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Nomenclature
PERFORMANCE EFFICIENCY NOMENCLATURE
COP  Heat pump (HP) coefficient of performance

SPFHn HP seasonal performance faéorheatingat SEPEMO boundary Hn

MONITORED VARIABLES

Eb Electricity for whole system boost only
Edhw Electricity for domestic hot water (typically an immersion heater)
Ehp Electricity for the heat pump unit (may include a booster heater and cimuratip
Esp Electricity for boost to space heating only
Fhp Flow rate of water from heat pump (may be space heating only)
Fhw Flow rate of water to DHW cylinder (if separately monitored)
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Tco Temperature of water leaving the condenser
Tin For ASHP: Temperature of refrigerant leaving the evaporator

For GSHP: Temperature of ground loop water into the heat pump
Tsf Flow temperature of water to spaceihga
Twf Flow temperature of water to cylinder

(Note that external temperatuf@x, was not measured directly. Data from a publicly available database
were used in the analysis.)

RHPP ENERGY AND POWER UNITS

Energy J Joule Sl unit of energy

Energy kWh 3.6 MJ Customary unit of energy for residential energy use
Energy MWh,GWh 3.6GJ, 3.61J

Power W Watt,J/s S| unit ofpower and heat flow

Power  Wh/2 minutes 30W Base nit of energy for monitored data in RHPP,trial

limit of resolution of powe¥ note that power and heat
have been recorded at 2 minute intervals

Power  kWh/year 3.6 Mlyear  Customary unit farate ofresidential energy use
0.11416 W
Power kW 1000 W Typical unit for measurement of heating system ratil
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Department of Energy and Climate Chghgeame part of the Departméont
Business, Energy & Industrial Strategy thduak 2016)
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Context

The RHPP policy provided subsidies for private householders, Registered Social Landlords and
communities to install rendske heat measures in residential properties. Eligible measures included air
and groungsource heat pumps, biomass boilers and solar thermal panels.

Around 14,000 heat pumps were installed via this s@E@@funded a detailed monitoring campaign,

which overed 700 heat pumps (around 5% of the total). The aim of this monitoring campaign was to
provide data to enable an assessment of the efficiencies of the heat pumps and to gain greater insight into
their performance. The RHPP scheme was administeredHnetigy Savings Trust (EST) who engaged

the Buildings Research Establishment (BRE) to run the meter installation and data collection phases of
the monitoring program. They collected data from 31 October 2013 to 31 March 2015.

RHPPfundedheat pumps werestalled between 2009 and 2014. Since the start of the RHPP Scheme,
the installation requirements set by MCS standards and processes have been updated.

DECC contracted RAPIEHPC to analyse this data. The data provided to RAPIDincluded physical
monitoling data, and metadata describing the features of the heat pump installations and the dwellings in
which they were installed.

The work of RAPIBHPC consisted of cleaning the data, selection of sites and data for analysis, analysis,
and the development dfreclusions and interpretatiomie monitoring data and contextual information
provided to RAPIEHPC are imperfect and the analyses presented in this report should be considered
with this in mind. Discussion of the data limitations is provided in thé&srapdris essential to the
conclusions and interpretations presentdds report does not assess the degree to which the heat
pumps assessed are representatagenieral sample of domestic heat pumps in the UK. Therefore these

results should not besasned to be representative of any sample of heat pumps other than that described.
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Executive Summary

1.1 Introduction

The RHPP policy provided subsidies for private householders, Registered Social Landlords and
communities to installmewable heat measures in residential properties. Eligible measures included air

and ground source heat pumps, biomass boilers and solar thermal panels.

Around 14,000 heat pumps were installed via this scheme. BEIS funded a detailed monitoring campaign,
which covered 700 heat pumps (around 5% of the total). The aim of this monitoring campaign was to
provide data to enable an assessment of the efficiencies of the heat pumps and to gain greater insight into
their performance. The RHPP scheme was adminisyetesl Bnergy Savings Trust (EST) who engaged

the Buildings Research Establishment (BRE) to run the meter installation and data collection phases of
the monitoring program. Data were collected from 31 October 2013 to 31 March 2015.

RAPID-HPC were contractday BEIS to analyse this data. The data provided to RAPMIncluded
physical monitoring data and metadata describing the features of the heat pump (HP) installations and the

dwellings in which they were installed.

This report uses exploratory and stedilsapproaches to examine variations in HP performance (defined

in terms of the set of seasonal performance factors (SPFs)). It should be read alongside other reports in
the seriesnamehRAPID-HPC (2017bpRHPP report on compliance with MCS instaliagtandards ,
RAPID-HP C ( 2 CQabker StydiesdReport from the RHPP Heat Pump Monitoring Campaam d
RAPID-HP C ( 2 DECT RHPP-dlote on Systematic Errors in Physical MonitoringdData

1.2 Statistical analysis

Variation of performanceas investigated a function of heat pump type, heat emitter type and tenure.
For this analysis, the largest possible samples were emmgatison of two models of air source heat

pumpwas also carried out.

1.3 Exploratory analysis

Qub-samples of the datgere investigated assess the impact on efficiency of:

1 Heat pump cycling

1 Supplementary heating (both domestic hot water immersion and supplementary space heating
using the heat pumpods internal boost heater,

1 Control of domestic hot water immersion and/ardideating

Xii



9 Load factor

1 Flow temperatures

1.4 Data quality and metering errors

In this report, the performance data have been filtered to remove the extreme performance values
(SPFH4<1.5 and SPFH4>4.5) as well as a number of other filtering steps. D&sihieerédmaining
performance values are not efree. RAPIDHPC has conducted a detailed analysis of the various

kinds of metering errors that have been observed in the data. Some increase the apparent SPF, others
decrease it. In addition, some ofritetadata (e.g. on metering schematics) provided with the electricity

and heat data are incomplete and/or faulty.

1.5 Characteristics of analysis dataset

After filtering the resulting sampl e, referred to in th
following characteristics:
Heat Pump Type Tenure Number
ASHP Private 78
Registered Social Landlord (RSL) 215
GSHP Private 39
Registered Social Landlord (RSL) 53
Heat Pump Type Emitter type Number
ASHP Radiators 257
Underfloor heating 28
Both 8
GSHP Radiators 58
Underfloor heating 25
Both 9
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1.6 Results

The principal results of this analysis are:
a) A wide distribution of seasonal performance factors \{@RBEbserved.

This appears to be due to both metering errors (of various kinds) andereatcedgfin efficiency,
causd by, for exampleariations irtontrol anduse of resistance heatiimgnjersiorheaters etc.)

b) The statistical analysis showed fewer clear results than might be expected.

Although GSHBperformed better than ASEPandASHPsites with underfloor heating appeared to
perform better than those without, the picture on tenure was more complex. It appears that there are
many confounding factors.

c) Investigation of factors that would be expected to influence performance, suckeagpéoature,
cycle length and domestic hot water immersion produced the following results:

1. There was no single factor that accounted for good or poor performance.

2. A very large proportion of ASHRave 10 minuten-to-on cycling patterng his may be due
the use of boiler thermostats or other ways in which the hgatpotrols interact with those in
the rest of thdneating systenthe median oto-on cycling timef GSHPs was longer, dt8
minutes. Previous lab tests by EA Technology indicatedStH&s viould be expected to show
a reduction in efficiency as-to-off times de@ased below 6 minutéAPID-HP Cds anal y s |
did not show a correlation between mediato-on cycling period and monthGOP but this
lack of relationship may have been infleé by heat metering eroorthe definition of cycling
period used

3. Across the sample, average winter space heating flow temperatures were generalG),low (<45
with only a few sites showing average mifiloi temperatures >50° Low flow temperatures

indicate good design practice and would be expected to result in good efficiencies.

4. During winter, underfloor space heating flow temperatures were lower, on average, than those for
systems using radiators. However, there were two underfloor siteshwittatilgumflow
temperatures (>58).

5. Some sites showed excessive use of direct electric immersion for domestic hot water heating and
this has an adverse effect on SPFH4. On average, where measured, immersion electricity was 12%
of the total, but more thahalf of the sites with SPFH4<2 had immersion use > 20% of total

electricity.
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6. There was little evidence of the usentdrnalboost heatinguginginternal electric heating
cassettes), which would be expected to reduce the heat pump efficiencyeabbigiisgr the
20092010 EST heat pump field trials showed several examples of excessive use of internal
electric cassettes. Note timany heat pump designs fo oomtain these cassettes.

7. There were several clear examples of poor control; for exammetic hot water immersion
being used excessively

1.7 Further work

Smaller scale, more focussed stakesecommended to understagttenomenanot possible tdully
investigate from the RHPP dataset, for example:

1 The cause and performance effect oftsimoestep cycling in ASHPs, grudsible means to
mitigae this,

1 The role oDHW cylinder temperature control and how to use immersaiimgnost
efficiently

1 Thelarge spreaobservedn the distribution of SPF for G&Hbites with underfloor heatingda
whetheroptimum flow temperatures for underfloor heating systenachieved in practice

9 Issues of longer term performance degradathy after two or more years);

1 Resilience of performance to changes in occupant behaviour.

These proposed investigas all require robust methods of performance measurememirgse
uncertaing introduced by metering error aadsure thatestimates of thepsead inheat pump
performancérom future studieareless affected by monitoring system issues.

XV



Technical Summary

Context

The RHPP policy provided subsidies for private householders, Registered Social Landlords and
communities to install renewable heat measures in residential properties. Eligibléncladsdres
and groundource heat pumps, biomaste® and solar thermal panels.

Around 14,000 heat pumps were installed via this s@El8éunded a detailed monitoring campaign,

which covered 700 heat pumps (around 5% of the total). The aim of this monitoring campaign was to
provide data to enable assessment of the efficiencies of the heat pumps and to gain greater insight into
their performance. The RHPP scheme was administered by the Energy Savings Trust (EST) who
contractedhe Buildings Research Establishment (BRE) to run the meter instaitizta collection

phases of the maaring program. Btawere collecteftom 31 October 2013 to 31 March 2015.

RAPID-HPCwere contracted JECCto analyse this data. The data provided to RAPIO included
physical monitoring datand metadata descnipithe features of the heat pump installations and the
dwellings in which they were installed.

This report uses exploratory and statistical appsiaagxamine variations P performance (defined
in terms of the set of seasonal performance factors)(8PR number of ways, including basic
characteristics of HP systems, HP operation, and issues of datdt ghalitlgl be read alongside other
reports in the series.

Methodology

Threebroad approaches were used to gain insight into the varigberisrimance observed:
1. Comparing SPF distributions of groups of heat pumps and using statistical tests for difference;

2. Further quantitative investigation isfmecific physical factors/operational features which have
been found to lead to performance is&ugrevious field triald for examplehe amount of
immersion and boost electricity used

3. Describing individual sitefiustratingphysical factors thatan influence performanéefor
exampldOHW heating and sterilisation cycles and heat pump trategies
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The Sample

A

Thedatasub ampl e used in BhmplanBRyécsoppetabel |l ed 6

The RHPP trial providetligh frequency (two minuteonitoringdata from699sites with a variety of
different air source heat pumps (ASHPs) and groundesbeat pumps (GSHPSiven the SPF
requirements of relatively complete and stable data over a 12 month contiguousipebialdncing
the need for as large a sample as possible across the different categories of HEsotsuglittas
radiators anthose withunderfloor heating), a numbersihple filtdos data quality and completeness
were developed. Bresulted in the selectionSaimple B2 witR18ASHPs an®@9 GSHPS.

Based on an initial inspection of the degree of scatter in thbald&tdrom a small selton of sites

was inspected in detail. This revealed some sites for which data may be é&sometusghtforward

way to reduce the impact of sites with such data, sfugker restriction was applied to ofnib c r o p 0 )
sites outside the range for SPBf 1.5 to 4.5.All but three of the 35 outliers removed were at the low
performance end:his simple approadh removing outliers tdbeen adopted ia previous heat pump

field trial in Denmark (DTI, 2018nd is standardaztice in statistical analysis

The resultan®ample B2 (croppitd 298 ASHPs and 92 GSHRshichrepresents just over half (55%) of
the sites in the original RHPP trial sansplsed in thsubsequerdnalysig this report

The presence of erronendata within the data of a site may not just be due to metering error, as various
operational or dwelling/occupant issues could be relevant. Some data patterns that appear erroneous may
also be due to transient effects or spells of missing data, buldhest necessarily impact the SPF

values of the site in a substantive way ns&mual inspection of data on a site by site basis would need to
remove sites with signs of erroneous data from a year of measurement in a consistent way. This approach
wouldface issues of selection bias, with a much smaller resultant sample size and likely omission of sites

with genuin@perationaissues.

The mean heat output of the 32 si@dtted through the cropping process less than half that for the

included si® (3,787 kWh compared with 8,552 kWagn thoughi nst al | er sd esti mat
demand for the omitted sites were higheras shown inTable 0-1 This large discrepansyggests

there may b&ssues with heat metagiin a sizable percentage of the omittedagitithat it is valid to

exclude them from thanalysissample However this does not mean that all sites with potentially
erroneous data have been eliminated from Sample B2 (crapped)f sites in the splm are likely to

contain metering errors whitfayhave an impact on SPF.

1 This process is the same as was used for Sample B in the previous interim repertRBARIDG). Tdrreason
that Sample B2 is slightly larger than before is that an issue with one of the schematics was resolved and so a number
of sites that had previously been excluded could be included in the selection process.
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Table 0-1 Heat demand characteristics of sites included in and excluded from Sample B2 (cropped).

Category Installer Estimated Measured Mean Heat

Heat Demand, kWh/yr Generation, kWH yr

Included in cropped B2 385 10,800 8,552
sample

Omitted from cropped B2 32 12,000 3,787
sample

Table 0-2. Sample B (cropped) estimated SPFs for ABPs and GSHPs

Sample System HP type N Mean (95% ClI) Median (IQR)

boundary

B2 Cropped  SPFH2 ASHP 292  2.64(2.60,2.70) 2.65 (2.332.95)
GSHP 92  2.93(2.80,3.06) 2.81(2.633.14)
SPFH4 ASHP 293  2.41(2.37,2.46) 2.44(2.152.67)

GSHP 92  2.77(2.66,2.89) 2.71(2.483.02)

Key characteristics of the Sample B2 (cropped) are shbanhe®2. Note thatwh e n  t HSPBi$ er m 0
usedin this reportwithout qualification, it means the weighted averdgslotpace and water heating
according to the specified system boundary.

Types of Metering Error

Selection of the Sample B2 cropped sitgg not havaot eliminated all sites with measurement jssues
number of possible metering errors remain. The tadbw shows nonexhaustive list of these.
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Meter type

Potential Fault type

Description

How do we know
that these faults

exist?

Systematic error or an
error that affects

individual sites?

Effect on SPF or monthly COPs

Heat meters

Missing heat meter
dat, when electricity
data is present

Periods with zero or unusual
low heat dataere not filtered
out in the data cleaning
process

Observed in data

Individual sites

Will have theffect of under
estimating SPF, by astimated
~4% across th8ample B2
(croppedput much higher for a

few sites.

Apparent slight effect on
distibution of SPF¢statistical test
not carried out to confirm this)

Heat meters

Systematic under
reading due to meter

installation

Poor installation of stragm
sensors or pockeensors

RAPID-HPC removed 99
sites with known stragqm
sensors at the start of the
project, but suspect that

others may exist.

Some suspiciously
low COP readings
observed in data
(e.g.<1)

Individual sites

Would reduce SPF and monthly
COP but sites fowhich spfh4<5b
have been filtered out of Sample
B2 (cropped).

Heat meters

Systematioverreading
due to glycol correctio
not being applied

Heat meters calibrated for

water with no antifreeze

Wickins (2014)

Likely to occur in many of

the sites, indth ASHPs
and GSHPs.

Likely to result in ovestimation
of SPF by 4%- see separate

report on systematic errors
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Heat meters

Limited to 18 kW

Up to 16 sites in Sample B2
(cropped) affected.

Observed in data

Individual sites

Expected taffect the SPFsf
thesesites slightly in cold weathe|

Heat meters

Systematic over
reporting of heat
output

Probably due to heat meter
temperature sensor offsets,
exacerbated by circulation
pump oveirun.

Observed in data
(heat output when
no electricity input)

Individual sites

Will overreport SPF and COP

Heat meters

Spikes in heat output
when changing mode.

It is not known whethethis is
ametering problem areal
dynamic effect with no impa
on estimates dfeat.

Observed in data.

Individual sites. Not

preent in all sites, but for
those in which this effect i

present, it occurs every
time there is a mode
change.

Unknown. If real heat, no effect,
metering error, oveeports SPF
and COP.

Heat meters

Transposition of Hhp
and Hhw sensors

Observed in dat

Individual sites

No effect on overall SPF or COP|
but will affect space heating and
DHW SPFs and COPs.

Heat meters

Flow decay over the
dataset time period.

Median 1.5% decay

over year for Sample
B2 (cropped).

Cause unknown

Observed in data

Individualsites

Underreport SPF, and COP for

later months
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Heat and

Heat and electricity

Cause unknown

Observed in data; @

Individual sites

Effect depeds onthetime of year

electricity data missing at the 34 sites investigate at whichthe problem occurs.
meters same time in detaill, 16 had > 1
days of this.
Electricity Suspected unmetered| Temperature data shows Observed in data | Individual sites Overreport SPF
meters electricityd missing unusual patt g
Eboost or Edhw be explained by the existing
heat and electricity data
Electricity Transposition of Transposition of Ehp and Observed in data. | Individual sites Effect cepends on which sensors
meters electricity meters Edhw or Eboost, or Edhw | Automatic were involved. Overall SPFH4
and Eboost correction applied i unchanged but other boundaries
code for cases affected. Space heating and DH\
where easily SPFs could also be affected.
detectable but not
all cases
Temperature | Sensors too close to | This causes e.g. Tsfto be | Observed in data | Individual sites Overall SPF and COPs are

other pipes

influence by Twf and vice
versa. This in turn affects
which mode (space heating,
DHW) gets attributed to eacl

2 minutes of data.

and photos

unaffected but space heating ant
DHW SPFs and COPs are affect
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Analysis carried out

This study investigated a range of factors relating to performance. Some investigations were based on
statistical tests using the whole sample, while others were based on detailed analysis of individual sites.
Distributions of SPFfdhe following groups are presented:

1 Heat pump type (ASHP, GSHP)

1 Seasonal variation in space and water heating for ASHP and GSHP
1 Tenure (RSL versus Private)

1 Heat Emitters (radiators vessinderfloorheating

9 Different heat pump models

Quantitative invesigations of physical factors that can principle influence performancevere
undertaken:

1 Prevalence athorttimestep cycling amghgth of cycling periods

1 Supplementary heatingnaunt of domestic hot water immersion electricity used and strategy for

controlling domestic hot water immersion use

1 Supplementary heating: amount of internal direct electric hesthépr space heatifigferred
t o idesnaboost &6 el ectric heating)

1 Heat outputind load factor

1 Winter flow temperatures for space heatiraxitnum and average)

Individual sites were explored to illustphtesical factors that can influence performance
1 DHW heatingand control strategies
1 Circulation pump operation

1 Boost electric heating and control strategies
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Analysis not carried out

Beforethe monitoring programmBECC carried out a detailed cbsnefit analysis to decide which
parameters should be monitored. ®hdiscussed briefly in Wickins (2014).

It was not possible to monitor all components of hemipp and dwellings at everyahation In
particular, no data on the following parameters were recorded:

1 Ground loop/borehole design
1 Underfloor heating design

1 Radiator sizing and desigime(principlesof heating system desigme covered in the
accompanyinBHPP MCS CompliancerRepo

1 Type of buffer tank, sizing and control strategy

1 Groundloop circulatiorpump electricity use (although maximum gréompump power and
settings are investigated in #wompanyindRHPP MCS Compliance Reéyuid that the
electricity used by gnod loop pumps should have beerincluded in the measurement of
electricity used by the heat pump as a whole.

1 Evaporator temperatures

1 Dwellingtype

1 Internal temperatures in each property

1 Thermostat settings in each property (althougistavailabler the case studies)

1 Supplementary heating used by householders (althougavtiialidéor the case studies).

Nonetheless, there is scope for additional analysis on the datajlittecmade public on the UK Data
Archive.

Results

Due to the prevaleamf heat metering erspit is pragmatic to group thesiltsaccording to how much
they depend on the heat meter data.

2 Other aspects of the RHPP Field Tai@ described in two parallel reports, the abbreviated titles of which are
RHPPCase Studitepo(RAPID-HPC, 2017a, andRHPP MCSEompliankepo(RAPID-HPC, 2017h)
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Differences in SPF between groups of sites (using the heat meter data)

The following results, although using the heat meter datly, useslarge groups of sites. As such, the
statistial analysis can still produce useful and clear results, particularly in terms of robust qualitative
findings.The various metering issagpeato occurin all subgroups, as evidencedthg similar dgree

of spread (e.g. from the interquartile range) seen in many of the SPF distEbid#mte fodifferences
betweaetstributions terglto be more reliable than absolute summary statistics (magofitouzan,

median ety. Differencedetween mearere given heravith theirstatisticatonfidence interval$he

credibility ofresultsis also strengthened if the difference between groups is in the same direction as
expected from a physics and/or thermodynamic perspective on heat pump performance.

Heat pump type

GSHPs in the sample tended to perform better than ASHPs at the H2 and H4 system boundaries.
Including 95% confidence intervals, the difference between them was between 0.16 and 0.40 (centred on
0.28) at the H2 boundary and 0.22 to 0.45 (desnir.33) at the H4 boundary. Similar diffesenee

observed in sufroups of sites, e.g. between GSHPs and ASHPs with rgdémtivesd or0.25 ranging

from 0.11 to (88), and between GSHPs and ASHPs with underfloor heating systems (ceh8d on

ranging front0.15 to 0.64s the confidence intervals here were willee similarity of these results for
measuring the performance advantage of GSHPs over ASHPS, strengthens the quantitative findings since
it suggests that metering issues tend tprbadsacross the dataset (at least in terms of emittearigpe)

are not restricted #myone group.

The GSHP andASHP distributionshave approximatelfthe samespread(as evidenced by their

interquartile ranges

The performance advantage of GSHPs 88&HPs in the samphpplies to both space heating and
DHW. While themain efficiency advantage for space heaitih@sSHPs was during the winter months,
this was no longer the case by April/Mag one would expect from thermodynamic principles
Conversly, GSHPs appeared to outperform ASHPs in their DHW heating COP all year round.

Emitter type

Underfloor heating and oveized radiators are designed to operate with low flow temperatures. In the
metadata, no informationag provided on radiator sizing, RAPID-HPC compam systems with
radiators and systems with underfloor hedtifai¢isites that used both types were omitted due to small
sample sizp

On averageynderfloor heating was shown to occur at lower flow temperatures than radiator heating

Underfloor systems with high flow temperatures (over 45°C) were pr@s8@HP sitegépresenting
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8% of the GSHP with undefloor heating sample, whicbmp24 sites). It is more difficult to quantify
the number of radiator systems with low flow &atpres, athe systems with the lowest flow
temperaturesff the condensdravesomeevideneindicating the presenota boost heatdretween the
condenser aritie space heating circuit.

FigureO-1 presents ovall SPF (i.dotal heat out divided by total electricity in at the relevant bodndary
whichcan also be thought of as a weighted avefragace and water heating $REs function of heat
emitter.We consider overall SPF to bewaghproxy for spae heating SPF because, on average, DHW
heating accountsr only 1%6 of the overall heat supplied.

Empirical Distribution for SPF_H2
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Figure 0-1. Comparison of SPFH2 by emitter type (radiators or underfloor) for ASHPs in Sample
B2 (cropped).
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Empirical Distribution for SPF_H2
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Figure 0-2. Comparison of SPFH2 by emitter type (radiators or underfloor) for GSHPs in Sample
B2 (cropped).

The figure indicates that ASHPs in the samijtfe underfloor heating tended to have betteradv
performance than thosethvradiators at the H2 boundary. This difference was not obatthedH4
boundary which includes pumBHW immersion and boost heating (if presdiitere was also no
difference in means observed at H2 ofdi45SHPsathough the shape of the distribution is different
(Figure0-2). That is SPFH4 performance for underfloor heating Steery variable. The sample size
was small as mentioned above, but even so, there is noa eeak in the middle of the
GSHP+underfloorSPFdistributiond further investigation is recommended as to whystsismuch
morevariablehanASHP+underfloor sites.

Both figures suggest that fexformance difference may be more evident for bettermpiag sites (e.g.
from around SPF > 2.5 for ASHPSs), but further detailesiterinvestigations would be needed to

understanthe underlying mechanisms at work

Tenure

RSL and private domestic sites showed no difference in median performance. foloG8téPs the
distribution ofSPFs fomprivatdy owned dwellingsas wider than that of RSL sites. For ASHPs this was
not the casand distributions were not significantly different
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One potential explanation fahythe shape of the SRkstributiors for GSHPs differs byenureis an
example of 6confoundingd. From the previous sect
werecharacterised by a wide variation in SPF. In this comparison by tenure for GSHPs, none of the 53
RSL sites had undiedr heating whereas 25 of the 39 Private sites had underfloor Sedtisdikely

that the differencin SPF observed f&®®SL and Private sites actuafiectsdifference iremitter type.

By contrasfor ASHPsonly 17 out of 77 of the Prieasits had underfloor heating, so their impact

would be limited.

Heat pump model

Although the analysis was limited by the small sample sizes isvnteeglidence forsanall difference

in performance was detected for one model compared with others pfehiéPstypeThis was at the

limits of what could be detected, with the median of SPFk2fanodel in questiaabout 0.1 higher

than for the median of the other modelswever, aother very similar model of ASKRowedno

significant difference companeih other systems. The difference in performance between models was
much less than the overall variation in perform@pgen for the better HP modihnd suggests that

currently othecontextuafactors play a more important role in affecting perfar@ndcven if all the

metering factors were addressed, few models had sufficient numbers for the analysis to have sufficient

statistical power to detect a significant difference in SPF.

Characterisation of heat pump features which do not depend on heat meter data

Short timestep cycling

Two cycling metrics were investigated here: medimon® cycle length per month per site, and
proportion of cycles lasting less thaminutes. Cycling was investigating by applying an algorithm to the

heat pump eledtity data to find the time between compressor.starts

By far the mostommon median cycle length per month for ASHPs wama@s 9% of ASHPsites

in Sample B2 (cropped) had at least one month where 10 minutes was the median .cysiedeagth
slightly different metric, 2o of ASHP sites had more than 10%hefr cycles less than 12 minutes long
in all 12 months of the ye&rom visual inspection of the data, it appeared that most ofrttirutély
cycling was associated with space heating mode.

GSHPs did not show widespremdurrence of short timestep cycligst sites had no occurrences of
months with more than 10% of cycles less than 12 minutes long, and only 1 site showed short timestep

cycling all year round.

3Throughout this document, where thbetBHRBMPOdgthe | €ng
toond cycle |l ength.
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Use of DHW immersion

Immerson heating for DHW is monitored in 68% of ASHPs and 13% of GSHPs in the sample.
Immersion heaters appear to be the sole source of DHW h&abfthe ASHPsitesandin noneof the
GSHPsites Note however that these might not be the only systems whichraersion for all of the
DHW provision; in some systems the immersion may not have been monitored.

Immersion heating was observed to be used for a wide range of purposes, including: legionella protection
(weekly or less frequisiit coming on after eseHP DHW heating event possibly to boost the stored

DHW temperature, being used instead of the HP according to a certain sch@duietenr above)

being usedio provideall the DHW. Of the 10 sites with the highest proportion of immersion to total
electricity thesewereall ASHPs), about half used immersion as well as the HP to provide DHW, and half
used immersion instead of the HP to provide DHW. These latter sites all had relatively low DHW

demand.

For the sites with monitored immersion, the meatrilbbution of immersion electricity to total electricity
at the H4 bound is 12%.

Characterisation of heat pump features which depend on heat meter data

Internal boost

Monitoring electric resistance heateternal to the heat pump unit is difficBe@use of this, internal

boost heating was inferred ugimgrelationship betwebpat and electricity dagad cross checked with
information on whether the heat pump model actually contained an internal electric resistahi® heater (
was the case @6 sites)This method is subject to error in heat meter data.

84% of these sitd87% of the ASHPs and 73% of the GSHFare calculated tmave an estimated
boost fraction of 10% or lesehe median estimated boost fraction is 3.8% (3.7% f&SiHEs and

4.2% for the GSHPsJhe highest estimated boost fract@mrany individual system37%

Heat output

Timeseries data from the sites with the lowest heat output were investigated, to determine whether there
was evidence @btentiallyinefficient operédn. The ASHPs®iith the lowest heat demand only came on

for a few hours each day, without short cyalimgwith good modulation behavioline GSHPs with

the lowest heat demand were on more continuously and did extminititely cycling, which may have

affected their efficiencyAnother mechanism which may associate low heat output with low SPF,
dominance of parasitic electricity consumption, was not investigated at a sample level on this report due to
differences between sites in exactly which pumpsarid controls were monitored within the recorded

electricity consumption.
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Effect of above characteristics on SPF (depends on heat meter data)

Creating scatter plots of most of the above heat pump characteristics (cycle length, proportion of cycles
shorer than 6 minutes, use of internal boost, heat output and load factor) did not reveal relationships.

This is suspected to be at least partly because of noise in the heat meter data. Other contributing
explanations could be: a) there was no expecteditrbhth observe a trend, other variabiesidhave

hadto be held constant.

There was an indication of a negative relationship between immersion use (as a fraction of total electricity)
and SPFHzhis should indeed be expected.

Heat pump characteristics observed site-by-site (not using heat meter data)

As an alternative to exploring quantitative relationships between heat pump characteristics and SPF, a
number of heat pump performance issues were exglat@tively without using the heat metea dat

(the prevalencef phenomenan the sample was not quantified as some of them are difficult to detect
algorithnically. Two of these concerned DHW heating. Evidence was found of: DHW cycles lasting
unnecessarilpng and causing efficiency to decreds&tamtially throughout the cycle, and of DHW

events occurring more frequently than should ever be negassathe presence of hot water sfores

using both the heat pump and the immersion. There were also sites in which the circulation pump stayed
on cantinuously Further workis needetb ascertaiwhythiswasoccurring. Final)\an example of space

heating boost occurring with every heat pgmape heating cyalasidentified indicating poor control

Main Findings

The main findings of the invegtiion into variations in performance are summarised below along with

the impact of suspected and observed metering errors.

Finding Effect of metering error

Strong evidence that the mean SPF for G§ We are confident about the qualitafiuding that
across the H2 and H4 boundaries are higher| there is a performance advantage for GS
thosefor ASHPs. Metering errors may have impacted dbigmated

size of the difference in this sample, but this i
For SPFH4 the difference in means was 0.28

Cl: 0.16 to 0.40) and at the H2 boundary
(0.22 to 0.45).

reflected in the uncertainty (confidence interva

the difference provided.
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On average GSHPs perform significantly b
for both space heating (SH) and domestic
water (DHW) at th H2 andH4 boundary

We are confident about the qualitative findaug
are more cautious as to estimates of the size
difference, since additionaensors and da|
processig are needed teeparat SH from DHW

data.

Concerning space heating, thdvantage ¢
GSHPs over ASHPs disappears by spring
Concerning DHW, the advantage contir

throughout the year.

We are confident about the qualitafimding that

these dferences vary across the year.

For ASHPs, there is some evidence thatvsiities
underfloor heating perform better than thegh
radiators. Although this is in the direct
expected (median SPFH2 differs by 0.2]
statistically significant result was only founc
SPFH2. The differencesuld notbe detected fo
SPFH4. Thereis ®me limited evidence th

better performing sites show more difference.

For GSHPs, those with underfloor heating ap,
to show a wider distribution performance tha
those with radiators.

For ASHPs,heat metering errors appear to B¢
factor in ovealap at the bottom end of th
distribution; for GSHPs, for GSHR®atmetering
errors have contributed to the spread of the w

distribution.

Other factors, however also appear to be at
specifically for GSHP systems with underf
The igw that this reflects a

emitters. r

performance issudhat is worthy of further
investigationis supported by the results that s

undefloor systems had high flow temperatures.

Underfloor heating was shown to occur at I¢
flow temperatures than those idiator systems
which is to be expected.

However, high flow temperatures (over 4
in 2 GSHP underfloor s

Prevalence of low flow temperatures in sites

were detected

radiators is more difficult to quantify due to
indicatedpresence of boodteaters raising th
flow temperture provided by the heat pump.

This analysis depends on the accuracy and (
positioning of thélow temperature sensors and
ability of the software to correctly detect s

heating mode.

The GSHP sites with umfleor heating > 45°(
were verified in the timeseries da@nuallyand
found to be correciThe sites with the lowest flg
temperatures observed in radiator systems
checked in the timeseries data and from ther

presence of boost heaters was gbder

XXX



There
performancebetweenPrivatdy owned andrSL
sites with ASHPs.

is no evidence for a difference

For GSHPs, the Private sites show a far 1
dispersed (spread out) distribution compared
the RSL sites, which for SPFH4 mainly lie ir
2.5-3.0 range. This may reflect aspects such |
diverse contexts of the private sites, comy
with relative similarity of RSL sites.

While heatmetering issues will have contribute
the spread in the distribution of both ASH
groups, the distribions are sufficiently close tf
even withoutheat metering issuest would be

unlikelythat a large difference would then be fou

For GSHPs, it may be thatat metering error
caused the spread in private sites, but it may g
the case that thewelling/occupant factors at wa

are also more variable.

It was only possible to undertake limited an:
of the performance of particular models ag
the rest of the sample. One example was s
where a model outperformed the rest by a
amount, but a very similar model showed
difference from the rest.

Heat netering issues have probably contribute
the spread in the distributions for the comparisa
Model A to the rest, and possibly the size of
difference.

The small sample sszor most model types greg
the ability
performance.

limits to make comparisons

Cycling time of 10 minutes was commor
ASHPs, with 49% of ASHP sites having at

one month where 10 minutes was the me
cycle lengthThis appeared to be predoantly
associated with space heating mode (althoug
hypothesis has not been verified algorithmig
and could occur at any time of year. Further |
is recommended to ascertain whethanihdtely
cycling comes about as a result of the

themséves or as an outcome of their installa
into e.g. existing control systems of a dwelling

GSHPs did not show a modal monthly c|
length of 10 minutes but exhibited a flg
distribution of cycle lengths, with the m

common at 18 minutes.

We are confident in this reswith the provisdhat
if cycling of the order of 2 minutes were to occ
could not be detected bynfnutely monitoringf

electricity use of the compressor.
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A relaed metric, proportion of cycles of len
less than 12 minutes, showed most ASHPs |
least one month where at least 10% of cycleg
shorter than 12 minutes, and in 25% of AS
this was the case all year round. GSHPs di
show this behaviour; gnlL site showed all ye
round short cycling.

No effect on mathly COP was observed fr¢
median cycle length per manth

It is suspected that heat metering error could

masked a real trend in this case.

Immersion heating for DHW is monitored in 6
of ASHPs and 13% of GSHPs in the sample
of ASHPs and 0% o6GSHPs have monitore
immersion and no DHW output from the hi
pump. Note that these might not be the ¢
systems which use immersion for all of i
DHW:; in some systems the immersion may,
have been monitored.

Immersion heating was observed to de or a
wide range of purposes, including: legio
protection (weekly or less freqi@ntcoming or
after every HP DHW heating event possiblj
boost the stored DHW temperature, being |
instead of the HP according to a certain sche
or beingused for all the DHW. Of the 10 sil
with the highest proportion of immersion to tc
electricity (all ASHPs), about half used imme
as well as the HP to provide DHW, and half {
immersion instead of the HP to provide DH

The latter all had rekagly low DHW demand.

For the sites with monitored immersion, the n|
contribution of immersion electricity to tg
electricity at the H4 boumds 12%.

These findings are considered robust to met

errois.
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A negative relationship between immersise
and SPFH4 was observed. This is to be exp
as immersion is a constituent of the SP
metric.

Heat metering error is suspected to contribute t
noise in the relationship between SPFH4
immersion use; however the relationship is s

enoughto still be visible.

Around half of sites with SPFH4 < 2 were shi
to have immersion contribution more than 209
their total electricity.

We are confident in this result.

Internal boost heating was inferred using hea
electricity data and cragsecked with informatio
on whether the heat pump model actt
contained an internal electric resistance heat
sites).

84% of these sites have an estimated |
fraction of 10% or less. (87% of the ASHPs,
73% of the GSHPs);

The median estimatedoost fraction is 3.8¢
(3.7% for the ASHPs and 4.2% for the GSHP¢

The highest estimated boost fraciovere37%
(this occued in a GSHP, the highestboost
fractionfor ASHPswas36%.

The method used to detect boost relied on detq
low values ofhte heat oiput which might equal

have arisen from underreporting heat meters.

In sites with estimated boosts fraction below
there is not a discernible trend of lower SPF
higher boost fractions.

There is a minority of the subset of sites krtow
have boost heaters in which estimated K
fraction exceeds 10%; these sites all have
below 2.5.

Noise in the heat meter data may have masked
trend; it is unclear whether this is the case.

This result may have been atrtificially creadeal
underreporting heat meters, which would b

lower apparent SPF and increase boost fractior]

Monthly heat output and load factor did not y
a clear association with monthly COP.

Noise in the heat meter data may have masked

trend; it i.unclear whether this is the case.
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The ASHPs with the lowest heat demand
came on for a few hours each day, without !
cycling or anglearsign of oversizinghe GSHP¢
with the lowest heat demand displayed cy
behaviourat a frequency @fraund one cycle pe
10 minutes which may lower S®Rowever the
investigation of SPF and cycling did not yie
trend in this dataset.

A number of real performance issues \
idertified by visual inspection of timeseries

and four were described here: DHW cycle ¢
on too long, very frequent DHW heating eve
circulation pump operating continuously and
of boost before compressor siapt

Beyond the fundament al GSHP vs ASHP comparison,
between groups becomes more difficult. For exaimglproposition thainderfloor systems should be

more eficient than radiator systemgliusiblenly if the flow temperatures in the former are lower than

those in the latter. In this dataset, although this is generally the case, there are also examples of low
temperature flow going to radiators-330C) ad relatively high temperature flow going to underfloor
systems (455°C)d in other words, the groups overlap in terms of what one would assume would be the
fundamental physical determinant of performance difference, making it unlikely that a diffeéddoee wo
detectedAnother example ike propositiorihat systems with low heat output or low load fatiould
necessarilge less efficient; here it was shown that the ASHP sites with the lowest heat output displayed
good modulation behaviour without ghiimestep cycling or other behaviours which would decrease
their efficiency.

There was not evidence of any single facwuch as boost heatingoeing the key to explaining
variations in performance, or of any specific HP model as showing outskRRdingt&ad, the lack of
clear relationships suggests that an array of faaonscapable of affecting performarasgingrom
quality ofinstallation tadetails ofoperation over the longer term and other dwelling/occupant related
factors, are probbbat work. These may be inherently difficult to unravel analyticallyeinahely
monitoredfield data.

Nonetheless, the analysis in this report pointed towards the following areas for future research to help to
improve systems and practice.
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- Why wasshat timestepcycling so commmin the ASHPs in the trial, does this decrease SPF,
and if so how can this be mitigated?

- What are the most efficient DHW heating strategies in different dwelling types, and is there a case
for DHW heating being carried out §oley electric immersion in sites with low DHW demand?

- How are DHW cylinder temperatures controlled in sites which do and do not exhibit
unnecessarily frequent DHW heating events?

- How are high flow temperatures in sites with underfloor heating systemysataui?

- What is causing the especially large spread in the distribution of SPF for GSHP sites with
underfloor heating?

In terms of further field testing and analytical work, considerable scope remains for small scale and far
more detailed and focusséadges. These could include technical or other interventions to address any
specific issues identified, including dwelling and occupant factors. Some key areas these studies could
examineare methods of robust performance measurement, issues of longepetfsrmance
degradationfgr exampleafter two or more years), the role of dwelling characteristics, and resilience of
performance to changes in occupant beha®eaommendations for how to carry out this research are
presenteih the Final Report itis series.
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1 Introduction

1.1 Context

The need to develop the UK supply for domestic heat pumps (HPs) and to evaluate the empirical
performance of HP systems in the field has led to the establishment of two major UK field trials of HPs
since 2000. The firgtdk place in two phases: Phase |, conducted by the Energy Saving Trust between
2008 and 2010 (EST, 2010; Dunbabin & Wickins, 2012) and Phase Il, conducted byBESS and
between 2011 and 2012 (Dunbabin et al. 2013). The second fiefwbiriahich thiseport is based

was established IBEIS in conjunction with the Renewable Heat Premium Payment (RHPP) grant
scheme, which ran from 2011 to 20DECC, 2014). This scheme was designed to support the
replacement of fosdited and electric resistance ingasystems with heat pumps in dwellings not
supplied with natural gagheyincluded several makes and types of gieaunmde HP systems (GSHPSs)

and aisource HP systems (ASHPs), located in ashdgmestic properties across Great Britain

The RHPP bat pump trial monitored systems at just over 700 of these sites as the basis for an evaluation
of their performancé&everal reports on the trial have been published, on the following aspects:

1 The data collection process (Wickins, 2014);

1 The raw data gliy, the cleaning process undertaken and the methods of construction of
different samples for analysis udilg a weatherdjusted samp{BAPD HPC 2016)

1 The overall performanceldP systems in the RHPP sample, in terms of SPF and other metrics
suchasrenewable energy generation as defined under the EU Renewable Energy Directive
(RARD HPC, 2016)

The previous work identifiedlarge range in measutéd performancddefined in terms of the set of
SPF metricsacross the sampl&his current reportakes this observguerformancevaration as its
starting point andses statisticahd exploratoryechniquego identify evidence for differences in the
distribution of performance for various group®e report also discusses the impongpasnomenaf

metering and processing esiorthedataset

1.2 Structure of this report

This reportcontains several types of analysis as follows:

1 Section 1 continues with an update on the sample of sites and data selection adopted for the
analysis, including a croppedsion (where sites at the extremes of performance have been



omitted) that will be used to detect statistically significant links between specific characteristics

and variations in performance.

1 Section2 documents some of thesues that led to the decision to use a cropped version of the

sample for the statistical analysis.

1 Sectior3 introduces thetatisticainethods used and reports findings on the type and magnitude

of differences observed, adting toa number of key HP system andditacteristics.

1 Sectiod investigatea number of phenomena found in previous litefaiperienceo cause
poor performancer which impact SPF by definitiauantifying their jpwvalenceand where
possibletheir effect on SPF.

1 Sectiorb highlights a number bkat pumperformance issues observed within the data.

1 Sectioré summarises the findings

1.3 Sample B2: selection methods
Introduction to Sample B2: theupdated6 br oad dat aset 6

Detailed monitoring of HRperformance is demanding from both a practical and methodological
perspective, as the study requires numerous sensors in a range of configurations (categorised under a
specificschematio suit the diverse systems and physical settings of each installation site. The sensors
need to provideaccuratehigh frequency data (in this case at two minute intervals) for at least 12

consecutive months.

Of the totalof 699 sitesni the RHPP sample supplied, 99 sites were excluded at the outset of the project
due to technical issues relating to the installatio@abimetetemperature sensors. A further 104 sites
were omitted due to missing data streams needed for the calofil&®Rifs, or where the correct
schenatic used could not be identifiecdefinitiveway thapermitted calculation of SPFs.

Sample B2 with 418 sites (319 ASHPs and ® GSHPs)was then formed from sites where the following

were present:

- aperiod of 13 corezutive months where heat output and electricity input were recorded
concurrently at some time on eathtdeast 5 days in each maautid for which the difference
in water flow rate through the flow sensor in the heat meter betwegandel® monthwas

minimised



- where the reported schemdfigstem and monitoring equipment laymatiched the variables

present.

Subsquentalculatios (SPF etc.) are thbased on the last 12 months of the 13 monthsost stable
data selected.

This processs thesame as used previously for the selectignwdfiGamatetiBe basis for some of the
analysis in thereviougeport RARD-HPC, 201p Sample B2 differs from the earlier versioy in the

sample sizebtained sincdurther work on issues withhgenaticenableddditionakitesto beselected

The 12month period used for SPF varieom site to siten Sample B2which from a statistical
perspectivdnas the additionaldvantagéhat ittendsto even out the impact of relatively cold or warm
wintersacross the samplas wouldhot be the case if all sites used the same yeanst@ndpoints for
the data)

The selection process does not meawever, thahe datdn Sample B2re free from metering errors,

given thathe above filters do héilter out every possible type of prohlemparticular, there remains a

high degree of ©6noised (systematic errors of dif
of the analysis difficulBection2 setsout the known and suspected issues with the dataset and their
potential impacts on the results presented in this report.

However,tiwas decided thatldingfurther filtering algohins into the selection procegsuld not only

complicate matters butaslikely to removesites ér which metering errors were not large enough to
substantively impact on SRRd may remowalid sites (for instance, where the occaparmted off the

HP system whilstwayfrom their dwellingMoreover, carrying out blankgterations such as deleting all
instances of electricity consumption with no heat output removes some genuine effects such as heat pump
parasiticsit is difficult todesign algorithms which can differentiate between genuine and erroneous
reporting of a wvéable such as heat or electrigitia complex system such as a heat pomhe basis of

remotely monitored data, in the absence of redundancy in monitoring systems and data

At some poinabalancdasto bedrawn betweesimplicityand transparenoyf the site selection ancdeth

need to maintain sample sizeth to have sufficient numbers for salnple comparison afat the
summary statistics to provide information about the RHPP sampihake For example, we are still

able to observe a stittally significant difference between the performance of GSHPs and ASHPs,
which may not be possible with smaller samples offéacturrent sample sizeSdmple BIN=417)

is 60% of theoriginaltotal RHPP dataset supplied



1.4 Sample B2: summary statistics

The histograsof all sites in Sample B2 for $RFand SPR4 (Figures 41 and 12) both show that the
distributions areskewed to the leflompared witla normal distribution. Thilvergence from the normal
distributionis also evident for the histagns of ASHPs and GSHPs separately (Figtiend 14),
including a relatively narrow peak where more than 40% of the GSHPs lie in the 2.5 to 3.0 band for
SPR4. One consequengcparticularly when these groupsagsarsplit according to further cateigstis

that subsequent statistical aealp$ SPF$ieed toapplynonparametric methods to identsfgatistically
significantevidence of differences in perforag(seeSection B Specificallythe samplemean and
standard deviations are difficultriteipret for nomormal distributions with an emphasis in this report
instead placed on theedian, interquartile rangeand other test statistiésdowever, ér the purpose of
comparison with previous resultsl those from other studiestimate of popuhtion means (and 95%
confidence intervals) are afsesentedNote that throughout this report, whe8BFis used witout
qualificationit means the weighted averageath space and water heatamgording to the specified
system boundary.

The updatedsummary statisticebtainedfor Sample B2 (Tablel1) showno statistically significant
change in thestimated populatiomean SPFs at tl¢2 and H4 boundaries compared with those for
Sample Bjivenin theinterimreport (RAPBHPC, 2016)Specifically, éhprevious Sample B had mean
SPMH2 of 2.59(95% CI:2.532.67 for ASHPs (N=297) and.91 2.753.09 for GSHPs (N=94). For
mean SPFH4the previous findings h&d36(2.282.44 and 2.75 2.612.89 for ASHPs and GSHPs
respectivelyNor do these valuesfféir significantly from the temperature corrected SPFs from Sample C
(concurrent data), which were used in various eqalygiouslysuch as estimatesrmogan annuaO;
savings

Table 1-1. Estimated SPFs for ASHPs and GSHPs in Sample B2

System HPtype N Mean (95% ClI) Median (IQR)

boundary

SPHRH2 ASHP 318 2.55 (2.49, 2.62) 2.63 (2.2-2.94)

GSHP 99 2.89(2.73,3.06)  2.81(2.523.16)

SPHH4 ASHP 319 2.33 (2.27, 283 2.37 (2.072.65)

GSHP 99 2.742.59, 2.88) 2.7 (2.413.04)
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Figure 1-1. SPFH2 for all HP sites in Sample B2.
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Figure 1-2. SPFH4 for all HP sites in Sample B2.
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Figure 1-3. Histogram of SPFH2 for ASHPs and GSHPs in Sample B2.
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Figure 1-4. Histogram of SPFH4 for ASHPs and GSHPs in Sample B2.




1.5 Sample B2 (cropped)

Due to the level of nagsin the data (discussed in detail in Seg}ithve sensitivity needed ttetect
relationships for sukamples of HP systems and sasabciateghifts in the distribution of SPFs poses
considerable challenges. The key isstieat theserelationshipscan bediluted andthe statistical
significance ofny differencesasilylost with noisy datdt is alreadyobserved that the sites show
considerable variation in performagiae larger than the tifences between ASHPs &®BHP3, with

the distributions skewed to ttever performance-urther analysis on the data quality, presented in
Sectior? to follow, leads to the conclusion that while data issues remain in some of the sites across the

rangeof performance values, they are more likdlg present igites at the edges of the distribution.

It wastherefore decided turtail the distribution at a lower bo8#FH4 of 1.5 and a higher bound

of 4.5 in order to reduce the impact of siteh witbstantial metering issuestarehhance the ability to

detect factors that affect performance for the rémgasitesin the centre othe distribution. The
resultingsample, hencefortteferred to agsample BZcroppedd has B fewer ASHPs and 7wer

GSHPs (less than 10% reduction for both types). It should be nottdstlagiproach is not without
precedent, abe same technique of cropping the extreme results was used in a recent Danish field trial.
This field trial andthe cropping decisioneafurther discussed in Sectigrror! Reference source not
found3. The summary statistics fsample B2 (croppeate provided imablel-34

The excluded sites (i.e. those in SanZolriBexcluded from B2 cropped) are overwhelmingly those with
SPFH4 < 1.5 @sites) as opposed to SPFH4 > 4.5 (3 sites). It is therefore not surprising that the median
heat generation of the excluded sites is lower than that of the sites included B2Sanopped), while

for these two groups there is not a large difference between the median heat demand estimated by

installers, as shownTiablel-2:

4 Note that inTable1-3 there are one fewer sites at the H2 bound than the H4 bound, this is because H4 is
calculated first, then auxiliary heating and circufatiop energy are subtracted. In one site Ehp and one of the
auxiliary heaters appear to have been transposed in the data so the H2 heat and electricity consumption do not make
sensdut the H4 heat and electricity consumption can be used



Table 1-2. Estimated and measured mean heat output of heat pumps for sites included and
omitted from Sample B2 (cropped)

Category Installer Estimated Measured Mean
Heat Demand, Heat Generation,
kWh/yr kWh.yr
Included 38 10,800 8,552
Omitted 32 12,000 3,787

This result indi¢as the possibility of problematic heat data in the excludethisitissfurther explored
in Section 2.

Table 1-3. Sample B2 (cropped): mean SPFs for ASHPs and GSHPs

System HPtype N Mean (95% Q) Median (IQR)
boundary
SPRH2 ASHP 2@ 2.64 (560, 2.70) 2.65 (2.332.95)
GSHP 92 2.93 (2.80, 3.06) 2.81 (2.633.14)
SPFH4 ASHP 2R 2.41 (2.3 2.46) 2.44 (28-2.67)

GSHP 92 2.77 (2.66, 2.89) 2.71 (2.483.02)
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Figure 1-5. Histogram of SPFy, for ASHPs and GSHPs in Sample B2 (cropped).
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Figure 1-6. Histogram of SPFy, for ASHPs and GSHPs in Sample B2 (cropped).




1.6 Overview of the sites in Sample B2 (cropped): heat output

Next, it is useful to set titentext for the performance to be discussed throughout the rest of the report:
what ae the heat pumps providing, and when? Heat output is shown in this section, then seasonal
performance in Sectidny.

The previous discussion highlighted that the dataset to be used throughout this report is Sample B2
(cropped).The heat pump heat output of tB85sites in Sample B (croppésishown inFigurel-7,

where he sites are ordered from left to right in terms of their total heat pump heat output, and their
DHW heat output is stacked on top of their space heating heat output.
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Figure 1-7. Annual heat from the HP (H2 bound: heat from HP only).
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Figure 1-8. Annual ratio of space heating to total heat output from HP for GSHPs and ASHPs.

Figurel-7 andFigurel-8, which presents the same information on a frequencghbetihat in general
around 80% of a siteds heat pump heat output

is however a lot of variation:

T 5% of ASHPs anti® of GSHPsn Sample B4 cropped)areused forspace heating only (see
Tablel-4) (one of these has been confirmed in a sité giséRHPP Case Studies Report

There appear to besmallnumber of sitewith higher DHWdemandhan space heating demand

E]

d this is likely to be an artefact of the way in which these systems were namwitpredessed

as opposed to a true representation afgheap operation, and is covered in Seétidn
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1 As total heat output decreases\ing to he right alonghe xaxis ofFigurel-7), the ratio of
space heating to total HP output decreases on abeitagst in all cases. Two mplmenomena
resulting intotal heat outputlecreasare likely to be: increasing dwellimgrmal efficiency,
leading to lower ratio of space heating to total heat, and decreasing dwedlingesizeith the
tendency for smaller dwellings to have higher occupant dembkittasmay not affect the ratio

of space heating to total heat.

Table 1-4: Overview of functionality of heat pumps in Sample B2 (cropped)

Number of sites in Number of sites in Number of sites in
Sample B2 which HP provides both ~ which HP provides
space heat &DHW space leatonly5
ASHP 292 277 15
GSHP 92 78 14

1.7 Overview of the sites: seasonal performance

Figurel-9 shows monthly CG#2, broken down into months, modes (space heating and DHW) and HP
type.

5 Note that thiscategory includes sites in which there is no DHW monitored, and those in which an immersion
heater (and in one case, an immersion heater/active solar heating system combination) is used for DHW.

12



ASHPs 6 —r ) ) ; ) ASHPs _

w
S -
w

o T

pbansBE0nn:

&

[¥]

Space heating monthly COPH2
w
Hot water monthly COPH2
w

December|. ... & - i1 ol

+ ' i + L | i j 2 I ! i )
1 ! : ; : : S : 7 : ok -
¢ : i :
T 5 = & ® % ¥ 31 3§ 31 1 = = = ¥ = ¥ % 5 &
s § ¢ 5 £ 5 3= 3 & 58 & B3 s § © &5 & 5 3= 3 & 3 3
2 g § < = 2 E 2 E E 2 g2 3 L 2 E 8 £
T ) = Z 7] ¥] o ] S & = E 4 ] S
5 8 2 8 g Y s, o 2 3 3
£ 3 H © @ 2 3
X z [} 2 2
6 GSHPs_ ) ) _ ) 6 GSHPs
5 5 :
o~ '
z ~ I !
84 %4 - i b i - +- -
> ! T T — T — =+
S o | - P | :
5 £ | | !
E3 S3 . -
2 g H ]
2 @
j ] T =
w2 B0 ' ' | } :
o 2 ! i ' I | | i
g =L | : : +
n ; I J i -+ N
1 1 | -+ ! :
Tz s ¥ 3 &€ 2 % 1§ @ 3§ 3% 0 T
] & 5 a 2 5 3 3 2 2 a 2 2 f S = © c S 4] @ z @ ]
g g 2 < - 3 E 2 E E 5 o 5 2 = 3, 2 2 = = a 2
5 5 2 1 g g 2 g = g £ g E E
= 8 g 8 H 3 5 & 2 g g T o
w a 2 2 = [} 2 [} = o
4 w o L
b & 2 &

Figure 1-9. COP breakdowns by month, mode and HP type.

Note that not all of the sitesSample Bfcroppedhre included iRigurel-9:

1 Onthe DHW plots (right hand sidehly those sites with DHW provided at legsaihby the
HP are included;

1 On the space heating plots (left hand,sidtbpugh every site has space heating provided by the
heat pump, it was found that only a minority of sites have space heating in summer. However, the
algorithms determining whetlagheat pump is in space heating or DHW mode can in some
cases imply that there is a small amount of space heating when in reality there is not. This is a very
small effect and so is only apparent in summer in sites where there is no genuine space heating,
otherwise it is negligible compared to the real demand. To remove this effect, a lower limit on
space heating output was determined (100 kWh/month) and only sites with this or greater space
heating output were included-igurel-9.

I This reduces the sample size in summer months down to a minin2(@%fPs, July) an® 4
(ASHPs, July)

Taking the above into accoufigurel-9 shows that:
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1 DHW provision behaves as would be expected from a heat pboth, ASHPs and GSHPs.

That is, the monthly COP rises gradually towards the summer and decreases again towards the
winter, as the source temperature changes. This effect is larger for ASHPs than GSHPs, which
again is what would be expected given thar tfeengierature changes throughout the year more
than the ground temperature.

1 DHW COP tends to be lower than space heating COP in winter, which would be expected as
generally DHW is expected to be provided at a higher temperature. This is also likely to be
case in summer although the sample sizes for space heating are smaller and there is a lot of
variation.

1 A small dip is observed in summer space heating COPs for ASHPs, which is not present for
GSHPs3 although again, note the small sample sizesrimeguaa explained above
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2 Data quality and implications of metering and processing

iIssues on study of heat pump performance

In this section, outstanding sources of error within the sample are discussé@drapticttendor the

conclusions which cée drawn regarding reasons for good and bad performance are set out.

Firstly, it is necessary to discuss the different issues affecting the dataaffesttéstimates of heat
pumpperformancelwo categories of errarediscussed here: metering earmt processing error.

2.1 Metering error

As set out in Sectioh3 Sample Band Sample B2 (cropped) wereated by applyirey number of

filters to the original datasets, reqg for example that there &kelest 5 days per month in which heat

and electricity data are recorded simultaneously. However, filters (applied automatically by software) do
not pick up all potential metering errors within the dataset. Whilst carrying out the analysis for this report,
a rumberof new issues were discovevdtch affected large number of sites.

Apparent natering issuepresent in the datare categorised here by their effect on heat pump
performance metricSome, for example missing daten a sitecan bequantified n terms of their

effect on SPF if the rest of the data from a site is pregeélst others (such as apparently underreporting

heat meters) are more difficult to ogfuanthdat apum

performancés notknown.

Due to the large sample size, there giffsantimenor resource to examine each site in detail to diagnose
metering error. Even with more tirités not always clear from inspection of the sienies data whether

an anomaly is a heat pump penfnce issue or a metering ermithout going to the site and
conducting further work.

The discussion in this chapter is therefore on the basis of:
- A detailed and systematic investigation of the timeseries data from a random sample of 34 sites (7
GSHPsand 27 ASHPs), representing 9% of Saa#(eropped).
- Other issues detected by the data analysis team arising and being noted not in a systematic way
like above but as and when they were observed.

The sources of metering error observed are also ssathidrable2-1.
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Error leading to underreporting of SPF

Five sitesin Sample B2report SPFs below 1 Examination of the raw data led to the observation that
theseextremely low SRRrenot caused by periods of missing heataddtigh parasitic loads of pumps

staying on between heating evdnsdead, thnstantaneous @Ro of heat output to electrical input at

a given snapshot in time) is beldierlextended durationghis is physicallynlikely for periods longer

than a few minutesand thus suggest®rroneous recording of either the heat output or electricity
consumptionFurthermore, there is no reason for the erroneous reading to solely take place at these times
of COP < 1, for example if a heat meter is systaihatinderecording, this could also affect the rest of

the data from a given site (the same is true feremading which is discussed shortly).

It should be noted that electricity consumption is easier to measure than heat and thereforatthat heat d
problems are more likely that electricity data problems. The sites with SPFH4 < bsitttsdafieom
Sample B2 (cropped) which requires that SPFH4 >= 1.5.

Twenty two sitesin Sample B2report SPF betweenland 1.5 Again, visual inspection of rdata

enables the explanation of missing data to be ruled out and instantaneous COP to be observed as very
low. In some cases, visual inspection leads to a hypothesis of metering error: for example a hypothesis that
there is further electric heating atter hieat meter, whose electricity is captured but not its resulting heat

or that a heat meter is undeporting due to poor installation (note that these issues can affect sites with
SPF >= 1.5 toa) However, instantaneous CiDRhis rangés not necessily a result of metering error;

it could be that internal electric boost heating Simometered) is the causeisaiirther discussed in
Sectiort.3 Where instantaneous COP is very low all year round, this is unli&ehetodse but there is

usually not enough information to determine whether metering error or poor performance is causing the
low COP.These sites are, however, not in Sample B2 (cropped) which requires that SPFH4 >= 1.5.

Missing heat datg electricity data or both still occur inSample B2ropped When both are missing,
then vhether this leads to under overreporting of SPF depends on which is missing and what time of
year. For example, if both heat and electricity reacéngésaing for 30 days chgithe coldest time of
yearthis can bestimated to result ioverepoingof SPFvaluesy approximately 0.1.

Error leading to overreporting of SPF

A number of sites shoheat output where there is no electricity inputheat is apparently being
prodwced and assigned to space heating many mianttsometimes howrgfter the compressor has
stopped.The magnitude of the heat output (normaBkW) is too great to be caused by gains to the

ciraulation fluid from theirculation pump.

6 But not impossible. A situation in which heat was progit@dly by resistance heating, but in which a significant
parasitic load (a fan motor in the external unit of an ASHP, or a ground loop circulation pump for an GSHP)
continued to operate, could lead to an SPF of less than unity.
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Figure2-1 shows around 12 hours of data from a GSHP system with underfloor heating in which this
phenomenon is visible. The third subplot shows times of heat output from the HP (Hhp>0) with no
electrical input (Ehp). The first subplot shovesrtionitored temperatures on the hot side of the heat
pump and the bottom subplot shows those on the cold side (note that Tin is the ground loop
temperature, not the building internal temperature), and are useful fcdneokisg the electricity and
heatdata in the third subplot.

Figure 2-1: Example of apparent heat output without the compressor running.

A number ohypotheses can be formed as to why there is heat output at times of no electrical input:
- Heat being extracted from hot water cylinder or other heat store;
- Heat being extracted from radiators
- Heat extracted from a buffer vessel between the heat pump and the heat meter
- A calibration fisetbetweernhe temperature sensors on the heat meter

Theproblem here, as with some other instances of suspected metering error, is that since the cause of the
apparent heat output is unknown, it is not clear whether this is a true effect or a metelfinigiaor.

metering error, it is also not known wheti just applies to the times when there is heat out and no
electrity input or whether the error is present at other times too (for example when the compressor is
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