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Analysis onfield trial of high temperature heatpump integrated with
thermal energy storage in domesticretrofit installation
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Abstract

Heat pumpand thermal energy storage are important teclymeddo decarbonise heat and
electricity sectorHeat pumpntegrated witithermalenergy storage can provide flexibility to
electrical system operator to shift demand to accommodatesgnohronous generators.
However, ageing housing sto@nd high temperature wet radiator central heating system
possess some cleatges for heat pump installationthe UK To understandhe challenges of
retrofit technologies in the domestic sect@rfeld trial was carried out witla cascade heat
pump integrated with thermal storage tankhe heat pump replaceahexisting gasoilerto
provide flow temperature of T& as a retrofit measureithout any modification/replacement
to existing controller or radiators in the hou3ée teat pump was integrated with 600l
thermal store¢o meet heating demarahd systemperformance was measurad different
operation modsuch as direct mode, storage mode and combined chode oneyear The
paper provides performance analysis tbé systemin different mode with operational
experiencelimitation and issuewith theheat pump, house heat loss/insulation and sizing of
thermal stoe in retrofit installation Additionally, heat pump performanees compared with
gas boiletto establish emission and cost saving benefits.
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Highlights

Presentd-year field trial outcomef HTHP and TESn domestiaetrofit setting
Heat pumpaverage COP of 2.2 in directode to provide 75C flow temperature

Combined moddenefits of combined operation of heat pump and TES at peak times

1

1

1 Storage modehigh energy output during first cdthr heat butow system COP
1

1 COz emission saving potential of 30% with COP 2.5 compared to gas boiler
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Nomenclature

ASHP
COP
CORewm
COPwm
CORsm
DHW
DSM
GSHP
HTHP
PCM
Pe

PV

Qc

Qo

Qn
Qnp
SPF
SPFi2 or Ha
ST

SH
TES

Air-source hegbump

Coefficient of performance

System performance in combined mode

System performance in direct mode

System performance in storage mode

Domestic hot water

Demand side management

Ground source heat pump

High temperature heat pump

Phase change material

Total electrical energy consumption (including fans and pump) (kWh)
Photovoltaics

Heat to storage tank during charging mode by heat pump (kWh)
Heat to house by tank during dischafigé/h)

Heat to house (via central heating) (kwh)

Heat output by heat pump in direct mode (kWh)

Seasonal performance factor

Seasonal performance factor in heating with boundary condition 2 or 4
Storage tank

Space heating

Thermal energy storage

1 Introduction

UK s

cl ean gr owt tommitrhentatd eedugce greenhduse cdags

decarbonising heat sector sirfeeat sectoaccounts for 4% of total energy consumptiofi]

and 2% of total UK emissions[2]. Space heatingSH) and domestic hot water (DHW)
consumes 82% of domestic enefgjly mainly supplied by central heating system (wet radiator
system) and present in 90% of 27.5 milldolK s housi ng st ock whi ch

gas as a fudB].

Renewables such ahotovoltaics (PV)solar thermal and wind i@ good potential but
fails to meet annual domestic energy demand due to intermittent sa@idgence of energy
storage. leat pumphas shown potential taddresshe dual challenges of fuel poverty and

carbon emission reductiomhereheat pump market is growing steadihythe UK. However,
heat pump installation till limited in the UK compaed to other European countriesinly
due toold housing stock, poor insulation, size, lack of policy/gramigding regulationand
capital/installation cost efd]. Thisalso affects retrofit drives (such as with heat pumghe




ga b WON B

© 00N O

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

33
34
35
36
37
38

UK [5]. In addition, most housing stock are fitted with high temperatureQ6€) hydronic

wet radiator system whereas heat pump performance drops at sudloWwiggmperaturg6].
There are several investigationslow/medium temperatutgeat pump application in domestic
sector along with storage and renewable technolegish has been reviewed which leads to
significance and need pfesentedvork.

1.1 Literature r eview

Heat pumpsnvestigationgnainly focuses on two key streansgnulation/modelling and
field/experimentatrial. For exampleKelly et al. used building simulation model to present
benefits and issues on heat pump electrical demand while using stora¢®Ttawih phase
change materiaRCM) or water integrated with heat pump to operate ifpefik period$7].
Similarly, Arteconi et al. presented TRNSYS model for heat pump with thermal energy storage
(TES) to meet domestic heating demanding underfloor heating and low temperature
radiators[8]. Heat pump operational benefits willES has beerclearly identified to shift
electricity demand during peak tinj@] [10]. Kamel et al provided benefits and limitation
through their reviewhatheat pump integration witsolarenergyrequiresST for optimum use
and efficiencywhereasheat pump integration with PV/T requires optimum constodtegy
and further study in the ar§hl]. The impact of PV, electricity pricing and sizingTESand
heat pumps analysed by Fischer et fl2] The study showed that oversizingT#S can be
avoided by overheating of thermal store and rising variability of electricity tariff also increases
need forTES. Love et al presented impact of heat pump electrical load on national grid based
on field trial data in the UK. The study presented that the peak demand arises betw@en 6
am and 4 to 8 pm an20% heat pump penetration would not have large enough effect on
nationd grid load profile although this could be mitigated by implementing heat pump control
strategie$13].

There are very few example of field trial of heat puespeciallyin retrofit application
Most heat pump fieldrial focuses on low temperature dodunderfloor heatingystem Safa
et al presented experience of two stageiable speetieat pummand showed 2@0% higher
coefficient of performance (COP) under part load compared to rated capadigatorg and
cooling in Canadian climatdéor domestic building14]. Kelly and Cockroft presentedir
sourceheat pumpASHP) field trial and simulation model comparison for eight UK houses
and showed 12%ess carbonemissioncompared to condensing gdoiler where ASHP
providedSHvia 55 C radiator anddHW demand was met by immersion hedfés]. Boait et

al. presentedtase study based on experiencgmiund source heat puni@SHP)in retrofit
setting for domestic building. They concluded that larger floor area, part |padaton
(oversized heat pump) amérasitic losses reflects in low COP compared to other European
field trials and better controls, design, small houses (new) would tbelmprove the
performance of heat punjf6]. Wu et al. showed benefits of cascade heat pump integrated
with TESto reduce pressure ratio at low ambient temper@ifijevhereas Shaet al showed
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benefits ofengine driven heat pump in off/weak gas/electricity network area to achieve flow

temperature in range of 70O with waste heat recovefyfom the engind18] [19]. It is also

noted thatDHW uses 3.5 times morpower compared t&H for heat pumpwhere vast
installation of heat pump in poorly insulated housing stock coatgiderably impagbeak
electricity demand in the UR0]. On other sideheat pumghas potetial to promoteuse of
wind-generated electricityand increase wind power capacity utilization to decarbonise
electricity in urban aredg1].

In the UK, two major field trials were carried out for heat pumps since 2000.i/Bh&éld
trial with ASHP and GSHP was carried out Bypergy Saving Trust (EST§ DECC
(Department of Energy and Climate Chanigeiwo phasesvhereas the second field trial was
based on the Renewable Heat PremRayment(RHPP)installationsfacilitated by DECC.
ESToé6s field tr seadonalperformance fact@&Rik) of dEH®nand GSHPs
was 245 and 2.82 respectivelywhereas water heating efficiency (SPFwas 2.35 for both
type of heat pump2]. The secondi¢ld trial based on RHPP found mean §P¢f 2.41 and
2.77 for ASHP and GSHP respectivghg]. Both fieldtrials considered flow temperature in a
range of 30 t&5i C, much lower in comparison tetrofit applicatiorrequirementabove 65
C). Details about different boundary condition of SPF can be foufg4inES TGO s he at
field trial resulted in a focus on the need for design and installation traBimdarly, Gleeson
and Owen eal. highlightedneed for proper heat punipstallation practice antlaining which
is still lacking in the UK compared to Europeastallationtraining practicg25] [26]. Heat
pump SPF in Germareld trial was2.3 for ASHP and 2.9 GSHP. However, SPF was around
2 at flow temperature near BD and it was suggested to have SPF above 2getthigher
advantage compared to condensing boiler in German njdii{ein the UK, GSHP heat pump
trial showed average SPF of 2.38 with further suggestiomamtoring systentocation and
standard practici28].

1.2 Proposed work

Theliterature reviewclearly indicatesack of informatioronhigh temgrature heat pump
(HTHP) and TES in domestic tr@fit settings Following points highlights importance and
novelty of the proposedork:

1 Field trial of HTHP (e.g. 75 C) without replacemendf existing radiatoicontrol
with minimum interventionas there are no such scientific investigation for
domestic sectan the UK

1 Studybased otfield trial provides deeper understanding for integrated system and
issues which may not be identified by simulation as field trial resuk#oheat
pumps are ifferent than simulat one It also provides sound basis for further
simulation work
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1 Investigation for @mand side management (DSM) possibilitith heat pump
and TESn field trial
The paper describes test set up anthparessnergy consumptiowith gas boiler for
similartype of houseThis wouldprovidegood understanding of heat puripd TES operation
and benefits to shitlectricityfor new and retrofit installation

2 Details of test house, heat pump anthermal storage system

2.1 Test house description

To understand retrofit challenges two rt@traced type testouseswere used. These
were built according to 1900 building standanypicalé6 har d t o (haeha96 #. h o me s
Suchtype of housesepresentabout 28% housing stodk Northern Ireland and UK3] [29].
Figure 1 shows the purposauilt test houses used in the study and the platform/shed
arrangements used fBITHP and TESfield trial.

Guard Chamber

Platform and Shed

Figurel Terraced street test houses @tster University

House 63s occupied bywo family membergrepresents: typical of a working famijy)
whereas House 64 occupied byhredfour adults in a familyrepreserg University student
or person with medical condition or elderly persapo spends more time at home and thus
utilises more energyFor this project, house 64 was selected due to a higher energy
demandobccupancylnitially, both housesvereequipped with central heating system utilising
condensing gas boiler. House 64 wasoféted with anASHP and TES wherethe gas boiler
wasretained as a backup (in case of heat pump failuresaintenance House 63 continued
to use the gas boil¢én providea comparative analysis for the project.

One of the main objectigeof this project was to instatkh heat pump as a retrofit
technologywithout replacing existing radiators or controls as it saves cost, time and education
required for users. In addition, commercially available products were selected to make it a
practicalsolution for field trial as it would be in real world conditions.
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2.1.1 Heat pump

Heat pumpwas sizedased on house heat loss and hot water dewalodlation To
meet building heat demand &at® air temperature, an W heat pump was requiredo
provide hgh flow temperature ((above 66) like gas boilercommercially available cascade
heat pump was selected for this field trial which can provide water temperature upCto 80
Outdoorunit used R410Aas arefrigerant and uses air as a heat source and @oWeat to
R134a based indoor unithe selected cascadedt pumypcan providell kW of heatbetween
-20i Cto 16 C air temperatur with COPvariationfrom 1.83 to 3.0t 75i C flow temperature
as per manufacturer data.

2.1.2 Thermal storage

Main objective ofTESintegration with heat pump was fdemand shift by storing heat
at night(or at low electricity tariffhighwind penetratiopand usingtored hea¢nergy taneet
part of house heat demaatipeak grid electricity demafptice For thispurpose, watewas
selected as heat storage mediuRar the project, a 600l capacity ST (considering

manufacturing limitation and stability) was selected to meet 8kWh of house heat demand

during first hour in the morningThe storage was custom designed to accommodate
temperatursensorsimmersion heatsrandde-stratificationpump The tank was fitted with 2
finned heat exchanger coils each with surface areas of?3Ewmbp coil in the tankvasused
asadischargecoil (to provide heat to housea existingcentral heatingystem and thebottom
coil was used as a charging coil (Wieat pump

2.1.3 Overall test set -up and test methodology
To achieve purpose of retrofit installatiaine heat pump integrated withES was
installedin the shedtemperature maiatned around I'C) behind the housd-igure2 shows

schematic®f setup used for field triahndFigure3 shows pictures of setp in field trial.

Outdoor unit R410A @

= Gas boiler
5 L 3
|Power supply|
990 i%: =

@
% To shed
To house
Indoor unit R134a ® @

Set up in boiler room

To boiler room

Set up in shed




ga b~ 0N

© 00 N O

10
11
12
13
14
15
16

17
18
19
20
21
22

Figure2 Schematics of setp used for field trial
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Figure3 Field trial setup: a.) ShedCascade heat punipdoor unitwith R134a& 600l hot
water storage tank, b.lCascade heat pumputdoor unitwith R410Ac,d,e.) modification in
boiler room

In theboiler room, two new pipes, valves and two switches were addbdégisting gas
boiler s¢-up.All existing heatingcontrok of gas boiler based central heating systemeused
for heat pump operatiqisH/DHWthermostatSH/DHWtime control) Hence, no intervention
wasrequired,and tenats kept usinghe system as normal'o monitor systenperformance,
the following parameters were logged intervas of 30s and60sin two different schedules
using a Datatakerata acquisition system and storedaimledicated PC for data analysis
purposes:

1 Measured parameter€urrent, voltage, energy, psage, water flow rate, water
inlet and outlet temperature, air temperature (at outdooramit)

9 Calculated parameters: heat output/demand, electrical power input and COP

1 Accuracy of sensors: Temperatte).2 C), Electromagnetic flow metet (L%),

pulsemeter ¢ 1.5%),Current transducet(1%), voltage transducet 0.5%) and
energy metery{ 1.5%)

Prior to commencing théeat pumpfield trial, gasboiler-basedheating system was
observedo get estimate of flow and return temperature, energy, timeeoétes More details
about initial finding of this field trial were presented Blgah & Hewit{[30]. Based on those
information, heat pump arfsiT setpoint were set.
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Duringthe field trial heat pum@ndTESwasoperated irdifferent mods. Figure4 shows
thedifferent mode of operation ?iTHP and TES duringthe 1-yearfield trial. During direct
mode {2 days, starting 'm November 2014 the heat pumprovided heat directly to the
house (same as gas boilérljie power consumption deat pumpncludes both unit, fans and
pump The performance of the heat pump is representative ai,IP&ly COP ofheat pump
in direct mode can be obtained by

600 — 1

During storage mode $4days),heat pumpmaintained constant temperatued stored
energy in a tank an®T ddivered energy to the housPaily system performance during
storage mode can be obtained by

oou — C

In hybriddcombinedmode (244 days)heat pumpcharged the tank during night time and
when therewvas acall for a heat fronmthe house the STdischarged and provided heat to the
houseuntil the tank temperatudropped ta given sepoint(e.g. Bi C). After thatheat pump
takes oveto meetheat demanasin direct mode for rest of the dayuring this mode, serval
charging and discharging saiules were operated to find optimum timiDgily performance
in combined mode can be given by

660 — — 3

Energy consumption of House 64 was calculate based on field trial data whereas

monhly gas billwasused for House 63 for the same period.

(- (5

House Heat Pump House Storage tank Heat Pump

@#ﬁé

House Storage tank

A

a.) Direct mode
b.) Storage mode

=

Storage tank Heat Pump

c.) Charging

A
d.) Discharging

e.) Hybrid (combined) mode = a+c+d

Figure4 HTHRand TESperation mode during field trial
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3 Testresults

Test results have been presented in teestions First section provides house 64 energy
consumption, second section provides HTHP performance with TES in various mode and third
section compares energy consumption with h@Begasboiler) andthe case for heat pump

for the same period.

3.1 Heat demand varation

During the field trial, house 64 heat demand \asignificantly based on air terapature
and occupancyFigure 5a shows house 64hourly energydemand variatiorwith room
temperature (where thermostat is situatedontrol SH and air temperatur®r aday, peak
demand occurs in the morning and evening time which is typical of domestic heat demand in

the UK.
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Figure5 House64 heat demand: a.) hourly heat demand variation, b.) daily heat demand
variation for one yearymet by HTHP & TES

Figure5b shows daily variatio of air temperature and heat demand met by HTHP and
TES in different operation mode over the year. House 64 annual heat demand was 26014 kWh
which is very high and is representative of hard to heat homes. It is evident that 66% energy
demand occurred dung November to Aprillt is worth noting that during the field trial, house
SH and DHW demand was exclusively met by heat pump/TES setup and gas boiler and/or
immersion heater was not used at all.

3.2 Heat pump performance in various mods

Duringthefield trial, HTHP operated in different mode such as direct, storage and hybrid
(combined)modeas mentioned eadi.

3.2.1 Performance in direct mode

Heat pump flow temperature was set afi @5(equivalent to gas boiler) to get
performance in retrofit conditionDuring the first72 days, performance diTHP was
evaluated in direct modgdirst phaseduring peak winter seasoim addition, 244 dayéhird
phase) hegtump provided heat toouse in combinethybrid) mode where heat demands
met byST and heat pumgdirectly. Hence, heat provided during diresbdegives total of 316
days of performancgatawhich covers most of the heating seasdowever, due to corrupted
data, seven days data were removed from analyfsish givesdata analysis of 309 days in
dired mode Figure6a shows heat pump performance in terms of heat owfmdtricalpower
consumptionroom temperature and air temperature for a @agre are two peaks of heat
demand, typical deman@orning/eveningprofile of UK domestic sectoieat outat starts
shows high fluctuatiodue tolargetemperature difference between flow and return water.

Heat pump provided 19618 kWh of haatdirect mode in a yeawith electricity
consumption of 9255 kWirigure6b shows heat pump COP variation in direct maadh air
temperature. CORaried betwea 1.76 to 2.61duringthe year with an average COP of 2.2.
During field trial, occupants verbal feedback was taken for their thermal comfort and which
was confirmed by room temperature measurement too. Heat pump provided heat to house with
acceptable therat comfort to occupants except two days during peak winter season where air
temperature was lower thail@. This might have occurred due to simultaneous demand for

DHW and heat loss from the house at low air temperathexeheat pump ran continuously
almost all day to reach desired set point (e.§.G1

10
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Figure6 HTHP performance in direct mode: a.) hourly profile of heat output, power,
room/air temperature, b.) COP variation during the operation

3.2.2 Performance in storage mode
This section igocused orperformance of TES)eat pumpandinteraction with it.Heat

pumpprovided heat tdhe TES based omight time charging ande-heding functionality of

heat pumpmaintainng aconstant temperatui@.g. 75 C) by temperature sensorserted at

the bottom of the tank. Hence aitwayssensedow temperature at the bottom of ttamk due

to stratification compared theother six temperature sensatsven the tankTank discharge
was controlled bysH/DHW tank thermostat in centrhkating systenfor exampleFigure7
showsheat pumgheat outpuytelectricalbowerconsumption an@iES average temperature, heat
to house by STDuring this operation heat pump always worked at high flow temperature

11
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(around 80C) due to high storage temperature aren the storage temperature approaches
near 70C, heat pump output drops to around 2 kW. Due to high flow temperature conditions

heatpump COP drops in storage mode. Hence, storage mode type of operation is not suitable
for real house conditiodue to lowefficiency.
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Heat (kW)/ Temperature (°C)

Figure7 Storage mode performanceeat pump heat and power variation with heat to
house andank temperature

However,during first call forthe heat inthe morning TES can provide high heat output
due to stored energy which could be helpdulquick heating (e.g. cold dayshere heat pump
mayencountefrequent defrost cyclé&igure8 showsasample comparison for five days where
heat output aftefirst 30 min has been compared for first call of the heat in the morhiisg.
evident thathe ST heat outputs comparablea gas boilerDe-stat pump on the TES helps to
avoid stratification in tank for uniform temperature in the tank but rurthi@gpumpdoes not
help in delivering more heabue to heat loss from the tank, h&3tST to house was less
compared to heddy heda pump toST. Overall storage mode CQOfasbetween 1.11 to 1.65,
around 11% lowercompared to net heat pump output to heat pump electrical energy
consumptionFrom this experience, it is worth noting that temperaturégitocation plays
crucial roleto sbre moreheatalong with gpodinsulation and tank design to improve overall

12



system performancé&igure9 showssystem performande terms of COP, heato ST by heat

1
2
3

pump and heat fromST to the house.For data analysis purpose 48 days of storage mode

operation data asused.

777) Gas boiler HP direct mode = Storage mode (de-stat pump on)

= storage mode (de-stat pump off)
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Figure9 Storage mode: variation IBOR heat output and air temperature
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3.2.3 Performance in combined mode

8

Performance of direct mode and storage mode results provided strong basis to study

combined effector optimum performance and flexibilitizigure10a shows sample of system

10
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operation in combined mode. During night time, heat pwupplies energy t&T and it
roughly takes about 1h to 2h to charge the tank based on temperapoesét.g. from 4b

C to 75 C). The first call for the heat fran houseis met bythe ST (half hour to 1 hourand
once temperature dropglowsetpoint, heat pump takes ovand provides heat for rest of the
day same as in direct mod€&igure 10b shows power consumption of heat pump &
average temperature variation chgrithat operation. Due to high flow temperature, heat pump
power consumption is highduring ST chargingthan operation in direct mode.

Figure10 Combined mode operation:) heat to houseb.) HTHP electrical power and tank
temperature variation

14



