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Disclaimer

The United Nations Environment Programme (UNEP), the Technology and Economic
Assessment Panel (TEAP) €bairs and members, the Technical Options Committees Co
chairs and members, the TEAP Task Forcel@irs and members, and the companies and
organisatns that employ them do not endorse the performance, worker safety, or
environmental acceptability of any of the technical options discugsesty industrial

operation requires consideration of worker safety and proper disposal of contaminants and
waste poducts.Moreover, as work continuesncluding additional toxicity evaluain - more
information on health, environmental and safety effects of alternatives and replacements will
become available for use in selecting among the options discussed ioctimsesht.

UNEP, the TEAP Ceahairs and members, the Technical Options Comest@&schairs and
members, and the TEAP Task ForcesdBairs and members, in furnishing or distributing this
information, do not make any warranty or representation, either expré@splied, with respect
to the accuracy, completeness, or utility; notttgy assume any liability of any kind
whatsoever resulting from the use or reliance upon any information, material, or procedure
contained herein, including but not limited to atgims regarding health, safety,
environmental effect or fate, efficacy, performance, made by the source of information.

Mention of any company, association, or product in this document is for information purposes
only and does not constitute a recomuhtion of any such company, association, or product,
either express or im@d by UNEP, the Technology and Economic Assessment Parediaiis

or members, the Technical and Economic Options Committezh@ios or members, the TEAP
Task Forces Gahairs omembers or the companies or organisations that employ them.
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17 0OOAOU
APF: Annual Performance Factor (see Seasonal Erffipiency Ratio). Represents heating

and cooling capacity per kilowatt hour (kwWh) over one year of use of an air
conditioner under specific conditions;

Coefficient of performance COP, sometimes CP or CoP)For a heat pump, refrigerator or
air conditionirg system, this is a ratio of useful heatingooling provided to work
required. Higher COPs equate to lower operating costs. It is the ratio of the heating
capacity to the effective power input to the device at any given set of rating condition
(ISO 515120177). Itis expressed in Watts divided tne power input in Watts
(unit-less measure).

Cooling capacity:A measure of a systemdbs ability to
refrigeration ton (RT), where 1 RT = 3.5 kW = 12,000 BTU/h.

Cooling/heding load: The amount of energy needed to haatool to a desired level of
service. Improving insulation in a building is a strategy for reducing heating and
cooling load while providing the same level of comfort to the occupant.

Coefficient of Performance (COP):COP is defined as the ratio betwehka tooling capacity
and the power consumed by the system. COP is also used for heat pumps and in this
case, it is defined as the ratio between the heating capacity and the power consumed
by the system. Morepgcifically, itis the ratio of the total coolg capacity to the
effective power input to the device at any given set of rating conditions (ISO
5151:201%7). This ratio can either be in BTU per hour divided by power input Watts
(BTU/h/W), or in Watt/Wat(W/W). The conversion factor is 3.412 BTU/hA\L
WI/W.

CSPF: Cooling season performance factor (see Seasonal Energy Efficiency Ratio).

Design efficiency:The energy performance of equipment as designed or as shipped, same as
nameplate efficiency.

Energy Efficiency Ratio (EER): Ratio of thecoolingoutput divided by the electrical energy
inputwh en measur ed atmakimumicoolingcaphcity or theedesign a t
point) and is measured in W/W or Btu/h/W (1 W = 3.412 Btu/h).

Energy performance: The amount of energy consumed for a piece of eceiipror system to
perform a specific level of service.

HSPF: Heating Seasonal Performance Fa¢see Seasonal Energy Efficiency Ratio)
Installed efficiency: The energy performance ofwegment as installed.
ISEER: Indian Seasonal Energy Efficiency Ratio.

Kilowatthour (kWh): A measure of energy, measured as 1 kilowatt (1,000 watts) of power
expended for 1 hour. One kWh is equivalent to 3,412 British Thermal Units (Btu).

Manufacturing cost: cost to manufacture the equipment.
Million tons oil equivalent (Mtoe): 1 Mtoe = 11.63 billion kWh

Nominal design point:represents the set of conditions (e.g. indoor and outdoor temperatures)
used to design the system

11
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Operating cost: The cost to the egpment user to operate the equipment.

Part-load operation: condition hat happens when the system has to face a load lower than
nominal (nominal conditions are used for the design of the system). RACHP systems
usually operate at paldad conditions for mst part of their life cycle.

Peak Load: The highest electricity demarmdcurring within a given period on an electric grid.

Percent energy efficiency improvementpercent change in energy consumption of an
efficient unit compared with a base unit.

Refrigeration Ton (RT): Measure of cooling capacity, where 1 ton refer3,5kW (12,000
Btu).

Retail price: Price to purchase the equipment.

Seasonal Energy Efficiency Ratio (SEER)Ratio of cooling output divided by the electrical
energy input, measured atlfahd partioad, and weighted to represent the overall
performance oftte device for the weather over a typical cooling season in each given
country.An alternative name to SEER is t@eoling Seasonal Performance Factor
(CSPF) Heating Seasonal Performane Factor (HSPF)is used for heating mode.
Annual Performance Factor (APF) is a metric used for reversible hgatmp room
air conditioners that heat and cool.

Unit energy consumption: The amount of energy consumed by a unit of equipment, usually
over one yar.

Variable speed drives (VSD)A type of motor controller that drives electric motor by
varying the frequency and voltage supplied to the electric motor, also known as
inverter.

Variable refrigerant flow (VRF): AC units that are typically more complerits which
generally have a compressor, and condensing unit, bupfawdivaporating units in
separate conditioned spaces, employing a complex control system. The control system
adjusts the refrigerant flow to achieve the desired@iditioning for eah of the
different spaces being conditioned.

12
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The Eergy Efficiency Task Force has made an assessment of the availability and costs of
technologiesind equipmerthat enhance energy efficiency during HFC phdmen, focusing

on air conditioners (AC) and commercial refrigeration (CR). The technologyytimce energy
efficiency (EE) using different types of refrigerants is available to varying degrees in the
different regions of the world. Research and developiff&fD), is ongoing, botffior

refrigerants anfor the newtechnologies that use these rgérians in an efficient wayCosts

and market incentives are important factors in the availability of energy efficient technologies.
Countries which utilize market incentives to drive up the energy efficiency of AC and CR in
parallel with HFC phasedown Wwherefit economically and environmentalRart of the

transition to loweiGWP technologieandequipment has already happened; some markets have
been transitioning to high&E technologies and/or equipment.

CHAPTER 2: AVAILABILITY OF LOW GWP TECHNOLOGY AND EQUIPMENT
THAT MAINTAIN OR ENHANCE ENERGY EFFICIENCY

General Considerations

T Medium and lowGWP efrigerants are widely available and do not limit the demand
for AC.

1 AC and CR equipment meeting the minimum EE requirements in the respective
countries are wiely available for all refrigerant families including HCFCs; however,
extremely limited developmend achieve higher EE taking place on HCFC
equipment due to their phasatschedules

1 Where markets and supporting policies provide da&arals towardslternative
refrigerant choice, manufacturers investefatedR&D for those refrigerantahile
maintaining or enhancing energy efficienéys a consequence, the R&D effort to
develop energy efficient RA@Refrigeration and Air Conditiony) equipment ideing
focused on lower GWP technologies. This is particularly visible in the HZFC
transition, where no manufacturers supply kédficiency variablespeed air
conditioners using HCFQ2. While the development of new efficient equipmeith
high GWP HFG is still taking place in some regions, most effort is now being put in
developing energy efficient equipment with mediand lowGWP refrigerantghat
exceed the minimum EE ratings by 10% or more.

1 Somecomponentso enhance Eih use inAC and CR egipment withlower GWP
refrigerantsare notwidely availablé. Components for medii@WP refrigerants are
more widely available with some countriesiséorming the majority of their
consumption to these refrigerants.

1 Intellectual PropertylP): Most of thewidely available new technologies contributing
to higherEE equipment are not directly impacted by IP consideratidosvever, for
technologies avaible from a limited number of suppliers, emerging technologies, or
R&D technologies, the IP impact hashie determined on a cabg-case basis

1This Report def i nelsow-fiea AQunts ahich rheetta yegional or co8ntryt régainedsenergy
efficiency MEPS; Midtier: AC units which are up to 10% more efficient than the base MEPS; andigligAC
units which are eleast 10% or higher than the base MEPS

13
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Air Conditioningequipment:

1 HCFCGbasedAC generally hasilower EE, withno on-going R&D to improve EE.

1 High GWPrefrigerantbasedACs areavailable around the world across all tiers of EE.

1 Medium and bwer GWPrefrigerantbasedAC i s fiavai |l abl edo in many
world, but in some important markets (e.g. US, HAT countries) ir e madwn s a i
technol ogyo

Air Conditioningcomponents:

The most important factor in developing any new product is the availabiligngb@nents,
such as compressors and heat exchangers.

9 Higher efficiency and inverter driven compressors are avaitatdepresently used
(mostly used for rotary)lhere is very limited availability for twetage compression
1 China produces 60% of rotary corapsors worldwide (200 million/year). Its
production of variablspeedcompressors (inverter) has doubled in 5 y&aid)
million/year. This has been driven by the introductioMaiimum Energy
Performance StandarddlEPS in many important markets
T Heatex changers are stil!l mainly Afin and tube
diameters and to micrchannel exchangers.
1 These higheEE components reduce the refrigerant charge and are valuable in enabling
medium and lower GWRammablerefrigerant AC unitsto comply with safety
standards. They are widely availabled presently in use

Commercial Refrigeratimequipment:

1 SelfContained Commercial Refrigeration Equipme3€CRE) units are diverse in
design, construction and function. They are madamal | t o medi um scal e
few thousand). They must have high reliability since they often contain perishable
foods. The equipment design (vertical vs horizontal, doors) impacts the heat load.
1 The refrigerants used DR werepreviouslylimited toHCFC-22, R404A, and HFG
134a, but this imow changing with C@ hydrocarbon units usingF€-600a and HE
290, and with HFO blends (based on HEZB4yf) being introduced in many countries.

Commercial Refrigerationomponents:

1 The combination ofariable sped compressor with modern control technojogy
cabinet design and inclusion of doors or curtamadkes the most significant
contribution totheimprovement oknergy efficiesy in SCCRE.

1 The majority of technical options for reducing energystonption Isted in this report
indicate that they are available today and presently in use.

HAT considerationgor Air conditioning and Commercial refrigeration

i Largescale testing projectsf AC prototypes using lonand mediunrGWP
refrigerants have idified seeral refrigerantswhich provide comparable efficiencies
in HAT conditions. The MLHunded PRAHAII is re-testing optimized unifsising
efficient compressors and heat exchangers, which were rebuilt from the original
prototypes used in PRAHA The resultshould be available ilate 2019.

I HAT conditions are not generally an issuedommercial refrigerators (SCRE),
which are often placed inside @ionditioned stores and shops. Howeveiiticle 5

14
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parties SCCRE are sometimes placedtdoors to prevearadditional heat load inside
the building and this will impact performandee to HAT.

CHAPTER 3: COST OF LOW-GWP TECHNOLOGIES AND EQUIPMENT THAT
MAINTAIN OR ENHANCE ENERGY EFFICIENCY IN AC AND CR

)l

Local industries in A5 parties with A@anufacturing or gsembly plants may need
financial assistance to convert facilities for safe use of flammable refrigerants, and to
in-license technological advances Kt

A transition from manufacturing RAC equipment from low to high flammability
refrigerants (high to v GWP), requires additional capital and operating costs.

There are capital and operating costs for the conversiBAGfequipment

manufacturing to flammable refrigerants. There are additional capital and operating
costs to incorporatethnologies to impve energy efficiency at the same time. The
Task Force has provided detailed estimates of these costs.

Refrigerant cost accounts for ~1% of the overall RAC equipment cost. It is predicted
that HFC costs will rise as phasedown progreasdshis will makdow GWP

refrigerants increasingly cesbmpetitive.

Compressors account for ~20% of the cost of RAC equipment. Efficiency can be
improved by up to 20% by technical advances, but cost increases proportionately.
Heat exchanngearnsd otfuabtdémeovdd/tipei efficiency with the
introduction ofsmall diametetubes. Most recently the switch to mietzbannel heat
exchangers has been acceleratirigey have similar or marginally lower cost (~5%)
and up to 5% higher efficiency¥hey reduce theefrigerant charge by ~40%

Optimising airflow improves EE. The power and cost of fans increase in a stepwise
fashion, leading to a complex relationship between increasing cost and EE. The cost
effectiveness for optimal EE is determinedaocaseby-case bais.

Other technologies including salfeaning to reduce dust deposition are a marginal
cost.

At any given timeLife CycleCost analysis indicates for both AC and CR, that there is
a ceiling of efficiency, above which the energy sasingjl not paybackhe higher
capitalcost within the lifetime of the equipmets the cost for efficient components
and designs decrease over time due to increases in scale of production or learning, the
cost of higher efficiency equipment decreasesthissoccurs, highelevels of

efficiency payback over shorter periods.

CHAPTER 4: ROLE OF MARKETS IN THE TRANSITION TO ENERGY EFFICIENT
RAC EQUIPMENT AND LOW GWP REFRIGERANTS

15
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Price to consumers is only loosely correlated \liEh Enterprise pricing stragges, and
especidly the inclusion of features that are irrelevantBagt, influence the price to a
greater degree.

EE measures delivesignificantpositive environmental impacts and reduces the
amount of electricity that needs to be genertdetkliver the same level obaling

service National policies (MEPS, labels, pylblicies) have a significant impact on
technology/product availability and pridedividual countries etting longterm targets

for energy efficiency alongside the Mordtd’rotocol/ Kigali Amendmentansition

would givetheir markets a clear trajectory and increase investor confidence that there
will be a market for higheefficiency products
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In addition tofocusing on availabilityr costs, the transition towards enggfficient

AC and CR can be aelerated by improving national regulations such as MEPS,
marketincentivisation improving servicing capacity and training, as well as pranmt
financial support for local industry in A5 parties for access to IP and-kmowand
capital cost conversioof manufacturing lines.

Many A5 partiesdo not have local & manufacturingind import AC equipment. They
may needssistance to develop MEPS and labelling programmegoid importing

low energyefficiency AC equipment-or example, of African countriesyrrently 23

of 54 do not have MEP& strategy of early switching towards energy efficient{ow
GWP AC equipment would bringng-termeconomic and environmental bengfit

The transition to loweGWP and higher efficiency AC equipment can happen together
at lower overall cost than otherwise and can be further accelerated by encouraging
R&D for new solutions and approaches and through regional and international
cooperatiorandpartnerships

Article 5 partiesusing HCFC technologies and with I& or no MEPSegulations
have the greatest scope to improveERsf equipment, compared to countries with
high EEMEPS regulations and already using HFCs technologies. They lave th
opportunity tatransition directlyto high efficiency/lower GWP equipmewhile

avoiding high-GWP HFCs.

The adoption of common standards for testing and qualification methods between
markets would enable manufacturers to capitalize on scale and aecedehsiology
readiness. Governments setting testing and performance requiremeats tiait
comparable with main trading partners or suppliers may disadvantage that country
economically by delaying the adoption of new energy efficient technologiegin tha
country.

Awareness influences market and consumer choice. A good consumer comigninicat
strategy is critical to increase market penetration of more efficient products.
International cooperatioas well as regional partnershigisd the development of
similar metrics enable monitoring of the market, which allows an easy comparison of
produds on the market in different geographic regions.

The transition can be further accelerated through regimobindernational cooperation
and by encouraging R&D for new solutions and approaches towards low GWP and
energy efficient equipment.
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1 Introduction

1.1 Decision XXX/5

At their 30" Meeting, parties adopted Decision XXX/Access of parties operating under
paragraph 1 of Article 5 of the Montreal Protocol to enegfficient technologies in the
refrigeration, akconditioning and hegtump sectorsPaagraphs 13 of the texof Decision
XXXI/5 is as follows:

Noting that the Kigali Amendment to tivontreal Protocol will enter into force on 1 January
2019,

Noting also the opportunities cited by the Technology and Economic Assessment Panel in its
May 2018 report and the September 2018 revision of that report, where it is noted that several
categorie®f enabling activities can potentially serve to promote energy efficiency,

Acknowledging the Scientific Assessment of Ozone Depletion:2018, which notes that
improvements in the energy efficiency of refrigeration andaiiditioning equipment during
the tiansition to lowglobalwarmingpotential alternative refrigerants can potentially double
the climate benefits of the Kigali Amendment,

Taking note of paragpds 16 and 22 of decision XXVIII/2,

1. To request the Executive Committee of the Multilateral Rarabnsider flexibility within

the financial support provided through enabling activities for HFCs to enable parties operating
under paragraph 1 of Articled the Protocol who wish to do so, to use part of that support for
energy efficiency policy anddiming support as it relates to the phdsgn of controlled
substances, such as:

(a) Developing and enforcing policies and regulations to avoid the marhketration of
energyinefficient refrigeration, aiconditioning and hegitump equipment;

(b) Promaing access to energpfficient technologies in those sectors;

(c) Targeted training on certification, safety and standards, awanetigigg and capacity
building aimed at maintaining and enhancing energy efficiency;

2. To request the Executive Committ#ehe Multilateral Fund to consider, within the context

of paragraph 16 of decision XXVIII/2, increasing the funding provided tevoleme

consuming counies to assist them in implementing the activities outlined in paragraph 1 of the
present decision;

3. To request the Technology and Economic Assessment Panel to prepare a report on the cost
and availability of lowglobalwarmingpotential technologies anejuipment that maintain or
enhance energy efficiency, inter alia, covering various refrigeratizpconditioning and heat

pump sectors, in particular domestic -@onditioning and commercial refrigeration, taking into
account geographical regions, indimg countries with higlambienttemperature conditions.

This reportpresents EAPSO sesponséo paragraph 3 afhe abovelecision

17
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1.2 Approach and sources of information

1.2.1 Approach

In order to prepare iteport responding to Decision XXX/&he TEAP estaldhed a task force.
The composition of the D&ton XXX/5 Task Force is as follows:

Co-chairs Party
* Helene RochaMember, RTOC CH
Roberto PeixotoCo-chair, RTOC BRA
Ashley Woodcock, Cehair, TEAP UK
Members

* Omar Abdelazizindependengxpert EG
* Gabrielle Dreyfusindependengxpert us
* Bassam Elassaad, Member, RTOC LB
Jitendra Bhambure, Independent expert IN
Suely CarvalhoSenior expert, TEAP BRA
Daniel Colbourne, Member, RTOC UK
Samir Hamed, Member, RTOC JO
Herlianika Herlin, MembeRTOC ID
Mary Koban, Member, RTOC us
Holger Koenig, Member, RTOC DE
Tingxun Li, Member, RTOC PRC
Bella Maranion, Cechair, TEAP us
Maher Mousa, Member, RTOC SA
Tetsuji Okada, Member, RTOC J
Alaa OlamaMember, RTOC EG
Fabio PolonaraCo-chair, RTOC IT
Nihar Shah)ndependengxpert IN
Rajendra Shend&enior expert, TEAP IN

* indicates Chapter Lead Author

TEAP would like to extends appreciation to RTOC membRajan Rajendran for the specific
informationheprovided on theommercial refriger&n sector

1.2.2 Building onPrevious TEAP Reports

Energy efficiency (EE) is a broad topic of major importance for the environment, economics
and health. There is an enormous amount of published literature and reviews totseseeral
18
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energy consuming prodtscand equipment, inclirty refrigeration and air conditioning
appliances and systems. In preparing its response to the decision, the Task Force referenced
information provided in earlier TEAP reporteé below Decision XXVIII/3 Working Group
Reporti October 2017, and DecisioXX1X/10 Task Force Repoit September 2018) and
examined updated, available research and stuthesTask Forcalsoperformed market

research based am-line shops in several geographic regidnshave a more recent and

practcal assessment of the rket.

The TwentyEighth Meeting of the Parties, following the adoption of the Kigali amendment,

adopted decision XXVIII/3 on energy efficiency
efficiency opportunities in the refrigerationdhair-conditioning and eatpump sectors related
to a transition to climaté&iendly alternatives, includingnén-k i nd opti onso. I'n res

TEAP establishedrainternalWorking Group to scope out the opportunities for energy
efficiency gains in parallevith the HFC phaseown.

The TwentyNinth Meeting of the Parties adopted decision XXIX/10 and requested the TEAP

to assess (in relation to maintaining and/or enhancing energy efficiency in the RACHP sectors)
Aitechnol ogy opti ons g é@rchhllengesdon tirrugakes (i) ttheir,long ncl udi n
term sustainable performance and viability; and (iii) their environmental benefits in terms of

CO2eq; capacitybuilding and servicing sector requirements in the refrigeration and air

conditioning and hdégpump sectors; andrélae d cost s i ncludingltcapital
also requested the Panel to provide an overview of the activities and funding provided by other
relevant institutions. In response, TEAP establish€dsk Force, with the inclusn of

members with knovddge on the challenges of high ambient temperature (HAT) conditions.

The Thirtieth Meetingf the Parties adoptatkcision XXX/5 and in response, TEAP

established the current Task Force. This Task Footedes many members of theevious
taskforceensingcont i nuity and consistency in TEAPG&6s e
has a majority of A5 members (57%hod regional balance, and hasreased input from

members with expertise in HAT conditions.

TheTask Forcenet an 22-23 February 2019 iRaris. Tlis report was drafted and reviewed by
the Task Forceand therby the TEAP prior to submission to th@zone Secretariat.

1.1 Structure of the report

In this report, we have used t hedbotHowerBWRR Nner gy e
refrigerants animproved components (e.g. variable speed compressors -chianmel heat

exchangers, etc.). Domestic air conditioners and commercial refrigeration units, which are the

focus of this report, use the vapor compression @&lie dominantethnology.

This report is organised into an introduction and four main chapters.

1 Chapter 1. Introduction
Scope of workprevious reportby TEAP, Task Force composition and organization,
Chapter 2: Availability of low-GWP technologies ad equipment that maintain or
enhance energy efficiency
The different types and stages of Availabiliytechnologyequipment, refrigerants,
and componentare defined and mapped

1 Chapter 3: Costs of low-GWP technologies and equipment that maintain or
enhance energy effiency
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The costs of availablenedium andow GWP (or lower)refrigerantstechnologiesind
components, assembly and finished products.

1 Chapter 4: Role of market in the availability of energy-efficient RAC equipment
and low-GWP refrigerants
Policies thatencourageind market barriers that impethe simultaneous transition to
lower-GWP and higher efficiency equipment.

I Chapter 5: Discussion
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2 AVAILABILITY OF L&GWP TECHNOLOGIES AND
EQUIPMENT THAT MAINTAIN OR ENHANCE ENERGY
EFFICIENCY

Key messages:
General Considerations:

1 Medium and lowGWP refrigerants are widely available and do not limit the demand
for AC.

1 AC and CR equipment meeting the minimum EE requirements in the respective
countries are widely available for all refrigerant familiesluding HCFCs; however,
extremely limited development to achieve higher EE is taking place on HCFC
equipment due to their phaeat schedules.

1 Where markets and supporting policies provide clear signals towards alternative
refrigerant choice, manufactusanvest in related R&D for those refrigerants while
maintaining or enhancing energy efficiency. As a consequence, the R&D effort to
develop energy efficient RAC (Refrigeration and Air Conditioning) equipment is being
focused on lower GWP technologies.ig s particularly visible in the HCF22
transition, where no manufacturers supply kedficiency variablespeed air
conditioners using HCF@2. While the development of new efficient equipment with
high GWP HFCs is still taking place in some regionsstraffort is now being put into
developing energy efficient equipment with mediand lowGWP refrigerants that
exceed the minimum EE ratings by 10% or more.

1 Some components to enhance EE in use in AC and CR equipment with lower GWP
refrigerants are natidely availablé. Components for medit@WP refrigerants are
more widely available with some countries transforming the majority of their
consumption to these refrigerants.

1 Intellectual Property (IP): Most of theidely available new technologies contriiog
to higher EE equipment are not directly impacted by IP consideratiomgever, for
technologies available from a limited number of suppliers, emerging technologies, or
R&D technologies, the IP impact has to be determined on ebgasase basis

Air Conditioning equipment:

1 HCFGChbased AC generally has a lower EE, with negoing R&D to improve EE.

1 High GWP refrigeranbased ACs are available around the world across all tiers of EE.

1 Medium and lower GWP refrigerabta s ed AC i s favsofitheabl ed i n m
worl d, but in some i mportant markets (e.g.
technol ogyo.

Air Conditioning components:

2Thi s Report dyed iinnelsd8v-ficai d&urinits which indetta regional or country required energy
efficiency MEPS; Midtier: AC units which are up to 10% more efficient than the base MEP $iighdier: AC
units which are at least 10% or higher than the base MEPS

21



TEAP EETF 2019

The most important factor in developing any new product is the availability of components,
such as compressors and heaheargers.

9 Higher efficiency and inverter driven compressors are available and presently used
(mostly used for rotary)lhere is very limited availability for twetage compression

1 China produces 60% of rotary compressors worldwide (200 million/year). Its
production of variable speed compressors (inverter) has doubled in 5 years to 70
million/year. This has been driven by the introduction of Minimum Energy
Performance Standards (MEPS) in many important markets.

T Heat exchanger s ar e typgetthelels a meve todmglleriubei n and t
diameters and to micschannel exchangers.

1 These higher EE components reduce the refrigerant charge and are valuable in enabling
medium and lower GWP flammable refrigerar@ Anitsto comply with safety
standards. Téy are widely available and presently in use.

Commercial Refrigeration equipment:

1 Selt-Contained Commercial Refrigeration Equipment (SCCRE) units are diverse in
design, construction and function. They are mada®mal | t o medi um scal e
few thousnd). They must have high reliability since they often contain perishable
foods. The equipment design (vertical vs horizontal, doors) impacts the heat load.
1 The refrigerants used in CR were previously limited to H2RCR404A and HFC
134a, but this isaw changing with C@ hydrocarbon units using HF&D0a and HE
290, and with HFO blends (based on HEZB4yf) being introduced in many countries.

Commercial Refrigeration components:

1 The combination of variable speed compressor with modern control teciinolog
cabinet design and inclusion of doors or curtains makes the most significant
contribution totheimprovement of energy efficiey in SCCRE.

1 The majority of technical options for reducing energy consumption listed in this report
indicate that they arevailable today and presently in use.

HAT considerations for Air conditioning and Commercial refrigeration

9 Largescale testing projects of AC prototypes using-land mediurGWP
refrigerants have identified several refrigerants which prostiaeparable diciencies
in HAT conditions. The MLFunded PRAHAII is re-testing optimized unitgjsing
efficient compressors and heat exchangers, which were rebuilt from the original
prototypes used in PRAHA The results should be available in late 2019

I HAT conditons are not generally an issue for commercial refrigerators (SCCRE),
which are often placed inside @wionditioned stores and shops. However, in Article 5
parties, SCCRE are sometimes placed outdoors to prevent additional heat load inside
the building andthis will impact performance due to HAT.

This chapter covertheavailability of refrigerantstechnologiesand equipmentelated to
maintaining or enhancing energy efficiency, the availability of components required to enable
this techntbgy, and theavailability of the final products using these enhanced technologies. It
alsofocuses orthe availability ofair conditoningandcommercialrefrigeration appliances,

both from the point of view of the manufacturer (in production, in resesrd develoment

(R&D) or as an emerging technolgggnd also for the consumer.
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Availability can be enhanced by sustainability exgiding being locked intanefficient
technologies orbsolete refrigerant Availability can be reduced by import rastions, taxs,
or shipping/transport costsd other policies as described in Chapter 4.

Il n t hi s r e pcnotogy fitommnehtEandfiaftersales service ar e descri bed
follows:

1 Technology includes the different types oéfrigerants and applicatioffier energy
efficient endproducts;

1 Components includes which components are part of energy efficient products;

I After-sales servie:encompasses practices available to properly service and maintain
new enhancednergyefficiency technologies

The gages Htechnologyavailability are defined in this report as follows

1 Widely available: Can be obtained from more than one manufacturer, supplier, or
retailer. Distribution networkareavailable.

1 Available: Can be obtained front &ast one manufacturer.

I Emerging technology Prototype available at pilot or demsirationstage. An
emerging technology may become available at a later stage or might not make it to the
available stage.

T R&D: Stillin testing phase with promising results. It may be commercializetnwi
five years after passing through the emerging technokages

2.1 Intellectual Property Considerations

Technology leaders invesignificant resource® provide new products that meet or exceed
energy efficiency regulations. Novel technologies thatleynpew components are usually
covered by intellectual proper(iP) rights. IP helps technology leaders regain some
development cossofundscanbe reinvestedor futureR&D that further improve EE

Due to rapidly changing environmentabjuirementshere has been an abundamédr&D in

lower GWP refrigerants aneéthnology, with subsequent IP generation. The patentageer

for a specific advancitechnologymay not be clear, take time to evaluate, and differ between
jurisdictions (e.g. granted in onanp of the world and not in another). Understanding how IP
coves a certain technology and how it fits within a desired use may require considerable
expertise, expense, time and commitment. There may be a need for licensing or royalty
payment to one or sexal different IP holders to enable a technology or produm to
manufacturedClearly defining the scope of a patent and conditions on the use of the IP will
speed up the process for usagew technologwr product with thenew technology.

Industry neds to work together to properly employdBvered technologie§ echnology
leaders who have IP need to clearly share their expectations with the industry regarding:

1. Who can use their technology,
2. How users can employ their technology, and
3. Whatcompensatin may be expected for their technology.

Similarly, technology users need to seek input from IP holders early in their development
process to understand the potential cost/benefit analysis for using a given technology and then
determine if the novel tecbiogy should be employed based on net payback. Without
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conducting proper due diligence for IP covered technology early during a market transition, the
industry may not be able to employ the mB6Btenhancing technologies quickly.

Most of thewidely availalbe new technologies contributing to higHeE equipment are not
directly affectedby IP considerationdHowever, for technologies available from a limited
number of suppliers, emerging technologies, or R&D technologies, the IP impact has to be
determined o acaseby-case basisThere are instances where, for the humanitarian
considerations, IP has been waived or softeaggiAnti-AlDs drugs). Such waiver/relaxation
in IP across the board or on cdsecase basis may ease the availability and affordgloflit

low HFC technologies and equipment to A5 countries.

2.2 Air-Conditiorers (AC): Availability of Technologgnd Equipment

The report reviews the availability of seveaal conditioneitechnologies. Window type AC
units were excluded from the analysis hesmof the slow progression &E enhancing
technologies with this type aiit, and because their market share is declinfing availability
of various technologies was evaluated and tabulated agairsEtbgels expressed as a
percentage of the Mininm Energy Performance Standaidi$EPS)in the respective countries
surveyed.

MEPS specify the minimum level of energy performance that appliances, lighting
andelectricalequipment (products) must meet or exceed before they can be offered for sale or
usedfor commerciapurposes (ECOWAS 2016). MEPS may be mandatory for a range of
products and are an effective way to increasé&thef productsMEPSexpres<EE or energy
performance using the following metriasross the world:

T COP (Coefficient of Performance)is the ratio of the heating capacity to the effective
power input to the device at any given set of rating condition (ISO 51517017 is
expressed in Watts divided by the power input in Watts-{as# measure);

1 EER (Energy Efficiency Ratio) is the ratio of the total cooling capacity to the
effective power input to the device at any given set of rating conditions (ISO
5151:201%7). This ratio can either be in BTU per hour divided by power input Watts
(BTU/h/W), or in Watt /Wat{W/W)3.

1 SEER/(Seasonal Energy EfficiencyRatio) Ratio of cooling output divided by the
electrical energy input, measured at full and@atl, and weighted to represent the
overall performance of the device for the weather over a typical cooling season in each
given courry. An alternative name to SEER is tBeoling Seasonal Performance
Factor (CSPF) Heating Seasonal Performance Factor (HSPR$ used for heating
mode.

1 APF (Annual Performance Factor)is a metric used for reversible hgatmp room
air conditiones that feat and cool. It represents heating and cooling capacity per
kilowatt hour (kWh) over one year of use of an air conditioner under specific
conditions.

The following types of AC units up to 17.5 kW capacity were reviewed:

3 BTU/h/W to W/W conversion factor: 3.412 BTU/h/W = 1 W/W.
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1 Ducted split or central A@Qnits generally use ductwork or piping to provide cooled air
to multiple conditioned spaces. These units typically contain a compressor, an internal
unit (internal to dwelling) which houses the evaporator, and an external unit (external
to dwelling) whichhouseshe condenser. Some unitan berunin reversgheat pump
mode) to also provide heating.

1 Mini-splits (or ductless units) use a compressor and a condenser in a condensing unit
external to the dwelling, and an indoor evaporating contained withioathditoned
space, and connected by short pipework. Mpilits only cool the needed space on
demand.

1 Packaged rooftopnitscontain all the components in one box. They are often placed
on rooftops of buildingand the air is ducted to the conditiorsgrhce, ths the name
Arooftopo.

Several configurations of AC units were reviewed since the configurations employed impact
EE

i Fixedspeed units denote that the compressor operates at one set speed.

T Two-speed units operate the compressor at high ospmedHigh speed to handle the
higher ambient temperatures and low speed for the milder weather

1 Variable speed or inverteunits operate the compressor at variable speeds according to
the load which increases the energy efficiency. According to thseaneh studie
completed in Brazil, inverter units using lower GWP refrigerants can save up to 67%
energy compared to fixed speed units with high GWHRLBA (Daikin 2016)

9 Variable refrigerant flow (VRF) AC offers flexible, energificient heating and
cooling through he ability of the system to vary and control the refrigerant flow
through multiple evaporator coils and provide individual temperature control in
different zones as required

Regional availability
In Tables2.2to 24, theavailability of the variouseichnologies was plotted against the MEPS
from various regions in a tabulated form. Three tiers of MEPS were considered in separate
tables:
I Table 1: Lowtier: AC units which meet a regional or country required energy
efficiency MEPS;
i Table 2: Midtier: AC units which are up to 10% more efficient than the base MEPS;
1 Table 3: Hightier: AC units which are at least 10% or higher than the base MEPS

Within each table, each column represents a class of refrigerant:

1 ODS refrigerant.e. HCFG22
1 High-GWP HFC refigerants with a GWP greater than 750

4 A type of motor controller that drives an electric motor by varying the frequency and voltage supplied to the
electric mdor, also known as inverter.

5 VRF units are typically more complex unithieh generally have a compressor, and condensing unit, but multiple
evaporating units in separate conditioned spaces, employing a complex control system. The control system adjusts
the refrigerant flow to achieve the desiredainditioning for each of #ndifferent spaces being conditioned
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1 Medium andower GWP refrigerants with a GWP less than 750 e.g. 13BC
unsaturated HFC blends (HCFO, HFO), and hydrocarbons2@0%.

Table2.1: In each refrigerant category, the availability iepresented according to the following colour coding
The table is divided by region, with specific countries mentioned where restrictions exist.

Widely available
Available technology
Emerging Technology

In countries with MEPSICFCs ae mainly available in the lowest efficientgr, just good
enough to meet the MEPS criteria, with few exceptions. India does have HCFET boitgh
India has HCFC units with 10% higher efficiency than the baseline MEPSspiinunits in

the midtier and hightier efficiency are only availablesingR-410A, HFG32, and HG290

No HCFC units qualify for the higher efficiency gradess{@ and above) which are 13% more
efficient than the MEPSChina still hadHCFC unitsavailabk in the mid efficiency tr.

High-GWP HFCs, mainly RI10A, areavailable everywhere in the letier. The table shows
some of the technologies available in the various regions incluespgé&d, variable speed
inverter and VRF.

The availability of bwerand medium GWP refrigeranismore variableHFC-32 is available

in all three tiers in Japan, thanks to their Top Runner ProfgeenChaptet.2.3, while HG

290 is available in the European Uni@hinaand India Recently Ghana importetD0 HG

290 units from China through a program setup by GIZ of Germany.

T h dResfiof theNo r | RDW)ir(cludes countries or regions that have not been specifically
mentioned in the tablmost of which have low or no MEPBetermining the availability
acrosssuch a wide spectrum is difficult anen only bevery generalAvailability for ROW is
defined when the technology is present in one country or region.

Tables 2, 2.3, and2.4 show the following general observations:
1 HCFC AC generally has a lower BEith no orrgoing R&D to improve EE.

1 High GWP refrigeranbased AC are available around the world across all tiers of EE.
T Medium and Low GWP AC is ndavail abl eo

n

man

important markets (e. S, HAT countrieeme)y giingr ¢emzihmol agy
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Table2.2: Availability of Technology for AC: Energjficiency vs. refrigerants Low Tier

High GWP HCFCs High GWP HFCs Low and Med GWP Refrigerants

US: HFO units

China: H&290 and HFG2 units
Ghana: HE290 units imported into the country in a
programsupported by GIZ

Brazil: HFE32 units by one supplier
ROW and HAT (Excluding Saudi): ¥2Qinits
available as locally manufacturedramported units

HAT: Research on HT®0 and HFOs by local
manufacturers
R454B accepted by Egypt OEMs

Low Tier Energy Efficiency: Meets MEPS

India: Not availablein lower efficiencies HAT: Saudi safety regulations doast currently
allow safety certification of flammable refrigerants
for residential applications.

No development or availability in non A5

countries or Korea Japan: Regulations do not support equipment
development with HFCs
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Table2.3: Availability of Technology for AC: Ener@jficiency vs. refrigerants Mid Tier

28

Mid-tier Energy Efficiency: up to 10% higher than MEPS

High GWP HCFCs

HAT & ROW: available as locally
manufactured or imported urtis from some
manufacturers in some markets

No development or availability in non /&

countries or Korea

High GWP HFCs

Indonesia: 5% of the market are-RLOA
inverter

ROW: Availability of RI10A units in some
markets

ROW: Availability of RI10A units in some
markets

India: available up to Bta in R410A

Japan: Not Available

Low and Med GWP Refrigerants

China: Both H290 and HFG2 by sone manufacturers

USMini-splits-VRV, 2speed
Brazil: HFE32 inverter units by one supplier

ROW and (HAT excluding Saudi) FFXunits as locally
manufactured or imported

HAT: Research on H®0 and HFOs by local manufacturerg
R-454B accepted by Egypt OEMs
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Table24: Availability of Technology for AC: Energy Efficiency vs. refrigerartiggh Tier

High GWP HCFCs High GWP HRC

No development on high efficiency HCFCs
No availability in high efficiency
ROW: availability of RILOA units in some
markets

HAT: High GWP HFCs Could not meet high
efficiency with conventional design,

however, MEPS >10%, (EER 12.7) can b|

achieved with microchannel heat exchange

Hightier Energy Efficiency: > 10% better than MEPS

Japan: Not available

Low and Med GWP Refrigerants

Japan: "The top runner program" requires weighted averag
APF higher than the standard value. (for both domes#ind
commercial ACs)

India: HFE32 and HE290 available up to 5 Star

China: me manufacture (Midea) have launched F&20 and
some manufacturers introduce HF&2 that had higher APF
than the standardvalue

ROW (and HAT ehkaling Saudi): HF32 units as locally
manufactured or imported

US: Emerging new technologying HFOs

HAT: Research on H®0 and HFOs by local manufacturer
R-454B accepted by Egypt OEMs
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2.3 AC Availability of Components

The most important factor in developing any new product is the availability of components.
Adopting new mediumand lowGWP refrigerants will require a spécire-design for nany
components

A ductlesssplit unitconsists of an outdoor unit and an indoor unit. The outdoo(kigitre
2.1) is usually consisting of a compressor, a condenseandilan, an expansion device, and
piping for liquid and suction lines. Other aca@#ss can be added, as needed, for some
applicationgprotecton of the compressarr other parts Even though these are considered
optional features, their availability is impgant when considering new refrigerants as they
might affect theoverall EE.

The indoor uni{Figure 22) usually consigtof an evaporator coil, a fan and a control system

Legend
Top Cover
Condenser Coil

Condenser Fan Motor

Condenser Fan Blade
Front Cover

Fan Grill
Compressor

Suction Line port
Liquid Line Port
4-way Valve

Back Cover

R lolo|N|o|u|s|w|N |-

Legend

Front Cover

Evaporator Coil

Fan blade

Body Cover

Evaporator Fan Motor

Controller

N |wW(N|=

Indoor Structure

Figure 2.2: Indoor unit components

This section addressthe availdility of these maircomponentgand thé effect on theEE of
ACs. Table 25 belowis asummary matrix for theomponentvailability formedium and
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low-GWP refrigerantfor ACs. It is noteworthy that even thougfine majoriy of units are
produced in Chinghe components are available from multiple sources.
Table25: Availability of components related t&Efor medium and low-GWPrefrigerantsin AC. N = no; Y = yes;

L = limited; X = applicable. LAT = Low Ambient TemperatuvAT = Medium ambient temperature, and HAT =
High ambient temperature

ApplicableAvaiIablePresentl Necessar Max |ncrementa|AppIicabiIiFyto
Component [to ref lodav?  ln use? Remarks com oner)lltspmemial cost for climate regon
circuit v ’ P improvemen|RAC unit LAT|MAT|HAT
Compressors
. Mostly
Higher X Y Y frotary X | x| x
efficiency
compresso
Mostly Inverter,
-Inverter drivel X Y Y |used for |dedicated [20% to 30% [20% X[ X | X
rotary compressor
- two stage very
9 X Y L limited 10% 10%71 20% | X | X | X
compression N
availability
- motor
efficiency Y L |Standard same Same X1 X | X
controllers
Energy efficient fan motors
| EC fan Reduce
Y Y energy, |Controller [7%to 15% [15%t025% X | X | X
motors
heat load
\variable/fixed Y Y X | X | X
speed
- optimized far
blades Y Y X | X | X
-tangential fan Y Y For indoor X | X | X
unit only
. imoroved For outdoo,
np Y Y  lunit only X | x| x
axial fans
Expansion devices
- electronic
expansion X Y L EEVand ;50016 2006 15% X | x| x
controller
valves
. e . |Less .
-fixed orifice X Y L RAC heating .. . negative X1 X | X
Sefficiency
- capillary X Y Y TEV Heating | oqative | X | X | X
tubes mode
Heat exchangers
-Microchannell Y y O Al s negative | X | X | X
condenser coil condenser
Less cost
-Microchannel compared t
| N N N ;
evaporator coi the fin and
tube
- smaller tube
diameter for X Y Y Y CU/AL 10% to 40%,negative X | X | X
condenser coil
- smaller tube
diameter for Y Y Y CU/AL 10% to 40% |negative X | X | X
evaporator coi
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ApplicableAvaiIabIePresentI Necessar Max |ncrementa|Applicabi|iFy o
Component [to ref A Remarks y potential cost for climate regon
L today? |in use? components; .
circuit improvemenRAC unit  |LAT|MAT HAT
. . Only in Filter ard
Adiabatic y Y8 high water 250 to 30% [20% to 35% X
condensers limited .
ambient  ftreatment
Pipe insulatior Y Y Normal !3|pe . <2% Standard X1 X | X
practice  finsulation
+/- depends
. See RTOC . See RTOC
Refrigerant X Y Y 2014, 201‘,;_Refngerant 2014, 2018 on Fhe X1 X | X
region
Defro;t Y Y For HP controller HP X | X | X
techniques only
- hot gas, 4 WAY . .
reverse cycle Y L HP VALVE negative Heating X | X | X
- resistance some Electric Some
heaters for Y Y . negative X | X | X
- regions | heater areas
Heating
- on demand Y Y controller same X | X | X
control
Controls
- dynamic
demand Y Y standard standard | X | X | X
controllers
. Var speed
Reducing . a0
head X Y Y cond. 21 3% per various X | X
fans, 1K
pressure
controller

2.3.1 Availability of Refrigerants foAC
New refrigerants with flammability classes A2L and é&®8ate some challengaad require
countries to include them in their local regulatfom$=C-32 and HG290can beobtainedfrom
severakuppliers all over thevorld. Thedemand foHC-290has been morer-less stable and
is covered by the present production. The same is trH&Gf32 although there has been an
increase in demand lately. The demand for both refrigertaotgeverremains small compared

to R-410A

6 A2L are low flammable refrigerants, such as HEZand A3 are refrigerants with high flammability, such as
hydrocarbons (H&90, etc.) ClasA2 refrigerants are those with flammability in between A2L and A3 buttas ye
these refrigerants do not represent significant availability.

32




TEAP EETF 2019

Global A/C “Refrigerant Usage Today In New Builds*

'5'- 0

10%, 90%

. {“
“' “
! f 410A 32 22 SEA
O
T 85%,15%, 5%
! : I %) Australia,
410A 32 NZ
75%, 25%

*Estimates from Market Reports

Figure2.3. Global AC refrigerant usage in new unitary HVAC equipm@@ASHRAE, www.ashrae.org, ASHRAE
Webcast Apl 2019.).

As the production oAC using mediumand lowGWP refrigerantgrowsin Asia, especially in
Ching thelong-termavailability of these refrigerants notlikely to be an issu@ terms of
availability asthe increasen refrigerantproductionwould typicallyfollow the increase in
equipmendemand.

2.3.2 Availability of Compressors fokC

The most common form &C, mini-split ductless systems, mainly usgary type

compress@. The simplest form-ofeedt@r mmglmsmipg eists 0o n
modes: fAono or Aoffo. It turns on to cool a ro
desired set temperagur. AVapieakhloe c o mpr eslrivaniarsl can operate at ver t er
more than one speed to more efficiently and comfortablyetelhe amount of cooling needed

andmaintain the desired temperature. The varigpkeed units require electronic control

systems, which can add to manufacturing costs as descril@apter 3.

Nearly all rotary compressor production is currently locaetisia and concentrated in China,
as shown irFigure2.1. Compressor manufacturiryitside of Chinan descending order of
capacity as of 2018 include Thailand, South Korea, Malaysia, Japan, India, Brazil, and the
Czech Republic.
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Figure2.1: Global RAC Rotary Compressor capacity as at September 2018 (Nicholson et al 2019)

Chinaisby far the worl dbés | ar ge A€, withraroedtimatedr o f ¢ 0 my
annual capacity of nearlydP million units per yeain 2018,the four largestompressor

manufactuers in China togetherccounedfor over 60% of global rotary compressor

production capacityNicholsonand Booten2019).

An analysis otompany catalagesand websitefoundthatrotary compressors usirfgigher
GWP HCFG22 and R410A refrigerard accounedfor the majority of models available
worldwidein 2018 although many companiesiostly in Asianow offer both fixeespeed and
variablespeedcompressors which use mediuamd bw-GWP HFCG32 andHC-290

refrigerans (Nicholsonand Booten2019). However, the analysis found that none of the
variablespeed compressor models identified use HQEGn China, 42% of the 167 million
rotary compressors produced in 2017 were of thelbbrspeed typecomparedo five years
earlierin 2012,when these werenly 30% of 103 million [Figure 2.5)Nicholsonand Booten,
2019).0ver80% of the compressopsoducedn China arenot exportedinstead they are used
in the domestic manufacturirg AC and later exporteds final products or sold to consumers
in China(Nicholsonand Booten2019).

Approximately 8% of the rotary compressors produced in China in 204ré designed to
operate with the HCFQ2 refrigerat. While the quantity of HCFQ2 units has remained
appoximately constant over the past several years (F@@ethe percentage of HCFZ2
units has declined in recent yeaais the production of units usiRy410A has increased to
become the dominant tyjre China-produced rotargompressorédata from China IOL, as
cited in Nicholsorand Booten2019).
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Figure2.5: Chinese production of Fixed and Variable Speed Rotary Compressors220¥2

Compressorfor mediunt and lower-GWP refrigerants (HFG2 andHC-290) aremainly made
in China
250
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150 mR-134a
mR-290
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Rotary Compressors (Million Units)
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Source: ChinalOL

Figure 2.6: Chinese Production of Rotary CompresdoysRefrigerant, 20122017(Nicholsonand Booten2019).
Note: HFC134a rotary compressors are primarily used in mobile cooling applications, in contrast to the rest of
the rotary compressor markewhich is used mainly for room (stationary) air conditioning

As can be seen from the chart, the production 0f29C compressoiis not significant
compared to the other refrigerants.

Some Middle B4 countries especially withHAT conditions arestill using reciprocating and
scroll compressors in some of their production. Orflsvarotary compressoere usedor split
air conditioning units

Thetransition from fixedspeedo invertercompressorbassharply increased in tHastfive
years to meet MEPrequirements, even thoughEPS insome countries stillst the full load
efficiencyfiguresonly, rather than the seasonal efficiency figuiiss is the castor Saudi
Arabiawheremostof the AC units are fixed speed

New compressor lubricani@re béng developed to be compatible with l@BWP synthetic
refrigerantsCertain conventional polyester (POE) and polyvinyl ether (PVEusiéd for HFC
refrigerantsvere insufficiently miscile with some refrigerants like HF82. New oils with
better miscibity properties have been developed and patented for Adbuorse.
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2.3.3 Availability of Heat Exchangers féxC

In most cases the heatexchanges nt i nue t eandbube typémadetren cdpger n
or aluminium(more information on heat exchangers in sec3@®.3. However, nany
companiesre switching to usemaller tube diametemdmicro-channeheat exchangers,
which arealready used in existinggh-GWP AC split units The mostommony used heat
exchanger tub diameter for standard high GWP refrigeram®3/8-inch (9.525 mm) ¥z inch
(6.35 mm) and 7mm (~1/4 inchjbediametey butfor the new refrigerast some companies
areusing tubes 05 mmdiameter. These higher energy efficiency components reduce the
refrigerant charge and are valuable in enabling medium aret WP refrigerant £ unitsto
comply with safety sindards. They are widely available.

2.3.4 Availability of fans forAC
Each split unicontaingwo fans(one in the outdoor unit and oirethe indowo unit). Fan

technologies are widely availablEhere areno special requirements for usiatficient fans for
medium and lover-GWP refrigerants.

2.3.5 Availability of Refrigeration Accessories faC

The accessoridsr the refrigeration circuitised in the dg AC unitsinclude theexpansion
device, liquid and gas valves, suction accumulator, liquid receiver, oilasep#rneeded, and
all accessories installed in the connecting pipes betakenajor components of theCAunit
either in the gaside or iquid side of the unit. All of these components and accessories are
available for highGWP refrigeranapplicatiors andcan be usetbr the mediumand low

GWP applications.

2.4 Availability of Technologynd Equipmentor Commercial Refrigeration
(CR)

Self-ContainedCommercialRefrigerationEquipment (SCCRE) is a category©R products

that encompass the amtirefrigeration system (compressors, expansion devices, evaporators,
condensers and ancillaries) in one packaged unit. They are different from remetnralised
systems where condensers and other system parts are usually located away from the part
involving cooling. Liquidcooled S£CRET where the entire product is integral, although it
requires a connection between its condenser and a secondaitt@iremove heat may also

be considered to fall under this setintained category, since the reétignt circuit is still

within the one package. Details of the equipment characteristics can be found in the latest
RTOC Assessment Report (UNEP, 2018).

Some examples are shown in &igs 2.72.12.

| ——

" ———r— .y
. l

=

Figure2.7: Gondola type freezer  Figure 2.8: Multi-deck cabinet freezer Figure2.9: Ice cream freezer
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Figure 2.10: Serveover display Figure2.11: Bottle cooler Figure2.12: Reachin storage cabirt

Compared to air conditioners, there are several distinct differences in terms of SESIRE
purpose and technological drivers. These aspects play an important part in terms of the
technological options for SCCRE.

In particular, two of the main défences of SCCRE are:

T Itis essential that systems operate continuously and reliably, SCC&E often hold
many thousands of USD worth of product and a failure of the system can result in
product and financial loss

9 For perishable goods, product temperas must be maintained, so that foodstuff
remairs edible and of sufficient quality (in terms of taste, texture, colour, etc.).

Functionality and construction of SCCRE differs widely, for example:

1 Cooling operating temperature levels range from beRSEC (such as for ice cream)
to over +10°C (forcertain vegetables), with incrementsH°C,-2°C and +5°C;

1 Configurations include vertical, horizontal, corner and combined orientations with open
types, with doors, etc. and these construction charactstigie a strong influence on
heat load and tis efficiency;

1 The operation may be continuous or intermittent depending upon the purpose and may
or may not use forced defrosting

1 Operating conditions vary widely according to the ambient conditions (e.g. in a
professional kitchertemperatures can exakg0°C).

SCCRE products are thus diverse in their design, construction and function, and products,
accordinglyrange fromsmallbatth e vel t o fAimasso manufacture. Ho
SCCRE are produced stinall to medium scale, i.e., between 10th®lbw thousands per

model per year. This is dwarfed by orders of magnitude by hundreds of thousands to millions

per year of AC models. Due to the relatively low production numbers and a wider range of

product nodels, the degree of optimisation and ftoring of product performance seen with

AC is seldom justifiable for smalto mediumscale SCCRE. In this way, individual product

designs are tuned differently with different combinations of design featuresdpptioss the

sector, although within an inddual enterprise options are applied to as many models as

possible

Unli ke AC, fAenergy efficiencyo is usually gaug
elements.
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T Room AC is typically evaluated in termbaperating efficiency (COP or EER) at a
paricular set of conditions and a specified heat (or cooling) load and accounts for
energy use, including fan/motor sets and electronics. For AC the product efficiency is
usually expressed as (electrical) energy psr unit of cooling (or heating) energwiio
(KW per kW).

1 SCCRE largely dictate their own heat load (thermal conduction, infiltration, product
perspiration, defrost heat, fan/motors, etc.) and these, amongst other things, determines
the energy use of ¢hrefrigeration system. SCCRE is usually egsed in terms of
(electrical) energy use per unit of display area or per volumetric unit of storagd space
all at a particular product target temperat
encompasses a wider igty of parameters.

The refrigerants used ocommercial refrigeratiomwerelimited to HCFG22, R404A andHFC-
134a. This is changing with GChydrocarbon units usirndgC-600a and HG290, and with
HFO blends (based aAFO-1234yf) being introduced in many oatries.Table2.6 below
shows the percentage mass of refrigerantused forcommercial refrigeration i8018 inChina
where62% of refrigerant mass iow- and mediumGWP refrigerants antthe unitsusing those
refrigerantseexceed the minimurenergyefficiency requirementChinalOL 2018).

Table2.6: Percentage of units with different refrigerants fa€Rin China (ChinalOL, 2018 and expert estimates).
SeeTable 1for colour coding.

HCFCs High GWP HFCs Medium and LowGWP
Medium & HC600a = 10%
HighTier: HFC134a =11%
Higherthan HG290 =52% andncreasing
MEPS i
R404A =230 | APl
0,
Low Tier: Other HFCs 4%
Meets
MEPS

2.5 CR Availability of Components

Table 2.7lists technologies that could be used for imgment of SCCRE EE. A
comprehensive description of options is provided in Foster et al. (2018). InZ[3kilee

technol ogies that are broadly i nfableitemfced by r e
circuito). The maj oevelof BE bgnefitoy madyaefrigeraots. he eosta b | e |

and energy benefit offered by each technology depends strongly upon the type of SCCRE.

Additionally, it is identified whether the technology isdva bl e and/ or i n use 't oc
today?0 dnyd ifnPruessee?ndt) . Anot her column | ists the

7 http://blog.sina.cn/dpool/blog/s/blog 8@36f0f0102wpza.html
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typically applicable to; in this respect the i
Aindi cati ve i nctothaetyeld) af BECCREisid applicabdeltoat e s

Col ummar Rkeé® and finecessary components
needed to implement the options.

provide

The final three fields infer which of the climate categories the options are broatibablgpto;

LAT, MAT and HAT. Indeed, almost all are apgable to virtually all climate categories,

although in many cases the local humidity and fluctuations in temperature probably have more
influence.The main categories are introduced below

2.5.1 Availability of Compressors

A variety of different compressors arsed in SCCRE, depending upon temperature lift,
capacity, refrigerant type, and so on.

For most types of compressors, efficiency improvements arise from marginal incremental
refinements (such as dalistribution, valve losses, motor efficiency, internakbege, flow path
pressure losses, internal heat transfer,.€ng@ major technological progression involves use
and deployment of variable speed compressors, typically using inverter technatogple

the control of rotational speed over a fairly widage. Variable speed compressors allow the
mass flow of refrigerant to be adjusted to suit the cooling (or heating) demand so that the
system components are essentially closer to the optimal bagtairtt for the surrounding
temperatures. Implicit in this the lower mass flow (at sthaximum load) which leads to
reduced pressure losses and less frosting.

Usual compressors are hermetic reciprocating, scrolls and rotary (both vertical smaifigrint a
horizontal when height restrictions apply)

The remainig compressor developments have arisen from the increased use of R744, where
much higher pressures, pressure ratios and pressure differences are present, compared to usual
refrigerants. Although manyf these developments are in principle beneficial torothe

refrigerants, they result in a costly approach for minor efficiency improvements.

The applicability to a specific climate /region depends more on daily or annual variation in
temperature, rathéhan absolute high or low temperature.

2.5.2 Improved cabinet aiflow
Improved cabinet air flow has a potentially huge impact on energy use and also product quality.

Various physical approaches are available such as changes to configuration of air ducting and
small plastic baffles and plates. Most are broadly-nestral bu just require extensive R&D.

2.5.3 Energyefficient fan/motors

Major transformation has occurred in the shapel@ftronic commutatio(EC) motors, which

offer significant reduction in energy use. Further benefits arise from design of fan structure and
blade shape.

2.5.4 Doors on cabinets

Intuitively the use of doors on display cabinets should yield major energy béayaiisining

cold air and preventing spillage and entrainment of warm humid air. Major improvements are
associated wi t inetsfiwhere irfiliratican brdinarilyycpngibutesatd abouti70

80% of the heat load (ORNL, 2004). The benefits are less with gofadstaknown as well or

coffin) type cabinets where infiltration is responsible for about 20% of the load. Gaskets around
glass doors also amplifies the benefit of using door (Rauss et al., 2008).
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2.5.5 Cabinet lighting

Historically SCCRE used fluorescent lamps but @ndly LEDs are almost ubiquitous. LEDs
use less power and also reduce heat output (thus reducing heat load).

2.5.6 Defrod techniques

Historically a variety of defrost techniques have been used, including reverse cycle, hot gas,
coolgasaswellaselectricel s i st ance wtgal eos wher@ofai r i s
passed over the frosted coil but with absence ofgesfation. Whilst reverse cycle, hot gas and
cool gas defrost offer more efficient defrosting, they tend to be more costly to implement and
have other implications that affect system reliability, such as causing thermal shock and thus
increasing leakage. €most beneficial development related to defrost is control methodology
so that defrostingn-demand can be applied.

2.5.7 Controls

In addition b improved cabinet airflow, and in parallel with variable speed compressor drives,
the most significant contributiclo SCCRE efficiency improvement has come from modern
control technology. Application of the electronic expansion valve (EEV) and assamateol
software can yield substantial improvements in EE, although at present there is only limited
application inSCCRE due to the relatively high cost, compared to other technologies. Control
systems linking compressor modulation, EEVs, defoostiemand, lighting, trimheaters, fan
airflow rates as well as leak detection based on system parameters can haverdlnesjoe

on energy consumption and optimisation of cycle efficieAcjusting the cooling to the use
pattern e.g. while keeping the protlat, say, 3°C if the shop is closed (such as during
weekends, etc.). The saovint temperature can be adjusteddbiave the optimum balance
between run time and ptdlown energy demand. Such techniques are not applicable to
perishable products.

2.5.8 Heat extanger design

cont

Features related to heat exchanger design are diverse and given the variation on SCCRE design,

constriction and function, it is difficult to make general statements on how much EE
improvement particular approaches can offer and what thetjabtiemprovements could be.
Target heat exchanger approach temperature difference should be below 5 K, for both
evarator anccondenserOften it depends upon the skill and knowledge of heat exchanger
designers and manufacturers. In general, it is conpractice today to use microchannel heat
exchangers (MCHX) for condensers and brazed plate heat exchangers (BPktiijder

cooled condensers, which simultaneously offer advantages in terms of charge reduction
(preferred for flammable refrigerants). Foradlar capacity units, wiren-tube (WoT)
condensers are used, which are low cost and provide sufficient levels Di&Bajor

advantage is however, that degradation due to dust accumulation over time is substantially.

2.5.9 Heatload
Lowering the heat load iatthe SCCRE helps reduce energy consumption per per ni of

refrigerated space, although it does not necessanggct on the refrigeration cycle efficiency.
Most approaches are based around limiting thermal transfer from electrical components,

minimising radiant heat transfer from the surroundings and reducing conduction into the space.

2.5.10 Leak minimisation
Whilst leak minimisation is a priority for the application of flammable refrigerants, actions to

retain the entire charge can significantly contgbutt o mai nt ai ning the fAdesi
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SCCRE. A deficit of refrigerant charge can go unnoticed until a ndee¢l is reached, but in
the meantime the compressor operatager,and cycle efficiency degrades.

Whilst many of these technologiesaa isolation produce substantive improvements in EE,
combining two or more technologies will not result in sumaratf both improvements.

Considered selection and iteration of implementation is necessary to obtain the most cost
effective benefit.

Manyo f

t he

fi ol

der o

technol ogi es

ar e

now becomi

bypass the need for others. example, locating fan motors outside the cabinet is no longer
worth the effort, when new EC fan motors only emit a fraction of heat ofguefan types

National or regional MEPS are the main driver for improitg

Hi stosi tabl di ieant
testirg of energy use was riddled with misinterpretation and misunderstanding of measurements

and results. Increasingly more rigorous method$aeirg developed. However, one of the
main challenges is conducting tests that mimic real life conditions, whickacamidely and
drastically affect comparative results.

Regulators in certain regions have introduced MEPS. However, the process hasthéentt
in many cases due to the basis (dominator) for determining energy consumption, i.e., per
internal volume, pr display area, etc.

Table25: Overview of technical options for reducing energynsumption.Y: yes, Nno, X applicable, LAT: Low
ambient Temperature, MAT: Medium Ambient Temperature, HAT: High Ambient Temperature

3 Applicabilit
(8]
S ol gﬂoi)éntial y to climate
D=8 ) icativeregion
3|2 Applicable to EE Indicativereg
. 2| T Necessary |. additiona
Option o | | £ |what Remarks com Onent($|mprove cost for CIZ| I
S| @ | 2|SCCRE? P ment of 2153
S| 38| E . SCCRE
ol o entire
g g9 SCCRE
||
Avoids
Anti-fogging vy Glass door |heating Surface Minimal l<5% % Ix
glass freezer elements, as|treatments
option
Improved
cabinet air flow
- air Open Reduces colg
deflectors/guide y |y [2PE : Aerofoils 15% neg. X | X]| X
S multideck  |spillage
- shelf risersand Y|Y Open Reduces COICPlastic strips|4% neg. X | X| X
weir plates multideck  |spillage
—sho_rtalr vy Ope_n Re_duces coIcAlrfI_ow 30% neg. % x| x
curtains multideck  |spillage design
-strlp/nlght vy Open Re_ducescolcCIgarpIa;tlc 60%  |$100 x | x| x
curtains multideck  |[spillage strips
Energy efficient
fan/motors
- Electronically Less ener
Communicated Y | Y |All types 9Y1EC motors  [10% +15% X [ X| X
& heat load
(EC) fan motors
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3 Applicabilit
(&)
S ol o :;/loi)éntial y to climate
o> 8 . icativeregion
AR Applicable to EE Indicativgreg
. Q| T Necessary |. additiona
Option o | S| £ |what Remarks com Onent(S|mprove costfor |5 || Z
S| 2| 2|SCCRE? P ment of = P
S| o c . SCCRE
S|s|a entire
S| 3|3 SCCRE
||
_variable speed | Y | Y |Alltypes  |S:9- 2speed |Fanmotor -y ligs0s | x (x| X
fixed type
- optimised fan 0
blades Y | Y |All types None 5% Neg. X[ X| X
- tangential fans Y | Y |All types Fan type 5% <10% X [ X| X
- diagonal Match press 0 o
compact fans Y | Y |All types dp ofcabinetFantype 5% <10% X [ X| X
;a'?spm"ed axial |y |y |l types Fantpe  [5%  |<10% | X [X| X
-fan_motor_ Y | N |[Never used |Not worth it |None n/k neg. X | X]| X
outside cabinet
Cabinet doors
Reduces hea
- doors on Y | Y |All types load and Doors 45% $300 per X | X| X
cabinets o m
infiltration
Standard for Reduces heg
- door gaskets Y Yf load and Gaskets 15% $30 X [ X | X
reezer o
infiltration
Compressors
Increased by 20%
- higher X | v |vY |Alltypes  [200% over [fdvanced {(MT), X | x| x
efficiency compressor [30%
past 20 yearg (LT)
Better PL Inverter, 2 % non
- Inverter driven| X | Y | Y |All types efficiency; |dedicated |40% ; X | X]| X
X inverter
with/out PFC|{compiessor
Regions
having poor
- motor mains power
efficiency Y | L |All types not needed |MEC device [10% n/k X [ X | X
controllers for Variable
Speed Drive
(VSD)
- two stage Mainly for Two (smaller
ge X|Y|L y compr; two (5% 207 40%| X | X | X
compression R744 .
roller rotaries
. Special
i—n?c:)ntomlserﬁ % |y | L [Mainly for COMPressor 4, o, | < Ix | x
erstage R744 flash vessel 0
coolers
or HX
Mainly for Expander / o
Expanders XlY|L R744 integraed 30% n/a X [ X| X
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3 Applicabilit
2 Max PP |
Slalo potential y to climate
© b . icativeregion
S &2 Applicable to EE Indicativereg
. Q| T Necessary |. additiona
Option o | S| £ |what Remarks com Onent(S|mprove costfor |5 || Z
S| 2| 2|SCCRE? P ment of = P
S| o c . SCCRE
RSYRCH entire
g/ 8|9 SCCRE
||
compresor
expander
Cabinet lighting
50% on
-LEDs Y | Y |All types Now standar{LED lamps lighting <0% X [ X| X
mainly for .
- occupancy v | Y Inon Qn Qemand Proximity 10% <0% x| x | x
sensors . lighting sensors
perishables
Defrost
techniques
Freezers,
- hot gas, viL shortens time/Increases Valve 5% 3% x | x| x
reverse cycle product leaks, faults
quality
- resistance vy MT.and LT Prgferred Heater rods |n/a n/a x | x| x
heaters cabinet§ reliable
Eliminates
- off-cycle y |y [HTand MT o et none 10% |<0% | X |[X]| X
cabinets
energy
- on demand v | v |Alltypes Defrosts Sensors, 10% <5% x| x| x
control when neededcontroller
Controls
- dual port
thermostatic Evens
expansion valvg X | Y | N |[Open type |evamrator |TEV n/k n/k X | X]| X
(TEV) load
(balanced)
- dynamic
demand Y | Y |All types Manages Sensors & 40%  |Varous | X | X | X
energy use |controller
controllers
- electronic Modulates
expansion X|Y|L Larger evaprator EEV and 20% $200 X | X]| X
cabinets controller
valves(EEV) pressure
-optimisation of | v | v |A|l cabinets Anytin \eg. | x [ x| x
capillary g
0
- suction Larger Modulates (See VSC & 2% per $40-
X|1Y|L evaporator K X | X]| X
pressure contro systems EEV) : $400
pressure increase

8LT: Low Temperature, around8°C, MT: Medium Tempeature, around 0°C to 8°C
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3 Applicabilit
(&)
S ol o :;/loi)é ntial y to climate
o> 8 . icativeregion
AR Applicable to EE Indicativgreg
. Q| T Necessary |. additiona
Option o | S| £ |what Remarks com Onent(S|mprove costfor |5 || Z
S| 2| 2|SCCRE? P ment of = P
S| o c . SCCRE
Sl8|g entire
g/ 8|9 SCCRE
||
Variable 21 4%
Reducing head <y ly Larger Reduces pre speed fans, per 1 K Various x| x
pressure systems lift reductio
controller
20% or
Larger 30%
Ejectors X 1Y |L [systems, Ejector valve with $20 X | X
R744 only R744
Heat exchangel
(HX) design
Betterheat
- optimised transfer (HT) Oto
Pt ; X 1Y |Y |Altypes lower HX materials|40%of |Neg X | X]| X
configuration . .
discharge baseline
pressure@P)
- optimised air Better HT, , 0
fins Y | 'Y |All types lower DP HX design [10% Neg X | X]| X
. . Better HT, . 0
-internal rifling | X | Y | Y |All types lower DP HX design [5% Neg X | X]| X
-internal fins | X | Y | Y |All types Better HT, Internal fins {5% Neg X | X]| X
lower DP
Mainly for
- hydrophobic conds, . 0
coating Y | L |All types reduces dust Coating 5% Neg X | X]| X
and corosion
Anti-
. corrosion;
-hyd_roph|llc Y|L All types, reduce water|Coating 5% Neg X [ X | X
coating evaporators |
ayer
thickness
- flooded x|y InN Larger added to Float v, Surge o, n/a x| x | x
evaporators systems R744 drum
Other heat load
- radiant Reflects Internal 0
reflectors Y | Y Any glass infrared (IR) |surface 8% Neg XXX
. . Can reduce |, . .
- night blinds Y | Y |Alltypes  |IR and Night blinds, |>00, 13300 | X [X | X
and coers o . covers
infil tration
-|mproved Y | Y |Any glass |Reflects IR |[New glass [5% 5% X |X] X
glazing
- antksweat vy Any with AS |Minimise Controller, 3% Neg. x | x| x
heater control heaters heat load sensors
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3 Applicabilit
(&)
S ol o :;/loi)é ntial y to climate
o> 8 . icativeregion
AR Applicable to EE Indicativgreg
. Q| T Necessary |. additiona
Option o | S| £ |what Remarks com Onent(S|mprove costfor |5 || Z
S| 2| 2|SCCRE? P ment of = P
S| o c . SCCRE
S|s|a entire
S| 3|3 SCCRE
||
: . Instead of
- refrigerant line . . - 10% to
trim heaters Y | Y |LT cabinets |resistance |Extra piping 250 Neg. X| X
heaters
- vacuum Reduces
insulated panels Y | N |All types VIP 15%  |$400/nt | X | X | X
thermal cond
(VIP)
In cabinet
shelves,
Heat pipes Y | N |All types improving Ihntegra_ted 12% n/k X | X]| X
eat pipes
product
temperature
Leak
minimisation
-_|mproved leak v | v | Y |All types _Degrees of Ma_nufacturln 20% 10% % x| x
tightness improvement|g kit
- leak detection| Y | Y | L |All types PrewouslyorSensors 15% 10% X [ X | X
large sytem
Liquid pressure Larger 30% of
quid pre XY [N 9 Liquid pump |25% compresy X | X | X
amplification systems
or cost
Liquid-suction Brazing pipes 0 .
HX (LSHX) XY |Y |Altypes together LSHX 0% Various | X | X | X
Pipe insulation Y | Y |All types Norm_al P|pe . 3% n/k X| X
practice insulation
. See
Higher
- See RTOC : RTOC
(ragfflrcileer;;)r/]t X 1Y |Y |Altypes 2014, 2018 Refrigerant 2014, +/- X | X[ (X)
g 2018
Nar_lopamcles x|y [N All types Experimental nanoparticleg20% $207 100 X | X | X
refrigerant concerns

9 Clodic and Zoughaib (2000)
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2.6 Theimpad of ambient temperatures onavailability of suitable AC
equipment

The impact of ambiertemperature on energy efficiency is well documented. As the ambient
temperature increases, the capacity output of an AC unit decreases and the power input
increases. EAP working group report on energy efficien@yEAP 2018)discussed imletail

the effect,especiallyin high ambient temperature (HATpnditions

The temperature impact on the thermodynamic behawiorefrigerants is related to the critical
temperaturef the refrigerant. Refrigerants with lower critical temperatures have lower
efficienciesas ambient temperatures approach the critical temperature. This is the case for R
410A where units with the same technology and similar componentdemilbnstrate lwer
efficiency tharHCFG-22.

There is debate on which high temperatures should be adoptedts measuring energy
consumption used to define the MEPS. ISO defines three temperature: 27°C, 35°C, and 46°C
referred to as T2, T1, and T3. Most countries addp however, for climates higher than 35°C
countries want their MEPS to reflect thislity and units to be rated at T3.

There is no discussion about any issues for low ambient temperature (LAT). When discussing
component availability for RAC and comro&l refrigeration, the distinction was made for

three climate zones: LAT, MAThfediumambient temperature), and HAT. LAT was defined as
ambient up to 27°@ndMAT is between 28 and 35°EIAT is 35°C and abovesdefined by

the Parties of the Montreal Rogol.

Table2.7 shows that most of the higher efficiency components are relevant for all three of the
defined climate zones, except for LAT, where adiabatic condensers are not needed.

2.6.1 HAT Considerations

The discussion about suitability of refrigerantsHi&T condition has led to several largeale
testing projects where prototypes using low and medium GWP refrigerants were built and
tested at ambient exceeding 35°C. The outcome of these tests (TEAP 2018) was the
identification of several refrigerantshich provide comparable efficiencies in HAT conditions.
PRAHA, which is an MLF funded program, is in its second phase (PRAHA is re-testing
optimised unitsusing efficient compressors and heat exchangers, which were rebuilt from the
original prototyes sed in PRAHAI. The results should be availabldate 2019.

HAT conditions are not generally an issuedommercial refrigerators (SCCRE), which are

often placed inside attonditioned stores and shops. However, in developing countries, SCCRE

are ®metimes placed outdoors to prevent additional heat load inside the building and this will

impact performancédndustry leaders have experienced thatAT conditionstheindoor
ambienttemperature is approximatively 5°C highiean theindoorambient teperatirein

nonHAT conditions(Topten unpublished datalhis increased temperature is however not
sufficient to haveEBNn i mpact on the productds
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3 COST OF LOBGWP TECHNOLOGIES AND EQUIPMENT THAT
MAINTAIN OR ENHANCE ENERGY EFFICIENCY

Key messags

1 Local industries in A5 parties with AC manufacturing or assembly plants may need
financial assistance to convert facilities for safe use of flammable refrigerants, and to
in-license technological advances for EE.

1 A transition from manufacturing RAC equipntdrom low to high flammability
refrigerants (high to low GWP), requires additional capital and operating costs.

1 There are capital and operating costs for the conversiBAGfequipment
manufacturing to flammable refrigerants. There are additionalatapid operating
costs to incorporate technologies to improve energy efficiency at the same time. The
Task Force has provided detailed estimates of these costs.

1 Refrigerant cost accounts for ~1% of the overall RAC equipment cost. It is predicted
that HFC osts will rise as phasedown progresses and this will make low GWP
refrigerants increasingly cesbmpetitive.

1 Compressors account for ~20% of the cost of RAC equipment. Efficiency can be
improved by up to 20% by technical advances, but cost increasestipoately.

f Heat exchangers of the fAfin and tubedo type
introduction of small diameter tubes. Most recently the switch to reicamnel heat
exchangers has been acceleratitigey have similar or marginally lower td~5%)
and up to 5% higher efficiency. They reduce the refrigerant charge by ~40%

1 Optimising airflow improves EE. The power and cost of fans increase in a stepwise
fashion, leading to a complex relationship between increasing cost and EE. The cost
effeciveness for optimal EE is determined on a dagease basis.

9 Other technologies including selfeaning to reduce dust deposition are a marginal
cost.

1 Atany given time.ife Cycle Cost analysis indicates for both AC and CR, that there is
a ceiling of eficiency, above which the energy savings will not payback the higher
capital cost within the lifetime of the equipmeAs the cost for efficient components
and designs decrease over time due to increases in scale of production or learning, the
cost of higler efficiency equipment decreases. As this occurs, higher levels of
efficiency payback over shorter periods.

The Task Force hasstimated the additional capital cost required for the manufacturing
equipmenusing a flammable refrigerant, in comparisoth®two baseline refrigerants R
410A and HCF&2 formini-split AC units up to 10 kW (cooling/heating) capaditydthe
baseline HCF&2 for Self-Contained Commercial Refrigeration Equipment (SCCRE).

The principles of upgrading@R facility for flammable ré&igerants are the same as for the
manufacture/assembly air conditioners. However, the larger scale manufacturing for AC will
have different financial implications and payback periods.

The relatve cost of the refrigerant itself is negligible, when caneg to the overall cost of the
AC equipment itself.
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3.1 RAGOmanufacturing costs (including costs for the manufacturer to
upgrade a production line)

Table3.1 provides estimates of the range of costs for modifications required to change a
manufacturing facili from highGWP refrigerant to mediunand lowGWP refrigerants that
are designated as flammaplew flammability class (A2L) flammable(A2) andhigh
flammablity class (A3) refrigerant®\ single table has been presented as this captures the
range for d flammability classesThey include:

1. The additional cost for production line equipment modificatiogglacements (such as
refrigerant recovery and charging rhaws), refrigerant storage tanks, high pressure
testing equipment, modifications on refrigat charging area (including all electrical
panels, piping and accessories), finished product testing ateas

2. The additional safety requirements for the neanofacturing processes using the
flammable refrigerant including the safety ventilation systeafety control system,
leak detection systemanti-static floor surfaces, firighting systemetc;

3. The shipping and the logistics required ifmporting components and or partially
assembled products to the manufacturing facilaiesg withadditional cost of storage
of flammable refrigerant and the finished products

4. The knowhow and IP and design/software development casi

5. The installéion and certification of new equipment, and training of personnel.

As with other cost quantificationsyaluating for upgrade of production is equalbymplexand

is dependent upon the current set up, the size of thepaogtaction capacitytype of

egupment produced, safety concepts adopted by the production equipment supplier and so on.
Relativeadditioral costs are also highly dependent upon the production numbers.

Specifically, inTable3.1, anadditionalcost is given for heat exchanger (HX) protian

tooling. In principle, if an already suitable HX is being used, there should be no impact on
producton cost. However, if for example, current HXs are made with large diameter tubes
(e.g., > orl0 mm) then adoptingmall diametetube HX (e.g., <6 mmdiameter) or indeed
micro-channel HX(usually drawn aluminium type) then a significant cost may be iadurr
(depending upon the current production equipm&rijically there can be reductions in
additionaloperating costs when switching from large ditan¢o smaller tubes (finned tube or
microchannel HX) due to theductionin material costs (copper ormoer to aluminium)

which should always be taken into account.

For several items/sbtbt e ms | costs |listed are fostsweriyabl eo.
sensitive to the aspects identified above (currertigesize of production, etc.) so anynmer
assigned is likely to be wrong.
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Table3.1: Task Force estimates of maximum additional cost to convert fro®IRA or HCFQ2 (high GWPnon-
flammable) manufacturing lines to flammable refrigerants

Max additional cost % ovehe

Item Descriptiof Subltem . .
baseline refrigerants
Production/Assembly ling Heat exchanger equipment for small 100%
Changes tubingfor better EEL A
Refrigerant charging units 30%
Testing area changes (electrical pan 30%
piping accessories)
Charging area changes ianding
: . 100%
refrigerant tanks and accessories
Refrigerant distribution within the plar 100%
Labour cost 15%
Ventilation system 30%
SafetyRequirements Control system 30%
For charging and testing Leak detection system 30%
area Anti-static floa Variable
Labour cost for O&M for safety syste Variable
IPfl'echnoé(())?t/ knowhow IP / knowhow cost Variable
Designsoftware developmeht Variable
Testing facility modifications and 50%
changes
Training the employees for safety 10%

requirements
External consultants and expérts Variable
Storage area for flammabiefrigerants

0,

modification changes cost 200%
Shipping cost in land and sea freigh Variable
Refrigerant distribution within the plar Variable

- . Extra @st for insurance for factory an .

Logistics and Handling employees y Variable

Certification cost for regulatory bodie 20%

Training for employees 30%

Training for jurisdiction party(s) 30%

Awareness infout the company 30%

Aprovides opportunity for energy efficienflyighlighted cells)

Colbourre et al. 2011 suggested that the distinct cost increase associated with thelGse of

290over HCFG22orR410A is in the order of 0105,000 to
primarily due to the need for additional safety ipguent associated with hanoljj
flammability. They al so estimate that this res
at most assuming 250,000 units produced annukttigre may be additional costs related to

production line machinery.

10 Some subitems are not required in the manufacturing linesRie¥10A refrigerant
11 The heat exchanger with smaller tubentiger can be used in bd&410A andHFC-32 refrigerants
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In bothcasedor AC and CRonce themanufacturing line and facility have undergone
conversionthere will be moderate additional operating costs including for example, the
employment of highegrade staff and higher shipping costs.

3.1.1 Manufacturing
Production line

Production line changes aadditional requirements (modifications) to produce domdgiic
units with flammable refrigerants will require production line equipment modifications and or
replacements on each line including:

1 Refrigerant recovery and chargimachines for both A2L and3Arefrigerants (25,000
- 50,000 USD)

1 Pressure testing equipment for high pressure refrigerant A2L-@2§CL5,00830,000
USD)

1 Refrigerant storage tank and accessories (3000 to 10000 Litre) 1%,0@M0 USD)

1 Structural andafety modifications in theefrigerant charging area (including electrical
panels, piping, anttatic floors and accessories) (15,0@%,000 USD)

1 Moadifications to the finished product testing areas (10;3m000 USD)

1 Moadifications for heat exchangproduction line for toolindor smaller tube diameter,
or establishment of new production lines for michannel heat exchanger (1,000,600
1,500,000 USD). It should be noted that smaller diameter or microchannel heat
exchanger, the material cost igrsficantly reduced.

1 Labour osts differ between countries, but extra costs will come in two main
categories:

1. Staff training to build capacity in dealing with flammable refrigerants and their
safety requirements.
2. Additional staff cost to use more skilledrkers.

The estimated cost for these items varies between countries and depends on the source of the
equipment and availability of parts. For example, the cost of a refrigerant charging machine
from China is 30%ower than buying the same specificatmachine from Europe (in the

range 25,00050,000 USD). There is additional cost in the finished product testing area for
flammable refrigerant compared to rflmmmable refrigerants, due to the additional piping,
isolation valves and gas leakage sendote (LO sensors at ~ 500 USD each) that are required

in many locations. Figurg.1 shows an example of a leakage sensor and control system
installed in a laboratory area
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Figure 3.1 Control Alarm Panel antiG290 sensors

Safety measures
Additional veriilation and firefighting equipment is required in the charging area, for safe
manufacturenyunits for either A2L or A3 refrigerantsith estimated costs as follows

1 Charging area ventilation system (10,6(®,000 USD)

1 Charging area firefighting sy=m including sprinklers and water storage tanks (20,000

- 30,000 USD)

Testing
Testing facilities are required at two locations, the production line and the laboratory for testing
A2L and/or A3 refrigerantaith the following estimated costs

1 The productiorine testing area (50,06075,000 USD)
1 The laboratory for product development (50,60%,000 USD)

IP/technology knowhow
The costs of technology transfer including IP and kinow are estimated as follows:
1 Software (either developed-hrouse or outsaued from another specialized company:
(0- 50,000 USD)

1 Building prototype(s) to verify performance and validate the software: (1020000
USD)

1 IP cost is unknown but may be a royalty or a-offdicensepayment For many A2L
refrigerants there isubstantial IP in terms of design of the refrigerant supply but
moreover for system design, etc. With A3 refrigerants there is only very limited IP and

this is generally associ aitcatdtheiriagplicatidhngadget s o
3.1.2 Logistics
Shipping

This will include the additional shipping cost due to flammability for all material and/or
components required for the manufacturing ofAkieandCR equipment, and the additional
cost of shipping finishe& goods either internally or abroad.
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This dffers between countries. As an example, the shipping cost of adftdtinerof
flammable refrigerant from China to Jordari j800USD compared to 1,500SD for non
flammable refrigerantSome countries ctmms and clearance processes cost an adalitBn
5%.

Handling

This includes the cost of handling and storage of the flammable refrigerant and or finished
product inside the manufacturing facilities and preparing it for inland, sea and air freight
shipmerts.

The handling process inside the factaguires the following precautions which increase the
cost including:

I Storage of flammable refrigerant can be either inside a storage tank or smaller
refrigerant cylinders, but both need adequate ventilation, and leakage monitoring
systems: (20,00030,000USD)

1 Handling the refrigerant and finished products inside th@facequires additional
safety measures for transportation between the production departments and storage
areas: (10,00Q15,000 USD)

9 Additional factory insurance and product liabilitysimance for flammable refrigerants:
(8,000- 20,000 USD)

3.1.3 Installation

This will include the additional costs of the training and awareness programs under the local
jurisdiction; the extra cost of the certification and approvals from the jurisdiction($atdy
comply with the local building codes; internatiboartification requirements to meet safety
standards required in many countries for in the domestic A/C and commercial refrigeration
equipment using flammable refrigerants.

This can be in differertategoriewith the following estimates for costs:
i1 Training and awareness programmes with certification of workers, workshops etc
(10,000- 20,000 USD)
1 The certification cost for the new products (depending on the number of models

needing to be certifiecand the test standards requirements IBEO, etc. (10,000-
15,000 USD)

3.1.4 Overall costs summary
In summary, the overall costs are shown in T&excluding shipping costs).
1 The investment required to convert an RAC manufacturing facility to flanemabl
refrigerants is in the range 890,000i 500,000 USD.
1 The additional investment required to maximise energy efficiency by the establishment

of new production lines for microhannel heat exchangers is in the range 1,000,000
1,500,000 USD

Table 3.2 Estimates of the manufacturing costs for energy efficiRAC equipment containing lovand medium
GWP flammable refrigerants.

Conversion measure (USD) Minimum | Maximum

Manufacturing

Production line

Refrigerant recovery and charging machinesbfth A2L and A3 refrigerants | 25,000 | 50,000
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shipping) (USD)

Pressure testing equipment for high pressure refrigerant A2L 32#C 15,000 30,000
Refrigerant storage tank and accessories (3000 to 10000 Litre) 15,000 40,000
Structural and safety modifications in the rgériant charging area (including

) e . : 15,000 25,000
electrical panels, piping, ardiatic floors and accessories)
Modifications to the finished product testing areas 10,000 20,000
Modifications for heat exchanger production line for tooling for smaller tube
diameter, orestablishment of new production lines for micttannel heat 1,000,000 | 1,500,000
exchanger
Safety measures
Charging area ventilation system 10,000 20,000
Charging area firefighting system including sprinklers and water storage tan| 20,000 30,000
Testing
Production line testing area 50,000 75,000
Laboratory for product development 50,000 75,000
IP/technology know-how
Software 0 50,000
Building prototype(s) to verify performance and validate the software 10,000 20,000
IP cods variable variable
Logistics
Shipping
Additional costs 3% 5%
Handling
Storage of flammable refrigerant can be either inside a storage tank or smal
refrigerant cylinders, but both need adequate ventilation, and leal@g®ring | 20,000 30,000
systens
Handling the refrigerant and finished products inside the factory requires
additional safety measures for transportation between the production depart 10,000 15,000
and storage areas
Add_ltlonal factoryinsurance and product liabifiinsurance for flammable 8,000 20,000
refrigerants
Installation
Training and awareness programmes with certification of workers, workshog 10,000 20,000
Certification cost for the new products (depending omtireber of models 10.000 15.000
needing to be cefied, and the test standards requirements IEO) ' '
Total without micro -channel heat exchanger production line oshipping) 303,000 535,000
Total with_microchannel heat exchanger production line (excluding 1,300000 | 2,035000

3.2 AC: The Cost of Components

The relative costs of energy efficitesomponents are compared faB.& kW mini-split in
China. The baseline usR-410A (APF 4.0) and HCFQ2 (EER 3.5pppliancesCertain

components discussed in the following siapteralso apply to commercial refrigeration.

These components will not be discussed in the chapter 3.3.
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3.2.1 Refrigerant

Conventional refrigerants accouwnt fabout 1% of the total AC cost. The price of refrigerant
always decreases with increasing consumptioncétidie prices of refrigerants commonly used
in air conditioning in China are shown in Fig 1. It is worth noting that in UK, the bulk HC (HC
290, HG600a, HG1270) price vaesbetween USO to USD1.5 per kg. Furthermore, the
average HCF&2 price is USD Kg.

34 -

32 -

30 -

28 -

26 - I

2.4 : : : .
R290 R22

410A R32

Prie (USD/kg)

Figure 3.2 Estimates of efrigerant prices in China

Thegeneralprice rangeof refrigerantds low, around 3JSD/kg+/-10%. At an early stage, new
refrigerants are more expensive, and difficult to get a foothold in the market. For example, HC
290is a byproduct of thdiquified natural gasl(NG) industry. Its production process is

simpler than HFE32, but its currentnice is slightly higher than HFG2. However, when

buying in bulk quantities, refrigeragrade propane can be as low as $1 per kg.

The cost ohighh-GWPHFCs will rise with the implementation of thegas regulation and

Kigali amendment, both of which impthe competitiveness of products containing HFCs. For
example, the quoted price 0f4/0A in Europe went up tenfold over 2017¢dan 2018 is ~ 20
Euro/kg, which far exceeds the material cost of the refrigerant itselfré-8y3. This increases
the conpetitiveness omedium andlow-GWP alternative refrigerants and greatly promote the
commerciakkation of environmentally friendlyefrigerant technologies.
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Source: Okorecherche 10/2018, Monitoring of HFC prices in the EU

Figure 3.3 HFCs quota price trend in Eurog®korecherche, 2018)

3.2.2 Compressor

Thecompressor accounts for about 20% of the total cost ofys@msImproving compressor

efficiency representsne of thanost direct and effectivemeasure to improve an air
conditionerdos efficiency. Rotary copmegsoressors a
are used in some window air conditioners especially in the Middle East, whilst scroll

compressors are often used in lighter commercadyrts. Today, modern compressors have

an efficiency of about 70%. The majority of the losses are electnichh@echanical, with the

remainder due to internal refrigerant leakage (Féltpuendo et al2018).

The most effective way to improve the effiogy of a compressor is to use a higher efficiency
motor, but lower scale improvements can also be obtained using refrigerantsopithties

that providehigher thermodynamic efficiency, reducing inner leakaigg mechanal friction.

These will increasthe cost of materials and manufacturing cdstciency can be improved

by up to 20% by technical advances, but cost increases proportionately (Task Force estimates)
efficiency can be improved by up to 15%aatditional cost increase of 20% through t&chl
advances.

3.2.3 Heat exchangers

Finned tubes are the most commonly used heat exchangers for AC. The heat exchanger
efficiency is mainly determined by the heat transfer coefficient, area and the flow friction and
has a maj or i mpact eabingcapdtity. Theysmalles thedheat tamsiertingn g / h
temperature difference (i.e. the larger heat transferring coefficient multiplied by the area) and
the smaller the flow friction, the higher the heat exchanffieiency, which can be achieved.
Measures tamprove efficiency include heat transferring enhanced copper tubes and fins,
increasing air volume, reducing contact thermal resistance between fins and copper tubes,
improving manufacturing processing to redube damage to the heat transfer enhancing
structure, and increase of the surface am@to improve the contact between tubes and fins
Most of these increase the cost of manufacturing. Recent considerations such as reducing the
heat exchanger volume teduce the volume of refrigerant and the ofsthinner tubes (<5mm
diameter) have not yet been assessed in terms of manufacturing costs
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Therelationship between the heat transfer efficiencfjrofed tubes to the system energy
efficiency, and accordingly increased cost are showidgure 3.4 (Shaa N, and Li T, personal
communicatioj Both found gproportionaténcrease irheat transfeefficiencyin relation to
cost.
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Figure 3.4: Heat exchanger cost and air conditionefficiency changing with heat exchanger efficiency

Micro-channel heat exchangehave a different mechanical structure, and approximately 40%
higher heat transfer efficiency than finned tube exgersdue to

9 Higher air side heat transferring efficiendgrger tube area facing the airflow, with
tubes connected with the fins by welding or by metal forfdjmgther than by
expansion);

9 Less refrigerant flow resistance due to shorter and dioget tubes;

9 Higher refrigerant heat transfer coefficient

1 Reducd system refrigerant charge by as much as 40 %.

Micro-channel heat exchangers require more compleeevelopand are difficult to usthem
asevaporatorsin addition, they can have high®maintenance costs because they are made from
aluminium and the wdlpoints can corrode in some conditions. Nevertheless, compared to
finned tube heat exchangers, micttannel heat exchangers have similar or marginally lower
(~5%) cost for the same capagciand have highg-5%) efficiency.

3.2.4 Fans/motors

There are two @n types of fan motor used in A€direct current (DC, efficiency 70%) and
alternating current (AC, efficiency 30%). DC motors have a much higher efficiency but are
almost double the cosbmpared to AC motors.

12 Metal forming, is the metalworking process of fashioning metal parts and objects through mechanical deformation;
the workpiece is reshaped without addingesnoving material, and its mass remainshanged
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Air conditioner efficiency can be improvéy increasing airflow rate. The air volume flow is
proportional to the power of the f&igure 3.5 There is an optimum airflow rate at which the

air conditioner has highest efficiencyhie airflow is less than the optimum, increasing airflow
benefitsthe system efficiencyHowever f airflow rate is greater than the optimum then system
efficiency declines-igure 3.6due to additional power needed to overcome -pigtssure loss

that hasa diminishing benefit to heat transf@he cost of the fan and noo increases with
increasing airflow rates in a stepwise fashion, because a single fan/motor can cover a range of
airflow rates. Selecting the correct fan for cost versus efficiency asimscase to case. As

can be seen, there is an optimal fan spaledye which efficiency declines and cost increases.
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800 1000 1200 1400 1600
Air flow rate(m”3/h))

Figure 3.5 Schematic of fan power changing with airflow rate

Efficiency Cost

Efficiency

Air volum

Figure 3.6: Schematic of air conditioner efficiency and motor ca$tanging with air flow

3.2.5 Maintenance; seltleaning

Most ACs will have §10% decline in efficiency during their lifetime, mainly due to dust
depositionon heat exchange surface, the more complicated the fin geometry and the more rows
of tubes, then the greatthe dust deposition. As a result, the resistance to airflow insraade

the air flow volume decreases, which reduces the efficiency of the heat exchanger and of the
AC (Figure 37). Therefore, regular maintenance and cleaning of the air conditiorstaysis
essential in maintaining energy efficiency. Increasingly, peyducts have a setfeaning

design at an additional cost of about $28sk Force estimate)
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Figure 3.7: Schematic of airflow decrease changing with static pressure increasanimc dust buildup.

3.2.6 Retrofit technologies

Several retrofit technologiesfer EEimprovements compared to baseline technologies. Some
of these retrofit technologies include for room air conditioning

9 Electronic, programmable, and skdfirningWi-Fi-enabledhermostatéstimated at
5% energy saving

1 Central control systene§imated atLl0% energy savingand
1 Replacement of indoor and outdoor fan motors with variable speed ECM motors

For commercial sef€ontained akconditioning unitsretrofit technologies include

9 Digital controllers to improve the compressor and fartrots)

Adding doors/shields to vertical sebntained units

Replaéng lighting with LED (reduce load and power drawhd

Changng the thermostat sqtoint and reduce the gladsor heater power requirement

Install antifog films on glass doors and ddsaate glass door heaters (reduce load and
power draw)

= =4 —a -8

3.3 Costs ofcomponentsfor higher EE specific toCR

As discusseth the previous subhapter the energy consumption associated wiGRa

appliance is dictated not only by the system design and itsaraamp but also the construction

of the equipment that is often unrelated to the system. Thus, there are a variety of elements that
can be applied to conercialrefrigerationappliance that may or may not be affected by the
refrigerant type. Theircostesavar y wi dely, depending upon the
also its function.

Table 2.7in chapter 2ists all the ofterconsidered options for improving SCCRE energy
consumption; there are of course other options, but which may be applicablesgifnon

contained or centralised type systems. The options have been broadly categorised according to
its fundion, for example, improving airflow, improving fan energy, reducing heat load and so

on. Of course, the effectiveness and cost of most of thesenspi@ interrelated. As noted

above, thendicativeadditionalcost are applicable to certain classeSGICRE, but also the

size of the appliance; most of these apply to a 1.2 m or 2.5 m length cabinet.
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3.4 System design and optimization

3.4.1 CostneutralEE upgrades

EEis one of the main design features that product development engineers consider during the
developnent of new platforms, however, there are several other important factors that impact
the design including manufacturability, reliability, cost, perfance, etc. An engineer will

always consider costeutralEE upgrades, whilst potentially improving otlHfeatures. Some of

the relevant examples of cagtutral or costeductionEE upgrades include:

1 Micro-channel heat exchangers

1 Improved fan designs

1 Optimized air flow distribution

9 Higher efficiency compressors

1 Evaporator and Condenser design optimizatiothjwicertain limits)

3.4.2 Additional cost savings opportunities frak measures

SomeEE measures should be studied holisticadlgthey can increase decrease costs
elsewhere. For example, using brushless DC motors (electronically commutated motors, ECM)
fans in commercial refrigeration units would require the use of more expensive electrical
conductor (3or 4wires DC conductor istead of the usuak®ires AC conductor). In contrast,
a higher efficiency commercial refrigerator requires less electrical power and thus smaller
electrical wire gauge and switches with a lower total installed cost.
All aluminium microchannel heat exchgers reduce materiabst, require lower refrigerant
charge/cost, and because they are smaller andrligisigt in reduced chassis cost, reduced
cover cost, reduced packaging cost, and reduced transportation and storage costs.
3.4.3 System design and optimiizen case stugt Sino- US CFGFree SupeiEfficient
Refrigerator Project
During the phasdown of CFC refrigerants, parties were interested in providing energy
efficient solutions. One of thdJS@RCGFreer st udi es
SuperEfficient RefrigeratoPr oj ect Progress Report: Prototype
the transformation of the Chinese industry to the production offG#eC supeefficient
domestic refrigeratordEPA, 1997) Technologies examined in that effortluded:

Non-CFC refrigerarg and foarrblowing agents
Alternate refrigeration cycles

More efficient compressors

Optimization of condenser and evaporator designs
Increased insulation thickness

1 Improvements to door gaskets and controls

= =4 -4 —a A

EPA (1997) reportechait the China Household EléctAppliance Research Institute

(CHEARI), the Haier Group, and the University of Maryland (U. Of Md.) collaborated to build
and test typical Chinese refrigerators, evaluate Chinese consumer opinion research on the
marketing ofozonefriendly, energyefficient refrigerators, and perform field testing for one

year in three Chinese cities to test the performance of units under actual operating conditions.
EPA (1997) concluded the following:
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1 Laboratory tests have demonstrated twettversion from (CFCs) totalnative
refrigerants and foarhlowing agents can be achieved along with substantial energy
savings as showfable 3.3

Table3.3: Summary ofaboratory testresults

Energy Savings Technology improvement options employed
~20% Lorenz cycle with notCFC rdrigerant blend
Increased foam insulation (about 2 cm) to sides, back, bottom, ar
~20% .
cm) to both doors of cabinet
~40% Increased foam insulation and improved compressor
~50% Increased insulation, improvedmpressor, and Lorenz cycle with A¢

CFCrefrigerant blend

I Chinese consumer opinion research showedQhatese consumecsremoreabout
the quality of the product and they are willing to pay 20% more for ahiglality
product which consumes 40% less energy tharmodelurrently availake.

1 The optimized models showed significant higher energy savings in the field than in
laboratory tests; however, noise level was a concern with thetdigied units

3.5 Operating and Lifecycle costs

3.5.1 Methods to assess life cycle costs in policymaking (EQE, Other)

As shown in the literature, market failures hinder the development of energy efficient
equipmentPolicymakers typicalhattemptto overcome such market failureg firomoting

more efficient equipment in order to maximize cost savings to carsumver the lifetime of

theequi pment . For example, the United States Derg
Equipment Standards ProgrdDOE, 2016 and the preparatoryiglies for the EU Ecodesign
Directive(EuP, 2009; Huangetal 2080t h uUosn@ pdb@thgi neeri ng anal ysi
detailed data collection, testing and modelling of the more efficient equipment to identify the

actual manufacturing cost (as opposedtoretail price) and the corresponding lifecycle cost

of more efficient equipménSimilar methodologies have also been used to a more limited

degree to support energy efficiency standards processes in countries such as India, China,

Ghana, Mexico etdShah et al., 2016; Lin and Rosenquist, 2008; Fridley et al., 2001; Buskirk

et al.2007; Sanchez etal, 200F)t shoul d be noted that these met
of the cost of efficiency improvement at any given time and will tend to provideseic@tive

(i.e. higher) estimate of the cost of efficiency improvement. Intigegdhe prices of higher

efficiency equipment have been found to decline over time in various markets as higher

efficiency equipment begins to be produced at 9@aglor etal 2015; Abhyankar et al 2017;

Spurlock 2013 Since the methodologies usedlirese standards processes are largely similar,

we describénerethe methodology used by the DOE in more detail.

DOE Appliance and Equipment Standards Progradmttomup engineeing analysis

methodology

In the United States, the establishment of federal MBPE280 was first called for in the 1975

Energy Policy and Conservation Act (EPCA, Pub. L. Ne163). It also called for efficiency

targets that are fimpeowmamémum pekacens ag@eechnol
economi cal | yblishinggshese levels id dode thEpegh a combination of engineering
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and economic analyses, including estimates of the lifecycle costs of efficiency improvement to
consumers.

Themain purpose of the engineering analysis is to dewetefationship betweerfficiency

and cost of the product through methods such as produactdesr and laboratory testing.

After assessing each design option, engineering models predict the effiogract of any one
or acombination of design options on the product. This ireglestablishing a base case
configuration or starting point, as well as the order and combination/blending of the design
options to be evaluated. Tall3elbelow shows the dggn options in a recent DOE rulemaking
for the selfcontained, vertical, closetransparent refrigerated display cabinets from the
selected baseline mod@D1), along with their corresponding estimated daily energy
consumption and manufacturer cost artling price.

Table3.4: Design options for efficiency improvement of setfrtained, vertical, closed, transparent display

cabinets

Design | Calculated Manufacturer| Manufacturer| Design Option Added Above the Baseline
Option | Daily Energy | Production Selling Price,
Level | Consumption,| Cost, $ $

kWh/day
AD1 34.68 2,681.43 3,869.44 Baselne
AD2 33.59 2,689.71 3,881.19 AD1 + Permanent Split Cap. Evap. Fan Motor
AD3 28.79 2,731.63 3,940.72 AD2 + LED Lighting
AD4 27.46 2,749.21 3,965.69 AD3 + Brushless DC Evap. Fan Motor
AD5 19.41 2,864.68 4,129.66 AD4 + High-Performance Door
ADG6 18.43 2,929.32 4,221.45 AD5 + EnhancedJA Condenser Coll
AD7 18.23 2,943.28 4,241.27 ADG6 + Brushless DC Cond. Fan Motor
ADS8 17.31 3,033.76 4,369.75 AD7 + LED Lighting with Occupancy Sensors
AD9 17.16 3,051.55 4,395.01 ADS8 + High-Eff Reciprocating Compressor
AD10 | 16.92 3,092.97 4,453.82 AD9 + Additional io In
AD11 | 16.66 3,169.08 4,561.90 AD10 + EnhancedJA Evaporator Coil
AD12 | 16.05 4,190.63 6,012.50 AD11 + Vacuum Insulated Panels

The procedure for selecting candidate standard levels begins by ttakiresults of the
engineering analysis and the lifgcle cost analysis of the candidate design options. Candidate
standard levels ametermined from a range of design options that typically include the most
energy efficient combination of design optipthe combination of design options with the
lowest lifecycle cost; and a combination of design options with a payback period of reot mo
than three years.

One of the economic impact analyses that contributes to determining the impacts of standards
on cawsumers is known as the hlégcle cost and payback period analysis (LCC). The inputs to
the LCC incl-upe ¢haegi fydseutpue ghefficienay levels for different
product classes, which are tied to manufacturer production costgifesideith industry
cooperation) and then used to generate projected product prices at each efficiency level. In the
LCC, which has a fig-year time horizon, the DOE determines single period consumer cost in
terms of any increase in the product price angls period consumer benefit in terms of any
operating cost savings from reduced product energy use. The LCC does this by adding the

61



TEAP EETF 2019

initial product price and operating cost data for each efficiency level as assessed over the period
of a pr o deustattirig $romlthe Effedtive yrear of the standards. This LCC along with
other technical support documents are made publicly availebdedithe final standard is
established®

3.5.2 Mini-split AC

Table 3.%below shows the lifecycle cost (retail price plugatiation cost plus energy cost over

the lifetime of the equipment) and payback period (period of time over which the energy

savings exceed the higher installation cost) to the consumer calculated using the above outlined
methodology from a recent D&&ulemaking document for four efficiency levels above a base
level considered for mirgplit air conditioning. The higher effiaiey levels have higher

installed costs, but lower lifetime operating costs. The data implatlaaty given time

( s napsdivalavdl of effitiency above whdride Cycle Cost analysis indicates that

there is a ceiling of efficiency, above whittte energy savings will not payback the higher

installed cost within the lifetime of the equipmets. the cost for efficient compents and

designs decrease over time due to increases in scale of production or learning, the cost of higher
efficiency equipnent decreases. As this occurs, higher levels of efficiency payback over shorter
periods.

Table3.5: Installed cost, lifecycle cosind simple payback period to the consumer for various efficiency levels for
mini-split ACin the US

SEER Installed Cos Llfet|m§ Lifecycle cost Slmg le Ki A\f/erlage.
(W/W) in USD Operf_:ltlng in USD payback in Lifetime in
Costin USD Years Years

4.1 (Base) 3,714 4,758 8,472 N/A 15.3

4.3 +38 -93 -55 4.5 15.3

4.4 +105 -189 -84 4.8 15.3

4.7 +259 -295 -36 8.2 15.3

5.6 +1,105 -602 +503 16.6 15.3

3.5.3 Commercial seltontained refrigeration

For the seHcontained, vertical, closed, transparent display cabatwgtipmentlass®. Table
3.6shows the lifecycle cost savings at various efficiency levels calculated using the above
outlined methodology from a recent DOE rulemaking document for seven efficiency levels
above the base efficiency level along with their corresporetignated annual energy use
values. The higher efficiency levels have higher installed costs, but |dgtané operating
costs. The data imply that at the technology development level during the standard setting
timeframe (~2012014) there is a ceilingf efficiency around efficiency levels 2, 3 and 4t
which point the energy savings will yield the maximbenefit to consumers.

13See here for the LCC published by DOE in 2017 for Central air conditioners which incluesplitiniCs:
https://www.regulations.gov/contentStreamer?document|d=EEREBT-STD-0048
0100&attachmentNumber=1&contentType=excell2mebook

14 For example(Fridley et al 200 used the Oak Ridge National Laboratory (ORNL) Heat Pump Design Model,
Mark V, version 95d

15This is one of 49 different equipment classes used by DOE to regulate commercial refrigeration equipment.

16DOE considers various efficiency levels during eadbmaking which correspond to technologies, design options
and combinations of design omtis to improve energy efficiency that are technologically feasible at the time of
setting the standard.
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Table3.6: Lifecycle cost savings at various efficiency levels calculated using the DOE methodology. Each efficiency
level caresponds to a possible design option at the time of the rulemaking.

Mean Values of Life-Cycle Cost Savings )

Annual Average | Customers that Experien Median

Level ESergy Installed | Annual Lce, A (%) Payback

Se, Cost, | Operating 20128 | Savings, No | Net Period,

KWh/yr | 2012$ |Cost, 20129 50128 | Net Cost impac{Benefi years

1 10,022 | 6,498 1,270 19,135| 2,503 0.0 10.1 | 89.9 0.5
2 6,727 6,799 970 16,433| 5,200 0.0 10.1 | 89.9 0.8
3 6,654 6,822 964 16,397| 4,709 0.0 0.0 | 100 0.8
4 6,318 6,974 921 16,110 4,996 0.0 0.0 | 100 1.0
5 6,262 7,003 917 16,105| 5,001 0.0 0.0 | 100 1.1
6 6,174 7,073 913 16,127| 4,979 0.1 0.0 | 99.9 1.2
7 5,857 8,909 948 18,294| 2,812 10.8 0.0 | 89.2 4.7
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4 ROLE OF MARKETS IN AMEILABILITY GHNERGY
EFFICIENT RAC EQUIPMENT ANDGWWREFBERANTS

Key messages:

65

T

Price to consumers is only loosely correlated with lEfferprise pricing strategies, and
especially the inclusion of features that are irrelevant for EE, influence the price to a
greater degree.

EE measures deliver significant posttienvironmental impacts and reduces the
amount of electricity that needslie generated to deliver the same level of cooling
service. National policies (MEPS, labels, gutllicies) have a significant impact on
technology/product availability and pridedividual countries setting lortggrm targets

for energy efficiency alongsedthe Montreal Protocol/ Kigali Amendment transition,
would give their markets a clear trajectory and increase investor confidence that there
will be a market for higheefficiency products

In addition to focusing on availability or costs, the transition towards energy efficient
AC and CR can be accelerated by improving national regulations such as MEPS,
marketincentivisation improvng servicing capacity and training, as wellpemoing
financial support for local industry in A5 parties for access to IP and-kioevy and

capital cost conversion of manufacturing lines.

Many A5 parties do not have local AC manufacturing and import AC equipment. They
may need assistance to develBPS and &belling programmes tavoid importing

low energyefficiency AC equipment. For example, of African countries, currently 23
of 54 do not have MEPS. A strategy of early switching towards energy efficient low
GWP AC equipment would bring lortgrmeconomic ad environmental benefits.

The transition to loweGWP and higher efficiency AC equipment can happen together
at lower overall cost than otherwise and can be further accelerated by encouraging
R&D for new solutions and approaches and througloregiand iternational

cooperation and partnerships

Article 5 parties using HCFC technologies and with low EE or no MEPS regulations
have the greatest scope to improve the EE of equipment, compared to countries with
high EE MEPS regulations and alreadyngsHFCs tebinologies. They have the
opportunity to transition directly to high efficiency/lower GWP equipment while
avoiding highkGWP HFCs.

The adoption of common standards for testing and qualification methods between
markets would enable manufacturersapitalizeon scale and accelerate technology
readiness. Governments setting testing and performance requirements that are not
comparable with main trading partners or suppliers may disadvantage that country
economically by delaying the adoption of nevergy efficient technologies in that
country.

Awareness influences market and consumer choice. A good consumer communication
strategy is critical to increase market penetration of more efficient products.
International cooperation as well as regional pastrips andhe development of

similar metrics enable monitoring of the market, which allows an easy comparison of
products on the market in different geographic regions.
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1 The transition can be further accelerated through regional and international cooperati
and by ecouraging R&D for new solutions and approaches towards low GWP and
energy efficient equipment.

This chapter explores markaechanismsdynamics, and th&fluence ofpolicies on the retail
price, availability of products and technologiesdapresentexamples from multiple

geographic regions

An essential characteristic of markets is competition among enterprisiel benefits

consumers by putting pressure on enterprises to compete on prices and performance of
products, including througimnovation At the same time, sector consolidation also takes place
to achieve economies of scale, whereby scale of production drives down the cost. It is in this
competitive contexthat environmental andE policies can affect the availability and priags
producs and technologies. Indeed, in markets withgiipolicies, such as MEP8pmmercial
stakeholders can continue pursuing their inter@stsstrategically withhold or delay

innovations such as imprové&t that would reduce costs to consumg@teude and Spuiock,

2016.

As discussed in Chapt2rthe transition to lowe&GWP technologies and equipment is
underway in some markets, and some markets have also begun transitioning t&Bigher
equipment and technologies. Due to the international tréate dMontreal Protocol and to the
subsequent piglies that were implemented on a national level, more manufacturers have started
looking for technologies using alternate refrigerants, insulation and compressors. For example,
in the case of domesticrefdg at or s, G| ZmihsliT Dethi ahdeGdiejindntia o n
(Glz, 2019)successfully introduced hydrocarbons as alternate refrigefdr@3EAP RTOC
reportprojected that by 2020, about 75% of new refrigerator production will used9e

(UNEP, 2014, a transition facilitated by the smaller refrigatcharge requirements for

domestic refrigerators, marginally higher cost of manufacture than that oflB#&Cand the
approximately 5% higher energy efficiency of 660a(UNEP, 20183.

In contrast, as disissed in Chapte?, the Montreal Protocol signt phaseout HCFCs led
manufacturers to focus their research and development efforts é#Ce@ technologies. This

can be seen in a survey of almost 3000 room AC compressor models that did not identify any
variable speed drive HCFE2 compressors, suggestithat manufacturers are not investing in
energy efficient HCF2 units(Nicholson and Booten, 2019

As described in the examples below, the transition to lgs¥/P and higher efficiency can
happen togetr, and when weltoordinated, these transitiooan occuwith no increase in the
prices paid by the endser orlower overallprice to consumerthan otherwise.

4.1 Market forces and their effects on products

4.1.1 Rapid evolution and growth of the RACHP market

The market for refrigeration, air conditioning,caineat pumgRACHP) equipment is growing
rapidly and is projected to grow from 3.6 billion units installed in 2016 to 9.5 billion in 2050
(Green Cooling Initiative, 2036According to the International Emggr Agency (IEA), on
average 10 new air conditioners will be sold every second for the next 3qlizar2018.

In the absence of strong energy efficiency policies, countries are vulnerable to becoming the
recipients benergy inefficient and obsolete RMNP equipmen{Andersen et al., 20)8This
phenomenon was previously observed in 1998ustralia The countryshifted its energy

efficiency programme to match the most stringent energy performance requirements dnandate
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by Austr al i a6 serdiscogedng thay theouaits bemgimmorted ihtd its market
were less efficient than those allowed for sale in the country of e{plotSP, 200%. An
advantage of this policy is that by relying on the standards deaetloy trading partners (often
with larger markets), the Australian government and local manufacturers avoid the significant
costs of developing regulations, and also benefit from alignment with larger markets and
economies of scale.

In Ghana, prior to thadoption of energy efficiency regtitans and ban on secotand

refrigerators and aiconditioners, the average domestic refrigerator consumed 1,200 kWh per
year, and 80% of the market used imported appliances, mainly from Europe. The most popular
refrigerator was the most inefficient oretmarket and almost all cooling appliances used

CFCs. Following the adoption of standards and labelling policies between 2005 and 2009, over
10,000 used and inefficient refrigerators were replaced with new and maerergftines, over
34,000 illegally imprted were confiscated and destroyed, 1J&6f CFC was recovered, and
400GWh of electricity saved. All these benefitscurredwith no change in the price of
refrigeratorgAgyarko, 2018.

Similar patterns are cumdy observed for aiconditionergseeFigure 4.}, with fixed-speed
HCFC-22 units accounting for over 75% of sales in markets with no or low energy efficiency
policies.

M Inverter RACs Non-inverter RACs
HFC 100% HFC 100% HFC 84% HFC 73% HFC 25%
HCFC 0% HCFC 0% HCFC 16% HCFC 23% HCFC 75%

Japan, North Europe China Asia (exc. China and Middle East, Latin
America, and Japan) America, and Africa
Oceania

100

80

60

40

Market Share (%)

20

Figure 4.1 Market share of ACby compressortype andrefrigerant. (Source: The Japan Refrigeration and Air
Conditioning Industry Association (JRAIA) and LBNL estimates for Middle East, Latin America and Africa.)

4.1.2 Observations of prices ariE in the marketplace

As discussed in Chapt8rand section 2.8 of the 2018 TEAP Energy Efficiency Task Force

Report,(TEAP EETF 2018UNEP, 2018 pol i cymakers coll ect data a
engineering analysis to identify the actual manufacturing cost (as opposed to the retail price) of
efficency i mprovement. These engineering fisnapsho
spedfic improvements in components, performance, and cost at a given time.

Figures4.2,4.3,and 4.4dree x ampl es of such fAsnapshotsd showin
equipment/appliace versus representative energy efficiency levels;(EL)
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Figure 4.2 Commercial refrgerator: Life-Cycle Cost and Installed Cost Variation over Efficiency Levels (EL) for
the vertical closed with transparent doors setbntained and low temperature (0°R)VCT.SC.L) Equipment Class
(US DOE, 2034

In Figure 4.2(above), he total installectost for a selcontained vertical commercial lew
temperature refrigeration equipment in the USA increases marginally over the baseline from
energy efficiency levels (EL) 1 to Gjth asignificant cost increase in EL7. Howevére tota
lifecycle cost (ICC) is less at EL7 than EL1.

National == - = North

..... Hot Dry == = Hot Humid
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4200
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3800
3600
3400
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0 2 4 6 8 10 12 14

Efficiency Level, EL

Installed Cost, 2014$

Figure 4.3 Installed Cost versusfficiency levefor Split-system Central Air Conditioners in the USA at the
National, North, Hot Dry and Hot Humid conditiof®S DOE, 2015

In Figure 4.3(above)in theUnited Stateshe nstalled cost increases as #igciency level
increases for split system central AC. Howetlegre argegional variatios (up to 10%)n
installed cost due to climate impacts.
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Figure4.4. Life-Cycle Cost versus Efficiency Level3plit-system Cemal Air Conditioners in the USA at the
National, North, Hot Dry(four states with average CDD in 2009 of over 1,700 using 18°C basitsHot Humid
conditions(15 mid-Atlantic and Southern states with average CDD in 2009 of over 2,24fgus8°C basisjuS

DOE, 201k

Figure 4.4(above)showsthat life-cycle costs decrease with increasing efficiency level for EL1
to 6 for hoter regionswhile staying flat for the cooler North regidor the split system central
AC in the United State3he LCC in hot dry caditions is 10% greater than the national
average.

However, the relationships observed between cosE&idn t hese fAbottom upo ar
overshadowed by other factors in therkedplace(UNEP, 2018. Retail price of products is not
an adequate indicatfor the costs of maintaining or enhancing EE in new equipment due to:

1 Bundling of various nofnergy related features with higher efficiency equipment

(examples of nomnergy fatures include mosquito repellent capability, smartphone

based control, nundp of different operational modes efc.)
T Vari ation of manuf &@aem urer 6s skills and know
f variation in manufacturerds pricing, mar ket
1 Theideatat ef fi ciency can be marketed as a fApr.

Multiple studies othe retail prices anBE of appliances on many markets show that at any
given time, the retail price of AC equipment is only loosely correlated with energy efficiency
(Park, Shahand Gerke, 2017; Letschert et al., 2019; Huang et al.,)2Bt&hermore,
projections of prices of more efficient applian@egenerabften overestimate the cost of the
efficiency improvement wheBE policies and programs are being desig(®#ulrlock et al.,

2013 Taylor et al., 201p

Figure45 hows a fis n a paghip betveea the retail prices efdn dixedspeed
room ACs in Brazil (data collected in 2018) antbfh variable speed A<in China (data
collected in 2017), respectively. In Brazil, the price of a fispded AC at an EER of about 3.4
(W/W) varies fom about 1,108BRL to over 1,800 BRL, i.e., over 60% variation in price for
comparable equipment at the same capacity andegftiy levelln China, he price of a
variablespeed AC at a SEER of about 4.5 (W/W) varies from ~3800 RMB to ~13000 RMB,
for conparable equipment at the same capacity and efficiency level.
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1 ton Fixed-Speed room ACs in Brazil 1 ton Variable-Speed room ACs in China
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Figure 4.5 The Brazil figure (left, BRL = Brazilian REg) is sourced from the data from Letschert et al.,
(forthcoming). China (right, RMB = Chinese Yuan) data is from Park, Shah and Q&%eand the IDEA
database (LBNL).

4.1.3 Market Trends over time

The above examples provide a snapshot at a given time. Butrdtetganships evolve as the
market size increaseSigure4.6 shows a schematic illustration of observed trends in lifecycle
cost,which combines retail price and cost of operation, as a function of cumulative shipments.
The cost (and retail price) slowtiecreases with increasing scalguoiduction but the

introduction of energy efficiency standards, which decrease LCC accelesatedreasing
trend(Van Buskirk et al., 2014
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Figure 2. Schematic illustration ofrends in lifecycle costs before and after a market adopts energy efficiency
standards. Adapted from van Buskirk et al. (2014).

Figure 4.7, 8 and 4.%how theAC efficiencyrelationship with evolving pcein India, Japan,
and South Korea (for US s@&AP 2018 EETF Report)n these figures, pricedecrease over

time, and efficiency increases. In these countriegetwas continued effort improve AC
equipment efficiency through MEPS and other market transformation efforts.

1 InIndia, the markeavaage minisplit efficiency increased from 2.4 W/W in 2006 to
3.0 W/W in 2016 while the wholesale price index (WPI) in India for vapiit units
decreased by 28 poinfSigure 4.7
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1 InJapan, efficiency increased from 2.8 W/W to 6.0 W/W between 1990 asd2ile

the Japands ¢ ons u-ikedroppged fiomm £00 to nXFigwe 488o0r s pl it
1 In South Koreathe efficiency increased from 3.0/W (SCPF) in 1995 to ~6.5 W/W

in 2015 while the Korean consumer price index dropped from 100 to ~ 40 over the

sane periodFigure 4.9.

The trend of decreasing prices has been concurrent with the ODSophhaas well as
periodically increased efficiencgtandards. The reasons for this trend are complex, including
technological innovations and manufacturing efficies, as well as macroeconomic factors
related to globalization of manufacturing and commodity price trends. It is important to note
that the djusted equipment price diwt increase following the introduction of the efficiency
standards or the increaisethe standards. It is also important to note that pricenaticeact
adversely with the ban of HCFZ2 in 2010.

Empirical evidence showspmsitive outcome in the previous refrigerant transitidiee same
process is expected for the HFC phasedowgoaatries will amongst other activities,
implement national policies and bans.

Figure4.7. Trends in room AC efficiency improvement and deelin AC prices in India (2008016) (Abhyankar
et al., 2017.
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