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ABSTRACT

Akshaya Patra Foundatiasl K S & 2 NX R Qféar-priofit) NiiE-Bay MeabPyogramme
operating around 50 centralised kitchens supplying wholesome food to over 1.8 ir
children at more than 16,000 schools in 12 different states across Ihdtae project

presented inthis report, a heat pumpusing the natural refrigeran€Q is proposed as ar
energyefficient and climateriendly concept for the centralised kitchen at Bengalire

CQ heat pump does not only replace the HAkfis for space cooling, but alsupplies
hot water to the cooking processeducingthe steam boiler'suel consumptionA cold

and hot water storagés includedo balance the mismatch icoolingand heatingdemand

on adaily basis.

Theproposedconcept offers substantial reductions in greenhouse gas@HG emissions
from the cooling systenfalmost60%). For the total system (cooking process and spi
cooling) the reduction in energy demand, energy cost @&iiGemissions are all abov
30% This clearly showthe possibility for India tefficiently bypass the use dfiFCsas
temporary replacements for HCE@&d by that avoiding significant GHG emissions
costly replacement processeSuggestions fopotential future improvements includea
roof-top solar power systerand a steam producing heat pump using natural refrigera
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1 Introduction

Klima- og miljgdepartementet (KLD) has awarded a grant for implementation of the project "KLD HFC free
Chiller India". This report presents the proposed solution andutsoemental benefits. Tharoposedoncept

T a heat pumpusing the natural refrigerai@O, - will replace not only the existing HCFC units for air
conditioning but also part of tHeeatproductionin steam boilerat the centralisellitchen of Akshaya Patra
FoundationBengalru.

1.1 Akshaya Patra Mid-Day Meal Programme

The Akshaya Patra Foundatids a noffor-profit organization headquartered in Bengaluru, India. The
organization strives to eliminate classroom hunger by implementing theDdidMeal Scheme in the
government schools and governmaited schools. Alongside, Akshaya Patra also amnsountering
malnutrition and supporting the right to education of seconomically disadvantaged children.

Today, Akshaya Pat r aforipmfit un) MidDap Mebl ?Proggammeperaing ardund( n ot
50 centralised kitchens supplyimdnolesome food every school day to oved rillion childrenat more than

16,000 schoolén 12 different states across India. The implementatiodelof thesesemiautomatedkitchers

can be efficiently scaled and replicated and has attracted curious ¥isitoraround the world

The Akshaya Patra Miday Meal Programme uses large quantities of heat for itgadgy cooking. The
organization strongly believes that energy sustainability is of great importance to overall sustainability given
the pervasivenassof energy use, its importance in economic development and living standards, and its impact
on the environrmenfT he A Akshaya Patra Heat Pump Projecto is
taken by therganisation

1.2 Akshaya Patra Heat Pump Prject

Implementation of heat pump technojdoave been identified as having the potential to play a major role in
reducing energy consumptiofithekitchens Heat pump technolggallow heating efficiencies to be increased

by over three to four times compared to conventional oil and gas boilers. In the course of identifying sustainable
and energy efficient approacheslot air source heat pumps have been implemented fiew kitchens.
However awatersourceheatpump can deliver highgverformance heating asimultaneougooling

A heat pump based on ¢@s the refrigerantanefficiently produceboth hot water and chilled water (see
sectionl.3) at suitable temperatures for theoking process andpace coolingTogether withhot and cold
water storagé cancoverparts of the heating demand in the ké@clandthe total cooling demand fthe AG
system in the building comple$uch a concelsofacilitates afuture useof renewable energy sourcasd
electricity production.

1.3 Briefly about heat pumps

Using heat pumps is in general an energy efficient wayig@rade a nowseableheat source at a low
temperature level to provide heat to a heat @iglat demandit a higher temperature levéhe basic design
of a heat pump, shown schematicatyFigure 1-1, is a closed refrigerant circuit consisting of two heat
exchangergevaporator and condenser), a compressor and an expansionTVvavweorking principle and
systemlayoutfor a refrigerationunit is "identical’, differing only in its purpose. A refrigeration system is
installedto remove heat from the heat souatea low temperaturandreject heat at a higher temperature
which is normallywasedto the environment.
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The energy efficiency of a heat pump in a specific heat
operation point is normally expressed as its coefficien

Low pressure Highpressure
performance (COP), defined as ¢ | '

Expansion valve

800 07 o Evaporator M Condenser
0 g =
2 @
. . . 3 — - 3
where Qeai[KW] is the heat supplied to theat sink and  § k)
Pei [KW] is the power consumption of the compresBor. =
example, a COP o8 implies that3 kW heat can be
produced with only 1 kW power. Comprestor
f
In the same way, COfr a refrigeration units defined Electricity
as
- V) Figure 1-1: Schematic sketch of a heat pump

where Qo4 [KW] is the heatemoved from the heat source ~ Hot water fo;g?gking raEEEE
Ideally,to reachan even highegnergy efficiencythe heat
pumpis used for both purposes, iremovng heatfrom a

heat sourcehat requires cooling and rejaug heat to a e
heat sink that requires heatir§uicha combined cooling

and heatindneat pumps suggested fothe Akshaya Patra Hgat Pump Power
project producing chilled water to the space coolingts Refrigerant: CO,

and hot water to the cookimgocessgchematicallyshown

in Figure1-2). For such a combined heat pumpheating

COP of 3 implies that for each kW power supglthe heat

pump produce8 kW heatand2 kW cold resulting in a 5°C
total COP of 5. Accordingly, COP for a combined hea  chjjjied water for space cooling
pump is defined as

Figure 1-2: Principal sketch of a heat pumg

. 0 0 producing both hot and cold water

Generally, COP depends on the temperature lift of the heat pump (i.e. differéeed source and heat sink
temperature However, hechoice of refrigerant alsocrucial foraheat pump'sfficiency and environmental
impact. The taditionally usedsyntheticrefrigerants contribute to depletion of the ozone layer and/or global
warming. Natural refrigerants, such as £@hich isproposed in this project, are environmentakyignand
offers high efficieng. Research at SINTEF and NTNU has strongly contributéoday'swide use ofCO, as
refrigerant for examplen around 10,00&European supermarkefs].

The environmental impact ambrresponding regulations c#frigerants, with focus on India, is presented in
section3.5.
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2 Current heatingand coolingsystem

The heating and cooling system considendthis project supplidseat to theookingprocesatthecentralised
kitchenin Bengaluru ard cold for spa@ cooling (AC) inthe associatetbuilding complex

2.1 Heating system

Here, a general descriptigmgiven onthe centralised kitchengperated by Akshaya Patfallowed bysome
specific information of thexistingsteam boiles atthe Bengalru kitchen.

2.1.1 Mid-day-meal ktchens

All kitchens of Akshaya Patra follow a standard process for preparing thdayidcheals. Tis process is
charted out to ensure hygiene and quality of the cookedandab adhere to the food safety standafidse

kitchers (Figure 2-1) are equipped witltauldrons, trolleys, ricehutes dal/sambar tanksutting boards,
knives et. All equipment isterilised using steam before the cooking probegins early in the morning.

Each cauldrorhas a capacitto cook at leasb00 litres ofrice andup to 3000 litres of dalSteam, supplied

from boilers, § injectedinto the bottom ofthe cauldrons, rising the water temperatute around120 °C.

Critical controlpoints (CCPs) like cooking temperature are checked and recorded at periodic intervals to ensure
the right quality of the meal.

The cooked food is packed in steam sterilisEglvesseldefae loaded onransport vehicles, also sterilised
beforethe loading proces3he Bengalru kitchensupplies midmeak to 551 schoolson27 routes covering
aradius of 50 knj2].

Figure 2-1: The centralised itchen in Bengaﬁiu |

2.1.2 Steam ilers

In the Bengaluru kitchen,4 steamboilersare installeqFigure2-2), all fuelled withHSD (HighSpeed Diesel)
The toiler generates flue gas at 18D at a pressure of Bar. The steam available at the individual cooking
cauldronsis around 130 °C, consideringboiler efficiency (756 - 80%) and pressure drogt individual
cauldronsThrough steam injectiothewater in the cauldrons is hedtup from around 2°C to about120°C.

PROJELNO. REPORTNO. VERSDN
502002467 2019:01429 2 7of 27
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With a heat pumpmplementationthe water could be heated up to°@Dbefore introducing the steam into the
cauldronsthusreducing theequiredamount of steam.

>
Figure 2-2: Steam boilers and auldrons at Bengaluru kitchen

The boilers operate 6 hours per day (4 am to 10 am), consuming in average 960 HSOT &lmé 2+l some
additional design data are given.

Table 2-1: Boiler data

Maximum output Steamproduction 10,3 bar Fuel consimption
[kW] [kag/h] [I/h] [l/day]

1 boiler 530 850 40 240
Total (4 boilers) 21200 3400 160 960

2.2 Currentspacecooling system

The AC cooling systems in the complex area housing the kitubresists of mostly spliAC units(7-8 years
old) and a few windowAC units(very old). Both are usinghe ozone depletingefrigerantHCFG-22, which
also has a relatively high global warming potential (GWP)

2.2.1 SplitACunits

As shownFigure 2-3 (left) a split AC unit consists of an outdoor unit, including the condenser and the
compressor, and an indoor unit witte evaporatorThe evaporatoremoves heatrom the indoor aiand the
condenserejecs heatto the outdoor air at a higher temperatdreFigure 2-3 (right), an example ofhe
existing split units are showandTable2-2 presents themain design data.

Table 2-2: Specifications of the existing AC split units

Cooling capacity Power cons. Refrigerant No of units
[KW] [kW] [kg HCF22] []
Split 1.5 TR 5.3 2 2.6 1.3 10
Split 2.0 TR 7.0 2.7 2.6 1.7 1
Total 17 TR 60 24.7 2.6 3.0 11
PROJETNO. REPORTNO. VERSDN 8 of 27

502002467 2019:01429 2
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111

I

[

S

Outdoor condenser
transfers heat to the outdoors.

Figure 2-3: Principal sketch of a split AC unit [3] (left) and an existing split AC unit (right).

The proposed heat pump will replace the existingsi(it units with awatercooledindirect AC system. In
sucha systemthere is only indoor unitavhich are called air handling unit (AHU). In these heat exchangers
theindoor air is cooledby the chilled waterproduced in the heat pump

2.2.2 Window-AC

A window AC is mounted through the window as one single unit with the evaporator on the window inside
and the condenser on the window outgkeigure2-4, left). Theexistingwindow AC units(Figure2-4, right)

are being phased oanhd notconsideedfor active cooling

Eondericar outside air

exhaust compressor

blower

moisture
from air

humid air

cool dry air
evaporator

Figure 2-4: Principal sketch of awindow AC unit [3] (left) and an existingwindow AC units (right)

PROJELNO. REPORTNO. VERSDN
502002467 2019:01429 2 9of 27
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3 India's energy system and refrigerant age

To enableanevaluation of the environmental benefits of the proposegheé@ pump, theurrent status and
future scenario of India's energy/electricity generation @@d emissions is presentebhdia's currentand

projectedusace of refrigerants and the regulation of them are also addressed.

3.1 Energy consumption

The total energy consumptioim India (2018) is
over 10,0000 Wh, making it the third largest
energyconsuming country after China artte
United States[4]. A t the same t
capita energy consumptigB kW/h)is only one
third of the globalaverage(23 kWwh / capita)
indicating a higher future energy demand as th

Renewable
s
4 %

Biomass

21% Coal

45 %

country continues its economic developm{&it o
as

- . R 5 %
As shown inFigure 3-1, I ndi aés |

source is coal followed bgetroleumoil, biomass

and natural gafikenewable fuel sourcésther than Qil
biomass) makep only a small portion ofhetotal 25 %
primary energy consumption although he

capacity potential is significant for sever:

renewableesources such as solar, wind and hydi

electricity[6]. Figure 3-1: India’'s energy consumption mix (based of3])

3.2 Electricitygeneration

3.2.1 Current situation

The total installed power generatioapacityin India is 370 GWwith an annualelectricity generatiorof
aroundl500 TWh (2018) makingindiaalsothe world's thid largest electricity produceNeverthelesgpower
consumption per capita remains IGivl kWh compared tehe globahveragesf 2.7 kWh/ capita)and millions
of people still do not have access to electrigify

As seen irFigure 3-2 (left), the installedcapacity forpower generatiotis predominantly coabasedandis
therefore a major source of @@missions in IndiaHowever, therexists scope for reducing the &&nissions

by fuel substitutiorandincreased use of renewable energy souffes.renewable energy productiorhisre
divided between hydro aridther renewablésincludingwind, small hydro plant, solar and biomass. Aers

in Figure3-2 (left), the sharén installed capacityf theseother renewables is over 20%. Howedee to its
lower capacity factor the actual electricfisoducton tends to be much lower compared to coal, nuclear and
gas power plantgesultingin renewables still barely make up 10% of the tetattricalenergy generatigras
shown inFigure 3-2 (right) [8].
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Electricity mix installed power Electricity mix produced power
Renewables
Renewables Nuclear 9 %

23 % 3%
Hydro
11 %
Gas
Nuclear 4 %
2 04 | Coal 0 Coal
54 % Lignite 70 %
3%
Hydro
12% Gas
7%
Lignite
2%

Figure 3-2: India's installed electricity generation capacity (left) and actual electrical production (right) in 2018
(based on[8]).

3.2.2 Renewable power generation

Figure3-3 show the share of latest added capdnitpdia'spower generatioduring 20162018. As seeaven

if 25% of the added capacistill is coatbasedherenewable capacity additions are growaig rapid page
especially solageneratiorconstituting oveb0% of all new installed capaciiy 2018 Thistransition towards
renewable energy presents an incredible opportunity but also challenges. Increasing the power system
flexibility is requiredas more intermittent renewables are added to thgjrihermal energy storagdays

an important role in the integration of renewalkcticity sourcesMoreover, awider up-take of variable
renewable heatingan be acleived byheat pumps coupled with thermal storagstens [10]. Thus,to fully

benefit from the renewable added capahiby and/or coldstorageshould be implementedhothon a large

scale anabn a more locadmallscale, as proposed in this project

80

S 40
30
20
. n |
0

2016 2017 2018

m Coal = Wind Solar = Total renewables

Figure 3-3: Share of various technologies ithe power addition capacityduring 20167 2018 (basecn [11]).

PROJETNO. REPORTNO. VERDN
502002467 2019:01429 2 11of 27
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3.2.3 Future power generatiorscenarios

There are rany reportspresenting differenfuture scenarios for electricity generatiomindia, suggeshg
differentshare of renewdbs (hydro excluded}igure 3-4 shows a'typical" future scenaridor electricity
generation in 2030, compared to 2015. Included in this figures are alsatilities”, representingonpublic
independenproducers otledric powerfor sale tautilities and end userld 2].

Electricity production mix 2015 Electricity production mix 2030

non-utilities
14%

non-utilities
9% —

Renewables
5%

Renewable
27%

Nuclear
3%

H; (:/ro -\' ) Lignite
o o

Gas
39 63 % (;2/5:
Lignite
3%
’ Nuclear Hydro
23% gy

Figure 3-4 Power generation capacity in2015(left) and projected power generation capacityin 2030 (right),
based on[12].

3.3 CQ emissions

The power sector is responsible for hallrdia's CO, emissionswhichhave doubled since 200%hislarge
growth of CQ emissionsis explained by an electricity demand growing at an increasingly rapid pace, most
being met by expansion of coal use. Howevereas is Figure3-5, for the first 8 month of 2019 themission
growthhasslowed down sharplyeachingts lowest annual increase (2%) in nearly 20 yEE3§

@ coal @ Gas @ Oil == CO2 growth rate
840 10.5%

720 9%
600 7.5%
6%

480

360 4.5%

Million tonnes of oil equivalent
% ‘SUOISSILI3 ZOD Ul UImoI)

240 3%

120 1.5%

0 0%

2006 2008 2010 2012 2014 2016 2018

Figure 3-5: Annual use offossilfuels andgrowth in CO2 emissiong(red line) during 2006-2019.[13]

PROJETNO. REPORTNO. VERDN
502002467 2019:01429 2 12 of 27
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Even iftheemissions per capita Indiais only 1,8 tors CO, compared to the global average of 4.%5t60,
per capitalndia'stotal emissionis the thirdlargest, after China andriiled States Therefore this trend in
India'sCO, emissions is of high global importande3].

Whenimplementingnew technologiethat implies achange in energy consumptiandbr a fuel switch, an
evaluation othechange inCO, emissioncan be calculated by usiagCO, emissionfactorfor different types
of energyproduction technologieforelectricity consumptiotheweighted average emissifactor describes
the averagamount of CQemitted per unit of electricity generated in the ghid2018, it was estimateo
0.83 bnnesCO, / MWh in India. Theemission factor for thelSD fuel used ithe steam boilerare estimated
to 0.26tonnesCO, / kWh [14].

3.4 Other emissions (NOx,Cx, PM)

There are alsotber emissions from electdtandthermal @ergy production, such as sulphur oxide®X5
nitrogen oxides (NOx) and particle matter (PNThesehave not been speadaifilly addressgin this project
but it is important tanotethatany energysavings measures foeducingfossiltfuel consumptionespecially
coalbasedwill significantlyreduce these emissioard therebyenefitindia's air quality effort§13]

3.5 Refrigerans

Heat pumpsand refrigeration/AC unitgontairs a circulating refrigerantvhich might, occasionally or
continuouslyleakinto the atmosphere durifgndling,operation andlestruction.

3.5.1 Ozondepletingrefrigerants

The raditionally usedefigerants arehlorinated halocarbonsp calledCFCs and HCFCsT hese synthetic
refrigerantsaareozonedepleting substanc€®DS)and arghereforeregulated irthe Montreal Protodowhich

is the globalagreement to protect the stratospheric edayer by phasing out production and consumption of
ODS.India, being a signatory of the tMhtrealProtocol has successfully phased onost ofthe CFCs ands
now gradually phasing out the HCE[15].

HCFG-22, which is used in the AC units to be replaced inAkehaya Patréddeat Pump Project, is the most
common used HCFCThe UN has set a 2030 deadline for a global ban of edepketing substancesdia
launched in 2013 managmentplanwhich aims to phaseutthe consumption and manufacturiofjthekey
refrigerant HCFE22 by 203Q which is a challenging procggL6].

3.5.2 Refrigerantscontributing to global warming

Globally, the mostommon replacement for HCFCs are +utthorinated hadcarbons, so called HFCEhough
HFCs are not ozordepletingthey has aglobal warming potential (GWP) up to 4000 times higher thap CO
which means that any leakage of refrigerant to the atmosphere will contribute to global warming.

Therefore, in2016, the Kigali agreeméemvas adopted aimingt phasing down HFG and also stresses the
importance of combining refrigerant management eitargyefficiency. After havingphagd out theHCFCs

India will have tostartphasng outthe HFCs.Under the Kigalagreementindia hascommetted to freezéhe

HFC use by 2028 and phasiihnglownwith 85% by 2047over the 2024026 level(baseline]16].

3.5.3 Natural refrigerants

Natural refrigerants, such &ydrocarbons, ammonia and carbon dioxade environmentally benignon
patentedsubstancesThey arenot ozonedepletingandtheir contribution toglobal warmng upon leakage is
negligible compared tahe HFCs.Many of thenaturalrefrigerantsalso offer lower costand ahigh energy
efficiencyin mostapplicationsThere are a number of studies empasizing the rogghrtunity and potential
for using natural refrigerants India
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3.5.4 Currentstatusin India

As shown in Figure 3-6, dationary AC
(commercial and residentiatpgether with
commercialanddomestic refrigeration make
up80%of I ndiabs inste
The btal installed capacity i&5 million TR
(88 GW). Currently, 90 % of the installed
capacityis based on HCFand HFG, while
10% arebased omaural refrigerant$15].

As seen irFigure3-7, the use of HCFCs ha:s
gone down in most sectors in the recent pe
Most of the HCFC usage occurs in the

residentialAC sector(60%) and commercial
refrigeration (2%6). The reduction irHCFC

usagehas been accompanied by an incdee
useof HFCs especially irmobile AC sector

[15].

Industrial Transport
refrigeration refrigeration
3% 1%
Domestic Mobile AC
refrigeration 16 %
15 %
Commercial AC
Commercial 15 %
refrigeration
20 %

Residential AC
30 %

Figure 3-6: Sector-wise installed refrigeration capacity in India
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w
o

Domestic Commercial Industrial

e
=}

I HCFC B HFC Naturals

Transport

(based on[15])

Residential Commercial Mobile Air-
Refrigeration Refrigeration Refrigeration Refrigeration Air- Air- conditioning

conditioning conditioning

Figure 3-7: Sector-wise refrigerant mix in India (2015)[15]

The statisticspresented irFigure 3-7 is confirmedby a study presding atmospheric measuremerity
estimatingemissionsof refigerans in India, showinglow emissions of CFC8&10%)and large emissiorsf
HCFCsandHFCs(about 45% eacHl17]. Even ifIndia hasreported a complete phaeat of its productiorof
CFCs banks suclas dated refrigeration equipmentveall as fugitive emissions from industmnay persist

andexplains the CFC emissia

The gmilar magnituden emissions 0HCFCs HCFG22) and HFCs (mostly HFG 34a)confirmsthat India
is in transitionbetween employing HCFC and HFC refrigeratitsalso indicates that Indis yet to adopt
severalcommon refrigeranHFC blendswith high GWPs including R410A, R404A andR-507A, all of
which are used extensively in the developedd. However, adoption of these HFC blendsrity a temporary

solution, due to theuture HFC phasedown according taeKigali agreementt n di a 6 s

apparent

of theserefrigerant blendpresents an opportunity for future climate mitigation strategfidadia can be
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encouraged to bypass HFCs in favourl@f-GWP alternativessuch as natural refrigerantsibstantial
greenhouse gammissions couldhe avoidedThe substitution of the HCF2 space coolinginits by a heat
pump wing the natural refrigerant G@s an importantexample of such a byass

3.5.5 Future scenario

I ndiads total i nst
estimatedo increase by 5 timesetween
2015 and2030. In a business as usua
(BAU) scenario, 75 percent of the coolin
needs will be met by HFGas 2030,and
the remaining by natura({§igure3-8).

India and other Artickes 5 countriesare
offered a flexibility in the phasalown
schedule which can be uséal prioritize
transition to natural refrigerantfirough
funding from a multilateral fund It is
estimated thai7% o f | mneftijemtios
and air conditioning sector can be
converted to naturalrefrigerants with

Equipment sales (Million TR)

80.0
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60.0

50.0

40.0

30.0

== HCFC emm HFC Naturals

2015 2020 2025 2030

currently available technologi¢t5]. Figure 3-8: Projected refrigerant mix in India 2015-2030[15]

Figure 3-9 shows thatprioritizing natural
refrigerans couldresult inannualsavings of
50 million tonnes of C® equivalentsby
2030 Reaching this potentighowever will
requirethe enabling ofegulations, updated

safety standards and market incentives f{

first movers.

Use of natural refrigerantalso offers high
energy efficiency irmostapplications. The
use of natural refrigerantsan theefore
supplement national andternational plans
to improve energy efficiency and reduc
GHG emissions A doubling ofthe energy

Million tons CO.,e

Potential GHG reduction (Naturals)

50 million tons of
— (0, eq. annually

by 2030

\ |
2015 2020 2025 2030

== BAU GHG emissions == Naturals potential

efficiency in the domestiéC sector alonés Figure 3-9: Potential GHG reduction with natural refrigerants [15]

estimatedo redu@ emission®y 100 million
tons of CQ equivalens annually in India by
2030[15].
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4 Theproposedsystem

Here the proposed system is preseim@drms of general system setup, heating and cooling load profiles, heat
pump specifications angblumeestimates of the cold and hot water stosage

4.1 General system setup

In Figure4-1a prircipal sketch of th@roposedsystem is shownThe heapump generates 90 °C hot water
which is supplied t@ hot water storage tank, for use in the cooking cauldrons when required. The desired
water temperature of 12@ - 130 °Cin the cauldrons is reached by injecting steam produced in the boilers.

The existing space cooling system, witbre than telCFG22 units are replaced by a central cooling system
which circulates cold water (5 °C), produced in the heat pump, through a number of air handiifigdaoait
units). Return water from the indoor units (12 °C) works as heat source to the heat pump.aiymesghatch

in time andoadbetween cold and hot water needhermalstorage system is installed.

EXPANSION
VALVE
1_ —_— —_——]

HOT
— >
WATER

COLD HOT

EVAPORATOR GAS COOLER

— - NT WATER
COLD WATER HL_)TV ! ",H‘TEF\
STORAGE —— -— STORAGE

FRESH
WATER

COMPRESSOR

Figure 4-1: Principal sketch of the proposed system.

4.2 Heating and cooling loagrofile

In Figure4-2, the heating and cooling loadofile for a typical day is shown. The heating load represents only
the demand for producin§0°C water, which is to be delivered by the heat pump, i.e. the remaining steam
demand for the cooking process is not includdat. water isrequiredduring 6 hoursfrom 4 am to 10 ammat

a constant load of 305 kW, resulting in a hot water energy deofdr@0 kWh foratypical day

Thespacecoolingdemand occurgdm around 8 am to 10 priihe maximum cooling load is 123 kW, and the
total cooling demand during a typical day isL3kWh.
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Figure 4-2: Heating load (hot water) and cooling load (cold water) profiles on a typical ddy

4.3 TheCQ heat pump

The heat pump was designdzhsed onthe heating and cooling load profjleshown in Figure 4-2 and
summarisedh the upper part offable4-1. Thelower part (bluepresentssome heat pump charactéids.

Table 4-1: Specifications of the hot water and cold water production

Hot water production

24°C to 90C

Cold water production

12°Cto 5C

Maximum hot water demand [kW] 306 Maximumcold water demand [kW] 123
Hours of heating demand [h/day] 6 Hours ofcoolingdemand [h/day] 13
Daily heating demand [kWh] 1836 Dailycoolingdemand [kWh] 1213
Average dailjeatingdemand [kW] 306 Average dailgoolingdemand [kW] 93
Heat pump Heatpump
Heating capacity (kW] 141 Coolingcapacity (kW] 102
Operating hours h/day] 13 Operating hours [h/day] 13
Daily heating capacitykWh] 1833 Daily coolingcapacity[kKWh] 1326
Hot water production, [I/min] 33 Coldwater production, [I/min] 125
Heating COP 3.62 CoolingCOP 2.62
Overall COP 6.25 Overall COP 6.25
Power consumption [kWh/day] 22.6 Power consumption [kWh/day] 16.3
! Direct communication witihkshaya Patra Foundation
PROJEINO. REPORTNO. VERSDN 17 of 27
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Consideringthe typical heating and cooling load profile resulited proposed heating capacity of 141 kw
which, if the heat pump operates during 13 h, covers the daily hot water demaafd &¥\h. According to
simulations of the systersdeFigure4-3) the heating OPis 3.62 resultingn total electricity consumption of
39 kW and a cooling capacity of 102 k\&n operation time ofl3 h results in a daily cold water production
of 1326 kWh, which is 113 kW more than the daily average dentids surplus cold is not required it has
to be removed in order to not fill up tkeld storage(see sectiod.4). Thiscan simply be done by installing
an outdoor unitin which the surplus cold is rejected to the outside air

As seen inTable4-1, the coaing COP happens to be the same as for the existing HCFC chilleegeason
why the specific coolin@COP is not improveih the new systernis thelargetemperature lift for the heat pump
compared tdhe existing AC units operatinonly between indoor and outdr temperaturedowever,since
theheat pumpovers botla cooling and heating demandsithe total(combined)COPof 6.25that is relevant
and shows the high efficiency of the proposed heat pump.high efficiency is achieved througtesign
features like amulti-ejector anda doublestage(i.e., two-temperaturdevel) evaporabn processMore details
about the heat pump design can be fomm8ippendix Al

Time of operation [h]

13 |
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239 163
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Figure 4-3: Results fromsimulations ofthe system in Dymola
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4.4 Thermal storage

As seen irFigure4-2, there is a nimatchbetween the hot water and cold water demand, both in time and
load. Thermal energy storage (TES3uch as hot and cold water buffer tariksan established conceifatr
balancing the mismatch in demand and supgilyheatingandbr cooling It also allows desigring the
production unit (heat pump in this casa) a lower maximum output

As discussed in sectigh3, the heat pump idesignedo operate 13Iper dayto deliver he requiredhot water
demand.The size oftanks for storinghot and coldwvater depends owhenthes 13 h ofoperaton occurs

Below two different scenarios are evaluated, showing the differemegired amount aftoredenergy. Note
that anyheat lossebetween the tank and its surrounding are neglected.

Case 1 Heat pump operation 4 am to5 pm.

In this caselhte heat pump stastoperatingearly morning when the cooking process begamsl continuous to
operatefor a period of7 hoursafter thecooking proces finished Since there is no hedemand duringhis
periodthe hot storage is filled up with41 kWh each hoyrwhich then is stored during the nroperating
period of 11 hWhen the coking process bedihe heat pump start again andether with thestoredheatthe
heating demand of 305 kWA be supplied for 6 hour§herequiredamountof stored heat energy &ound
1000 kwh, corresponding to a storage volumi4bm3.

The cwling demandccurs during a longer period and is meaéating being both higher and lower thtre

102 kW delivered by the heat punifhis means that there is a more continuous charge and discharge of the
cold water storage tanRs seen irFigure4-4, the amount of stored cold energy is rather constant during the
time of heat pump operatioRor an operation period of 13 h, a surplus cold18 kWh is produced, which

is assumed teimply be"removed" at the end of theag. The maximurmamount of cold energy that has to be
stored i$535 kWh, corresponding tocald water volume of about 65 m3. Since the temperdlitfiexenceof

the cold water is only 7C, compared t&6 °C for the hot waterthe storage volumfor a cerain amount of
energybecomes much larger.
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Figure 4-4: Stored energy during a typical day when operating the heat pump between 4 am to 5 pm

Case2: Heat pump operation: 7 am to 8 pm.

This casepresented ifrigure4-5, aims atreduang thesize of the cold water storageo achieve this, thedat
pumpdoes not start toperde until just beforethe cooling demand stagin the morningBy that , he cold
water storage isnore thanhalvedresulting ina cold energy storage & 240 kWhor 30n®. Again, it is
assumed thanysurplus cold isemovedby the end of the day. If it imsteadcemoved moreontinuouslythe
cold waterstorage can be further reduced, down to 130 k¥&nt).
























