofitting an inverter drive to an unsuitable motor can lead to (ICE-E, 2012):

e Bearing failures.

e Increased operating temperatures of the core and windings.

e Increased vibrations (supporting structures and mountings should not have resonant

frequencies lower than normal operating frequencies).
e Increased operating temperature due to reduced heat dissipation to surroundings.
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e Harmonics generated through electric supply.

Many compressor packs for remote systems will already come with VSDs. However, VSDs can often be
retrofitted to existing motors. Evaluation of motors and load requirements should be conducted to see
where this is feasible.

For most days the refrigeration system does not need to operate at full capacity. A VSD will allow
condenser fans to operate at the appropriate speed, which produces a significant reduction in energy
consumed. As stated earlier for fans, the energy use is roughly proportional to the cube of the fan
speed. Operating at variable speeds will also reduce the frequency of on/off cycling that accompanies
full speed operation under partial load, an effect that will reduce the wear and tear on the system.

https://slipstreaminc.org/sites/default/files/documents/publications/vfd-condenser-fan-pilot-
project-final-report-public-20191009 0.pdf retrofitted VSDs on condenser fans in 4 supermarkets.
Savings varied across stores and condensers. Of the 14 condensers analysed, only one used more
energy. Mean annual energy savings were 50%. This equated to an average energy savings per fan
horsepower of 1,480 kWh/hp. The average annual dollars saved per horsepower was $150 and the
total cost of installation per horsepower was $1,170. Giving a payback time of 7.8 years.

According to https://www.nrel.gov/docs/fy130sti/54243.pdf installing VSDs on condenser fans for the
refrigeration system are important measures that should be considered for all retrofit energy efficiency
projects. However, adding a VSD on the chiller compressor is a lower priority measures considered less
likely to be cost effective or to save a significant amount of energy in most grocery store.

https://singh360.com/resources/article/vfd-drive-refrigeration-systems/ quote a payback of 2 to 3
years for condensers and 1.5 to 5 years for compressors.

Scope 1 emissions savings (% or None
another quantifiable metric)
Quality of scope 1 emissions H

information

Condensers — 50%

Compresses — no reliable data

Scope 2 emissions savings (% or
another quantifiable metric)

Quality of scope 2 emissions M
information
TRL level TRL8-9

Maintainability issues

Potentially increases reliability.

Legislative concerns

None

Payback time (years)

Condensers 2 to 7.8 years.

Compressors 1.5 to 5 years.

1.18.63. Water loop systems

Medium and large sized supermarkets generally use a centralised refrigeration system (or refrigeration
pack), which circulates refrigerant to the chilled and freezer display cabinets, with the heat absorbed
being discharged (from the refrigerant) to the outside air using air cooled condensers sited on the
building roof. These systems use a large charge of refrigerant and there are many joints and connectors
providing many opportunities for leakage within the system. Leakage rates are therefore high e.g.,
typically 17% of charge per annum (Accuvio, 2017). In contrast, standalone (integral) refrigerated
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cabinets (as typically used in smaller supermarkets) require much lower refrigerant charges, and have
much lower leakage rates, typically 1.5% per annum (Accuvio, 2017). However, integral cabinets
typically use air cooled condensers, with the condenser heat rejected within the supermarket,
potentially leading to a large heat gain for the store. One approach to overcoming this problem is to
use water cooled condensers e.g., in the form of plate heat exchangers, for each cabinet, with the heat
rejected to a water loop. The heat is then transported to externally located water chillers or dry
coolers. Some of the rejected heat may be recovered and returned to the store to provide space
heating.

Bagarella et al (2014) compared the performance of a series of cabinets with integral refrigeration
systems and water loop cooled condensers, with two conventional multiplex i.e. centralised
refrigeration systems for supermarkets. They found that providing a variable speed compressor was
used to enable capacity control at part load, energy savings of up to 15.8% for the integral refrigerated
cabinets compared to a fixed suction pressure multiplex refrigeration system, and up to 8.1%
compared to a floating suction pressure multiplex system, were achieved. They also noted that
significant reductions in CO,e emissions could be achieved for the integral refrigerated cabinets, with
areduced 15 year total equivalent warming impact (TEWI) of 56-58%. This was considered to be mainly
due to the large reductions in refrigerant charge and low annual refrigerant leakage rate for the water
cooled integrated refrigeration system.

Another advantage of using standalone integral refrigerated cabinets is that hydrocarbons (HCs) can
be used as the refrigerant in place of the hydrofluorocarbons (HFCs), such as R404A, which has been
widely used for centralised supermarket refrigeration systems. However, R404A has a high GWP of
3922, so in response to new F-Gas guidance (F-Gas 2022), many supermarkets have recently replaced
it with lower GWP HFC/HydroFluoroOlefin (HFO) refrigerants, for example R448A, R449A, which have
GWPs of the order of 1400, or R454C, which has an even lower GWP of 148. Hydrocarbons (HCs) have
even lower global warming potentials GWPs, for example, propane (R290) has a GWP of 3, and
propene (R1270) has a GWP of 1.8.

Hydrocarbons cannot be used for centralised refrigeration systems in supermarkets due to the large
refrigerant charge needed, since regulations (EN378) limit the charge of HCs that can be used (to 1.5
kg in supermarkets), due to their flammability. However, their performance i.e. energy efficiency, as
refrigerants exceeds HFCs in many applications.

Pederson (2012) compared the use of hydrocarbons R290 and R1270 with HFC R404A for a
refrigeration system with an evaporating temperature of -10°C and a condensing temperature of 35°C,
and demonstrated an increase in COP of 8.3% for R290 and 7.9% for R1270 compared to R404A. The
increase in COP was 10% for both R290 and R1270 compared to R404A, with a condensing temperature
of 45°C.

A trial of integrated refrigerated cabinets, using either R290 or R1290 refrigerant and water loop
cooled condensers, in a Waitrose supermarket in the UK, was reported by King et al (2011).
Approximately 25% of the heat rejected through the water loop system was reclaimed and used to
heat the cold aisles adjacent to the open fronted refrigerated cabinets, thereby partially offsetting the
building heating requirement, and effectively combining the refrigerated cabinet cooling with the store
heating, ventilation and air conditioning (HVAC) system. It was estimated that when comparing the
integrated HC water cooled refrigeration and HVAC system with the traditional centralised HFC
refrigeration plant (using HFC R404A), on a whole store basis, an overall CO,e emissions saving of 32%
was achieved. The CO,e savings included both those from savings in electricity and gas usage, and
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those due to reduced (high GWP) refrigerant leakage. The refrigerants R290 or R1270 were also
compared for use in the integrated water loop cooled refrigeration and it was concluded that R1270
(propene) provided greater capacity and efficiency than R290, so was the preferred refrigerant for this
application. A direct comparison of R1270 and R404A in the same application (water cooled integral
cabinets) showed consistent energy savings of 16% for both medium temperature (chilled) and low
temperature (freezer) applications. It was also estimated that there would be an annual cost reduction
for maintenance of at least 44% for the water loop cooled integral cabinets (King et al, 2011).

A performance, costs and emissions comparison of a range of alternative supermarket refrigeration
systems was undertaken by Roberts et al (2020). Configurations used included centralised systems
using refrigerants with different GWPs (in brackets), namely R404A (3922), R449A (1400) and R454A
(148), 5 R744 (CO,) based refrigeration systems and 2 integral cabinet R290 based/water loop cooling
systems. They were evaluated for 3 different countries/ambient conditions, namely Spain, the UK and
Finland. Leakage rates for the centralised systems were assumed to be much lower than previously
reported (as indicated above), namely 5%, while a leakage rate of 10% assumed for the integral
cabinet/water loop systems. It was found that the R404A system produced the highest overall (i.e.
combined direct and indirect) emissions, with by far the largest direct emissions, despite the low
leakage rate, due to its very high GWP. The other refrigerant systems all produced similar levels of
emissions, with some variations between them, except for the R434A based system which produced
the lowest emissions of all i.e. 6-15% lower than the next lowest emission system. The R290 based
integral cabinet/water loop systems would have been expected to produce lower overall emissions
compared to the centralised systems based on the findings from the earlier study of King et al (2011).
However, in that study, 25% of the heat rejected through the water loop was recovered and reused
for space heating within the store, thereby reducing gas consumption and overall emissions for the
store. As the electrical grid decarbonises in the future, the benefits in terms of CO, emissions will move
further towards low GWP refrigerants (e.g., HCs and R744).

Technology: Water loop systems (plus R1270)

17% of charge for centralised refrigeration system x GWP R404A less
1.5% x combined charge for all integral refrigerated cabinets x GWP
R1270 (based on study of King et al (2011).

Scope 1 emissions savings (%
or another quantifiable metric)

Quality of scope 1 emissions M
information

Scope 2 emissions savings (%
or another quantifiable metric)

11% - based on savings in gas heating and electricity emissions for King et
al (2011) system

Quality of scope 2 emissions M
information
TRL level TRL8-9

Maintainability issues

Much lower refrigerant leakage for integral systems compared to
centralised plant and reduced maintenance costs.

Legislative concerns

M - Refrigerant charge for hydrocarbons limited to 1.5 kg for direct
system in supermarket (EN378)

Payback time (years)

Unknown

Page 177 | 295




(?M})ENOUGH et road map

EUROPEAN FOOD CHAIN SUPPLY
TO REDUCE GHG EMISSIONS BY 2050

1.19. Ovens

1.19.1. Air impingement

Forced convection heat transfer by circulating heated air in ovens is widely used in units for cooking
and baking (Cappelli et al., 2021). A special form of forced convection is impingement, which directs
jets of hot gas perpendicularly towards the surface of the baking food at high speed, with the aim to
reduce baking times and reduce the setpoint of the hot air temperature. The jets of heated fluid are
addressed at high velocities (up to 50 m/s, but more commonly below 10 m/s) onto the surfaces of the
food (Kerry, 2011). The impinging jets result in high convective heat transfer rates at the food surface.
(A. Li & Walker, 1996) measured heat transfer coefficients during baking in conventional commercial
conveyor ovens in comparison to impingement and reported average values of apparent convective
heat transfer coefficients ranging from 22.8-84.8 W/m2 K for the top and 17.4-110.9 W/m? K for the
bottom of the oven, for the two types. Values over 200 W/m? K were reported for the convection heat
transfer coefficient using air impingement systems (Gadiraju et al., presented 2003 IFT Annual
Meeting-Chicago, 2003 as cited by (Marcotte & Grabowski, 2008)) compared to only about 10-20
W/mzK, in a conventional baking oven.

Impingement ovens use a variety of small nozzles, short tubes, perforated plates, or narrow slits to
achieve impingement jets, therefore it has been found mainly beneficial for thin products such has
pizza where the internal heat transfer resistance is small compared to that at the surface (Chhanwal
et al., 2019; Walker, 2016). Impingement found its application in restaurants and food service on a
wider scale than pizza only, and is used for casseroles, steaks, small bread loaves, cakes, pies and more.
From the original application in small ovens, impingement now is also more and more used in large
continuous ovens. These large-scale tunnel ovens use the principle of high-velocity air impingement
from slots or nozzles for baking different types of products. High heat transfer rates also means high
moisture removal rates by the impinging air, therefore the impingement will also increase water loss
rates from the surface of the product, affecting e.g. the crust formation. Still, this may be balanced by
the residence time in the oven that is reduced so much that products actually lose less moisture. The
effects of changing to impingement cooking on food quality scale with the temperature adjustment as
many transformation (such as leavening release, fat melting, sugar dissolution, protein denaturation,
and starch gelatinization) rates leading to quality changes are temperature dependent.

According to (Walker, 2016), “any savings in baking times, lower temperatures, and reduction in
energy use vary with the nature of the product (thickness, water content, etc.) and with the nozzle
design and locations, but most importantly with the air velocity.” It is claimed that “the product of
‘time’ and ‘driving temperature’ (as an energy saving parameter) can be reduced to about one-half,
where ‘driving temperature’ = ‘oven temperature’ - ‘product initial temperature.” (Walker, 2016).
Still, there is no quantitative evidence to support this. For thicker products, the expected savings are
claimed to be rather 1/3 instead of 1/2. (Wahlby et al., 2000) reported, in an experimental oven
intended for the domestic market using yeast buns (representing category bread) and pork cutlets
(representing meats), that a jet impingement oven required 25 °C lower air temperature than a
reference oven for baking buns in the same time, and a reduction of the cooking time of the meat by
up to 50% at similar air temperature as recommended. (Banooni et al., 2008) studied experimentally
application of impingement for baking of very thin breads (such as the Iranian breads) in ranges of
temperature (150°C-250°C) and jet velocity (1m/s-10m/s). The sample baking time in a conventional
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oven with 200°C air temperature was about 10 min, which was about two times the baking time in the
impingement oven at the same temperature with similar bread quality.

The above studies seem to agree that impingement may lead to up to 50% energy savings, although
an integral analysis is missing that also accounts for the additional energy requirement for the air
impingement system to operate (fan power) and assesses overall system performances. Using data
and a parameterized reduced order model for a French bread baking commercial oven the potential
energy savings of a newly designed impingement system with an array of circular jets were calculated
(Alamir et al., 2013). The analysis indicated that air impingement could lead up to 17.9% energy
savings. (X. D. Li et al., 2013) used a mechanistic heat exchange model in another optimization
calculation and determined that almost 12% energy can be saved using jet impingement. An early
review of the energy efficiency of ovens (Moreth, 1993, Morris, 1994 as cited by (Geedipalli et al.,
2008) claims that jet impingement ovens are 65% efficient while standard gas fired ovens have only a
35% fuel efficiency.

Design features have a large impact on impingement heat transfer and will also affect the energy
efficiency of the system. The rate of energy dissipation is largely dependent upon the shape of the
nozzle, exit velocity of impinging fluid, length of nozzle and sharpness at nozzle exit, and adjustment
of the plenum height (and tube distance from the product surface) clearly impacts on impingement
efficiency (Kerry, 2011). The slot shape and length (i.e. ‘short’, orifice type, or 'long’, finger type), and
the layout of the arrays (i.e. uniform or staggered tube patterns), employed in various cooking systems
clearly impact on the air velocity distribution and must be calculated during the design stages to ensure
optimal heat transfer as a function of cooking time (Kerry, 2011). (Shevade et al., 2019) performed a
computational fluid dynamics study of plenum and nozzle design parameters on the heat transfer rates
to the surface of pizza type food product, for baking in a commercial conveyor oven. They only
considered the turbulent airflow and heat transfer expressed by the surface heat transfer rates and air
leakage. They suggested that with an optimal selection of the nozzle and plenum design features 20%
energy savings could be achieved, but a comprehensive energy balance analysis of the complete
system was again lacking.

Gains can also be expected when combining air impingement with other heating modes. (Mastrascusa
et al., 2021) analysed, for continuous pizza baking, the CO, emissions and relative emission reduction
of air impingement (Al) in combination with microwaves (MW), infrared heating (IR), superheated
steam injection (SHS) and induction heating (IH). This was an experimental study performed in the
laboratory by combining different apparatuses where needed. Energy consumption was computed as
the sum of by power by run time of each technology. Emissions were calculated using data from the
Mexican national electrical system, the value reported for the year 2019 was 0.505 kg CO, eq/kWh.
Quality attributes were also assessed. The use of IR with Al presented the most significant reduction
in cooking time (50%) and a reduction in energy consumption per pizza (27%) compared to the
standard Al oven. The second higher reduction in energy and emissions is the combination which used
MW and Al but failed on quality (insufficient browning). The relative savings of the successful Al and
IR combination was calculated to be 27.1%.

Scope 1/2 emissions (as Air impingement compared to conventional heating:
relevant for electricity/gas) Baking time reduced by 30-50% (at same operational temperature and
savings (% or another with similar baking quality)

quantifiable metric)

Energy savings 12-17.9% (from computational analysis in 2 studies)
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Increased energy efficiency: 65% compared to 35% (90’s work)
Multimode heating with infrared (experimental work):

50% reduction of cooking time

27% energy reduction

27.1% reduction in CO2 emissions

Quality of scope 1/2 emissions Data from different peer reviewed journal papers on different
information applications, partly based on computational analysis using mechanistic
and reduced order models. Few data on actual measurements.

TRL level 5-7 (hybrid) -8-9 (air impingement ovens for pizza)

Maintainability issues Proper cleaning

Legislative concerns -

Payback time (years) Not available

1.19.2. Automatic shutdown

Stojceska et al. (2021) studied the effect of switching off equipment between productions for an entire
production plantinvolving different pieces of equipment, including mixers, conveyers, cutters, feeders,
ovens and coolers. While ovens had the largest share in the energy consumption (30-43%), the
shutdown was only implemented for equipment with short start-up times, which excluded the ovens
in this case. As a result, equipment switch off savings were between 0.4 and 0.5% of the total energy
budget of the entire process. Practical guidelines towards energy savings in (food service) ovens
(Pacific Gas and Electric Company, 1999) also state that preheat times are often half an hour, and it is
not always recommended to turn it off between productions, unless for at least 2 hours. Switching off
ovens directly after operational hours is also advised, instead of during later planned cleaning
activities, for example, with potential large savings. Ovens with digital timers have an automatic shut-
down function that turns the oven off after 12h of continuous operation, mainly for safety reasons
(Wall Ovens & Ranges - 12 Hour Automatic Oven Shut Off, n.d.). It does not appear that easy and
common to enforce intermediate automatic shutdowns during operation hours as it may often not be
easily estimated if the shutdown period will be long enough to save energy with respect to the
additional preheating time needed, which typically has the highest power demand of the whole
heating process. It will rather require careful planning of the heating operations and clear instructions
to operators. Smaller ovens with short preheating time and short process times that are not used
continuously, such as toasters, have automatic shutdown already installed with timers. Apart from the
use of timers, sensor technologies have been considered for inline baking quality assessment which
could also aid the determination of the end of the heating process, which consequently could be used
to switch off the oven. Among others, (Abdanan Mehdizadeh, 2022; Paquet-Durand et al., 2012;
Yiiksel, 2014) explored computer vision technology combined with machine learning. Online
measurement of water content using a microwave sensor was suggested (Woodhead et al., 2014).
(Takacs et al., 2020) used mid-infrared imaging. Hyperspectral imaging was tested in different studies
as well (Andresen et al., 2013; Polak et al., 2019). A more complete review of inline sensor technologies
for baking is provided by (Jerome et al., 2019). As far as could be assessed in this review, none of these
technologies have been explored for energy savings studies or practical use with respect to automatic
oven shutdown.
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Energy savings in batch ovens are expected equal to [(avoided overrun time) x (steady state oven
power)] — [(preheating time) x (max. oven power)]. The typical average steady state oven power will
be only a fraction of the max. oven power depending on the magnitude of the heat losses of the oven,
or the efficiency of the heat process. With a steady state heating power that is 25% of the max. oven
power, and a typical preheating time of 30 min, the automatic shutdown savings will be substantial
starting from 2 h non-operation. For an oven with a shorter preheating time of 15 min, the shutdown
saves energy starting from 1 h intervals. For a 1h baking process, the expected energy savings are
about 20% for each additional overrun hour that can be saved. For a more efficient oven to keep the
steady state temperature, say consuming only 10% of the max. power, the savings are beneficial
starting from 10 times the preheating time, with less than 10% energy savings for each additional hour
saved.

Scope 1/2 emissions (as 10-20% of energy use for each non-useful heating hour saved.
relevant for electricity/gas) Reduced losses due to overheating: no data available.

savings (% or another
quantifiable metric)

Quality of scope 1/2 emissions Rough estimate, not verified.
information

TRL level Timers: 8-9

Use of sensing technology: 1-4

Maintainability issues -

Legislative concerns -

Payback time (years) Use of timer: 0

Use of sensing technology: not available

1.19.3. Control of exhaust hood

Demand Control Kitchen Ventilation (DCKV) systems have been suggested for commercial food service
facilities (US Department of Energy, 2015). DCKV systems adjust the quantity of kitchen hood exhaust
and incoming outdoor air, leading to energy and cost savings. It was found that the energy and cost
savings that can be achieved by installing DCKV varies between food service facilities due to site- and
equipment-specific factors such as geographic location, operating hours, DCKV system features, and
system cost. The implementation of a functional and efficient ventilation solution for an entire food
service operation can be a complex matter, involving both air speed and flow balancing within and
between building spaces. DCKV saves energy by adjusting the quantity of kitchen hood exhaust and
incoming outdoor air to reflect the amount of cooking taking place under the hood. Energy savings
directly relate to

Reduced run time of fan motors of the exhaust unit and balancing air supply unit(s) (makeup
airflow/HVAC)

Reducing need for heating/cooling of the makeup air by the HVAC system to balance the heat losses
through the exhaust.

DCKV relies on detection of cooking activity under the hood using sensors (temperature/optic/IR,
energy input, time), and applies control algorithms to translate the sensor signals into adjustment of
the fans of the exhaust and HVAC/makeup air supply units.
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The controls include a variable frequency drive to adjust the motor speeds of the exhaust hood and
makeup air unit fans, ventilation dampers in the hood and the HVAC supply, and smart shutdown of
cooking appliances.

The extent of the energy savings of DCKV is related to (Fisher et al., 2013):

Exhaust ventilation rate: the benefits are expected higher for larger unit systems (with rates above
5000 CFM)

Geographical location: the benefits are expected higher in regions with large demands for
cooling/heating and small for systems that only have makeup air supply with conditioning.

Operating hours: more savings are expected for systems with longer operating hours.

Fan characteristics: the savings are expected larger for energy consuming fans (with a high static
pressure and low efficiency).

Other energy use factors: heating, cooling and dehumidification setpoints, position of the heating
appliances in the kitchen, thermostat position and operation.

Retrofit options can be considered based on specific criteria such as ventilation rate, size and design
of the hoods, operating hours, HVAC requirements.

Further research has considered aspects of hood installation and appliance placement that can
significantly impact the hood performance (Fisher et al., 2015).

Scope 1 emissions savings (% or | n/a
another quantifiable metric)

Quality of scope 1 emissions n/a
information

Scope 2 emissions savings (% or | Average total fan power reduction: 57% (30-80%)
another quantifiable metric) Average exhaust fan power reduction: 26% (15-40%)

Average annual fan energy savings: 40500 kWh/yr (7900-150800 kWh/yr)

Quality of scope 2 emissions Based on research of 1 research group (PG&E Food Service Technology
information Center, CA, US) reported in an ISl Journal (Fisher et al., 2013) considering
11 different types of food service operations at different sites in the US.
PG&E FSTC aims to provide unbiased, comprehensive information about
energy use and efficiency (with ref to
https://www.pge.com/en_US/small-medium-business/business-resource-
center/training-and-education/food-service-technology-center.page). The
research has led to to updates of the US national codes (ASHRAE Standard
154, NFPA 96, UMC, ASHRAE/IES Standard 90.1 and California Title 24)
and changing the way CKV systems are designed and operated as
explained in (Fisher et al., 2015). The work has also led to a report by the
US Department of Energy explaining the practical roll-out of DCKV (US
Department of Energy, 2015).

HVAC energy reduction, no average values reported. One particular case
claims 29% savings (see below).

Reported in (US Department of Energy, 2015)

TRL level 8-9

Maintainability issues Continued maintenance of the exhaust and HVAC systems
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Legislative concerns -

Payback time (years) 1-5 years: return on investment analysis has been performed (US
Department of Energy, 2015) for specific cases:

A system with 6000 CFM exhaust flow and 4800 CFM makeup air flow in
California and 13.1 h of daily operation had a 61% fan energy reduction
and a payback time of the investment of 3.5 years at an electricity cost of
$0.15/kWh

A system of 22500 CFM exhaust flow and 19500 makeup flow in California
with a 24/7 operation had a 62% fan energy reduction and 29% savings on
HVAC had a payback time of less than 1 year.

1.19.4. Doors instead of open front/back

Hot holding cabinets are temperature maintenance units similar to refrigeration equipment. And
though they are heated, this equipment is not for cooking. The equipment has a top- or bottom-
mounted heat system, which consists of a heating element and potentially also air movement inside
the cabinet, as well as humidity controls. Heating systems include convected air with fan-driven
circulation or radiant heat with no mechanical air movement with thermostatically controlled air
temperatures (Food Service Equipment and Supplies, n.d.). Mostly electricity powers hot food holding
units. Single cabinets require 1200 to 1500 watts of electrical power, while double cabinets may use
1800 to 2000 Watts.

In the USA and Canada, ENERGY STAR (Energy Star, n.d.) certified hot food holding cabinets often
incorporate better insulation which reduces heat loss, offer better temperature uniformity within the
cabinet from top to bottom, and keeps the external cabinet cooler. In addition, many certified holding
cabinets may include energy saving devices such as magnetic door gaskets, auto-door closures, or
dutch doors. The measures together result in a list of certified appliances that are claimed 70% more
efficient than standard models, saving 3000 kWh annually. An example given by (Pacific Energy Center,
n.d.) states a non-insulated model used 1.35 kW and the insulated model used 0.43 kW, for a 0.9 kW
savings. This was also verified in an experimental campaign by (Ruan et al., 2021).

The cost savings of ENERGY STAR certified holding cabinets were evaluated to be about € 1000 over a
12-year lifetime of the equipment (U.S. Department of Energy. Office of Energy Efficiency and
Renewable Energy, n.d.), thus equipment priced no more than €1000 higher also save money.

On another aspect, (Ruan et al., 2021) investigated potential energy savings in food holding equipment
on sites in California including heat lamps, heat strips, and heated shelves in addition to cabinets. Heat
strips used a lot of energy because of their long hours of operation and steady input rate throughout
the day. Heat strips must heat food from a distance. Their inherent inefficiency is that the heat source
is directed downward at the food without any enclosure to contain the heat, which rises naturally.
Heat lamps operate under a similar concept but cover a smaller area and thus have a lower input rate.
Heated shelves exhibited the same inefficiency with heat coming from the bottom instead of the top.
The authors saw low potential for energy savings for heat lamps and heated shelves. Heat strips are
energy intensive appliances that operate at a constant and relatively high input rate without any
thermostatic feedback. Heat strips are frequently forgotten by staff and not powered off since it is
difficult to tell if they are on or off. With a simple, automatic timer or sensing technology, there is
potential to save a sizeable amount of energy on the magnitude of 10 kWh/day (equivalent to 12 hours
off). Though sensing technology for heat strips is not currently available on the market, another
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solution could be to switch to halogen heat strips, which allow for temperature adjustment to match
the required levels of heating demand. This type of replacement was claimed to theoretically save up
to 81.4 percent of the operating energy, comparing the baseline resistance and halogen heat strip
results.

Scope 1/2 emissions (as 70% of annual energy consumption.
relevant for electricity/gas)
savings (% or another
quantifiable metric)

Quality of scope 1/2 emissions Annual energy use calculated using ASTM Standard F2140-11. Annual
information Energy Cost calculated based on an assumed electricity price of
$0.09/kWh, which is the average electricity price at federal facilities
throughout the United States. Lifetime Energy Cost is the sum of the
discounted value of annual energy cost and an assumed hot food holding
cabinet life of 12 years. Future electricity price trends and a 3% discount
rate are from Energy Price Indices and Discount Factors for Life-Cycle
Cost Analysis—2021: Annual Supplement to NIST Handbook 135

(NISTIR 85-3273-36).

TRL level 8-9

Maintainability issues -

Legislative concerns -

Payback time (years) 12 years (lifetime of equipment)

1.19.5. Efficient/improved oven design

Improving energy efficiency of ovens has been suggested by means of design improvements. In most
studies, computer simulation approaches such as computational fluid dynamics (CFD) are used to
assess the effects of design changes on energy efficiency (Al-Nasser et al., 2021; Chhanwal et al., 2012;
Therdthai et al., 2003). CFD computes fluid flow, heat and mass transfer in ovens to render spatial and
time maps of important process variables such as temperature and moisture of the fluid and product,
and the different heat transfer rates composing the overall energy balance. In some cases, the CFD
analysis is calibrated using experimentally determined inputs (Khatir et al., 2013; Paton et al., 2013).
Simplified quality kinetics indices are used to benchmark effects of changes on baking quality. The
major variables affecting the baking process are the baking time and temperature, moisture content,
and distribution of heat flux in the oven.

The model based analysis of (Paton et al., 2013) predicted that 19% of the energy used in an industrial
oven is baseload, i.e. the energy that escapes via the oven walls, roof and flue gas losses. Their analysis
estimated that a 10% baking time reduction would mean an energy reduction of 19% x 10% = 2% per
food item (in this case, bread). Building further on this model, (Khatir et al., 2013) found that increasing
convective heat transfer coefficients (CHTC) from the hot air to the food in a bread baking oven from
10 W/(m2K) in a conventional oven to 35 W/(m2K) in an improved design of the airflow rates and
distribution, could save energy by a reduction of baking time and thereby reduced heat losses through
the oven walls (44.7 kJ/kg), although additional energy is required for running the fans (2.9 ki/kg).
Increasing the CHTC beyond 35 W/(m2 K) was not found useful in terms of energy savings because of
the limited gain in baking time and the exponential increase in fan energy. The energy required for
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baking the bread was assessed to be 800 kiJ/kg, thus an energy saving of 5.2% (41.8/800) could be
achieved on a specific food unit (kg) base. No experimental verification was presented. The potential
energy savings for the UK were estimated to be around 25 GWh/year in the UK based on the bread
total production, leading to a reduction in carbon emissions of 4484 tonnes CO2e. For France, this was
estimated to be 11.22 GWh/year, or 2019 tonnes CO2e; For Sweden it was 70 tonnes CO2e. An
estimate for Europe as whole was 43466 CO2e (Khatir et al., 2013).

(Diaz-Ovalle et al., 2017) proposed geometric changes in an oven to reduce the preheating time and
maintain temperature uniformity using CFD simulation. The authors showed that the baffle plate
geometry exerted an important hydrodynamic influence in the reduction of pre-heating time, but it
was less obvious from the study what the actual expected savings are. An air-forced convection rotary
bread-baking oven with a 60kW natural gas burner and 2 fans was modelled with CFD but implications
of design on energy use were again not shared (Pinelli & Suman, 2017).

Shevade et al. (2019) performed a CFD study of plenum and nozzle design parameters of a pizza air
impingement oven on the heat transfer rates to the surface of pizza type food product, for baking in a
commercial conveyor oven. They only considered the turbulent airflow and heat transfer expressed by
the surface heat transfer rates and air leakage. They suggested that with an optimal selection of the
nozzle and plenum design features 20% energy savings could be achieved, but a comprehensive
energy balance analysis of the complete system was also here lacking.

Ramirez-Laboreo et al. (2016) modelled a small convection-radiation oven and explored the energy
flows. Two different one-hour cooking processes were simulated to analyze the energy behavior of the
system: a convective cooking method such as bread baking and a mostly radiative process like meat
roasting. To properly compare the results, the set point oven temperature in both simulations was
200 °C with the same initial temperature. was more evenly distributed in the convective process and
the load received a larger amount of energy, about 13% compared to 11% in the radiative one.
However, this operating mode has also caused a high increase in water evaporation (20% of the energy
compared to 8%). They found also that energy losses in the radiative simulation were much higher
than in the convective one, mainly in stationary state. The results of a design study revealed that
energy consumption would be reduced by 0.9% in the one-hour convective process and by 1.3% in the
radiative one, mainly because design changes caused the mass to be heated be lower.

Scope 1/2 emissions (as Up to 5.2% specific energy savings by improved oven design
relevant for electricity/gas) 43466 COze for industrial bread baking across Europe
savings (% or another

" ) Improved uniformity of heating may lead to reduction of losses (over- or
quantifiable metric)

under-heating)

Quality of scope 1/2 emissions Peer reviewed calibrated CFD simulation study on 1 type of oven from 1
information research group extrapolated to EU scale, without experimental
verification of the optimal solution. Numerous CFD studies available, few
actual present energy savings numbers.

TRL level 1-4

Maintainability issues Mechanical adaptations should be compatible with cleaning
requirements.

Legislative concerns -
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Payback time (years) Depends on cost of optimization studies, investment costs of adding
mechanical parts and applicability scale of the changes. No public data
available and always very specific.

1.19.6. Improve combustion efficiency (gas/oil)

Gas burners are typically 85-95% efficient (Therkelsen et al., 2014). Still, the energy efficiency of an
average wafer baking machine is reported to be only 35%, with the rest of the total energy lost to
“atmospheric discharge” (Sovacool et al., 2021). It has also been reported that electric ovens are more
energy efficient than direct-fired natural gas ovens, which generate large amounts of heat from the
exhaust gases. So, with respect burner efficiency, it is mainly important to regularly check the efficiency
and take appropriate measures to assure efficiency. It has been claimed that 5-25% or more savings in
heat generation can be achieved by proper combustion efficiency in industrial applications such as
steel production (Oakes & Bratcher, 2011).

Measures for oven combustion control have been adequately described by (Therkelsen et al., 2014).
These authors state that oven burners are a critical component of oven energy efficiency. To optimize
the efficiency, flue gas and temperature analysis can be used to determine burner operation and
efficiency. For example, burners are typically running with excess O, greater than 4% in the flue gas, to
avoid CO development and soot deposits (Oakes & Bratcher, 2011). But there could be margins to
reduce and save fuel. As part of installation and commissioning, burners should be adjusted for
efficient operation, which is an action with a five to ten month payback period. After completing burner
commissioning, a reference flue gas and temperature sample should be taken. This reference
measurement can be used to determine if burners are operating efficiently or not. When variations in
flue gas and temperature are observed, the most common corrective action will be to adjust the burner
air/fuel ratio. Potential fuel savings can be determined from published charts (Oakes & Bratcher, 2011).
These authors also provide some examples with fuel saving costs of more than 20% in industrial
furnaces. An oxygen trim control may be appropriate to manage combustion inefficiencies in a more
continuous way. The oxygen trim system uses a sensor to measure the excess oxygen in the flue gas,
and will change the fuel or air flow to correct this level to match a pre-set level. Oxygen trim controllers
cost between € 6000 and €10,000 to install, but will reduce the time required to assess efficiency and
maintain oven efficiency in the future. An example is explained by (Anonymous, 2007). Return on
investment depends on the savings expected. In some instances a burner will be damaged and need
to be repaired or replaced. Burner repair commonly has a payback period of 1.5 years and can be
performed during periods of routine maintenance.

(Therkelsen et al., 2014) also discuss flue gas monitors that can be used to maintain flame
temperatures within optimal limits while monitoring carbon monoxide (CO), oxygen, and smoke levels,
with respect to use in combustion boilers: “Oxygen measured in exhaust gas is a combination of
deliberately added excess air and unintentional air infiltration. By combining an oxygen monitor with
an intake airflow monitor, it is possible to detect even small levels of unwanted air infiltration. Elevated
CO or smoke exhaust signals that either air/fuel ratios need to be adjusted or combustion burners
need to be maintained or replaced. Using a combination of CO and oxygen readings, efficiency can be
maximised and air pollutant emissions reduced through optimization of fuel/air mixture level. Case
studies indicate an average payback period of 1.7 years for this measure and show that it is typically
financially attractive only for large boilers.”
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Furthermore, a portion of oven exhaust gas can be re-circulated in the oven or mixed with incoming
combustion air to reduce fuel consumption (Therkelsen et al., 2014). See the respective review on this
topic. (Mukherjee et al., 2019) also states that measures to reduce secondary leak air flow by 30-35%,
significantly reduce the dilution of hot products of combustion inside the oven and yields an overall
fuel savings of 8.5%.

An interesting alternative to gas recirculation in ovens where the consumption temperature is much
higher than the required temperature for baking has been suggested by (Corina, 2017). It was shown
that the technology of an integrated cogeneration engine (ICE) in (indirect heating) ovens is relevant
from the energy efficiency point of view. The idea of ICE is to avoid the losses during recycling and
mixing direct burner gasses with oven gasses, but rather use the surplus heat of the burner for other
purposes. The energy efficiency of the process of obtaining gases in the combustion chamber of ICE
was calculated to be 10,6% higher (92,6% instead of 82%) than the same process in the combustion
chamber of the classic oven. Therefore, the integration of cogeneration in baking installations
increases energy efficiency of the analyzed process as a whole which also produces electricity and
warm water of 70°C that are included as useful outputs. It was noted “that the proposed technology
can be implemented in any enterprise equipped with natural gas oven, regardless of the type of
products cooked/baked”. IN the particular case studied, the electricity produced by the ICE integrated
with the bakery oven, will account for 38% of the total electricity demand for the analysed enterprise.
To establish this efficiency, however, the total gas consumed increased by a factor 2.4 for the
production of the same amount of oven heat. The return on investment was also not analysed.

The analysis made by the Carbon Trust in UK (Carbon Trust, 2016) for 89 bakery sites, showed that
improved combustion efficiency leads that on average reduction of 196 tons of CO, per site with a
payback time of 3 years, mainly for indirect-fired ovens. Actions include regular servicing of the burners
and use of an oxygen trim, with estimated savings of 10%.

Scope 1 emissions savings (% or | Maximal range 5-25% energy use savings, but likely between 5-10%