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Abstract: Heat pumps (HPs) are seen as an increasingly important technology able to contribute
significantly towards the decarbonisation of the domestic stock in the UK. However, there appears
to be a performance gap between predicted and real-life HP performance, with several studies
highlighting the need to include the HP’s interaction with users when examining their performance.
This study examines the role of user behaviour in mitigating this performance gap from a systems
perspective. A sample of 21 case studies was selected from 700 domestic HPs monitored across the UK
via the government’s Renewable Heat Premium Payment Scheme for the collection of qualitative and
quantitative socio-technical data. The application of systems thinking facilitated the identification of
the underlying interactions between the HP system and its users. The systems analysis revealed that
HP performance relies on complex socio-technical system interactions, including behavioural patterns,
and that enabling feedback information processes can have a significant impact on user behaviour.
The study enabled a deeper perspective on performance influencers relating to behavioural patterns
and achieved new insights into the requirements for well-performing HPs. These findings have
important implications for policy makers, installers and manufacturers of HP systems and their users.

Keywords: heat pumps; performance gap; user behaviour; behavioural change; feedback systems;
systems thinking; causal loop diagrams

1. Introduction

The heat pump (HP) can utilise decarbonised electricity to generate multiple times more
heat than electricity input. HPs are therefore a key technology [1-3] to help deliver the
UKs legally binding net-zero emissions target by 2050 [4]. The Climate Change Committee
has called for an uptake of 19 million air source heat pumps (ASHPs) and ground source
heat pumps (GSHPs) by 2050 [1] and the UK government has committed to the annual
deployment of 600,000 HPs in UK houses by 2028 [2]. By 2033, all buildings are expected
to be energy efficient, all boiler replacements to be made with low-carbon technologies and
the industry is expected to be able to support the installation of over a million domestic HPs
annually [1]. Policy is currently focusing largely on the scale-up of the UK HP market, e.g., by
offering financial incentives and raising consumer awareness, to help achieve the 2035 carbon
budget [3]. However, there seems to be large potential to improve their performance [5].

HPs are a complex but promising technology that impacts the two major forms of
energy use in homes, i.e., space heating (SH) and domestic hot water (DHW). They op-
erate by transferring heat from one environment (source) to another (sink) rather than
generating heat directly, and thus deliver considerably more heat than the energy required
to drive the heat from the source to the sink. The HP working principle relies on the
pressure-temperature relationship of a refrigerant, which flows through an evaporation-
condensation cycle. The more energy a HP delivers to the heat sink in relation to the work
required for the transfer, the more efficient the HP is [6,7]. To maximise efficiency, SH flow
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temperatures should generally be set at the minimum comfortable temperature allowed
by the emitter system [7] while DHW flow temperatures tend to be more standardised
and require Legionella control. However, real-life performance relies on a wide range
of influencing parameters, including building fabric efficiency, operation patterns and
installation quality [8].

HP performance is a representation of the heat output to energy input ratio [9,10]. Its
simplest measure is the steady-state coefficient of performance (COP), which only takes into
consideration the energy consumed by the compressor and fans, and is typically employed
in testing chambers. The seasonal performance factor (SPF) is project-specific [8] and takes
into consideration the temperature variation of the heat source. Different system boundaries
are often used in calculating the SPFE, hence, Zottl et al. [11] set standard boundaries H1-H4
and Gleeson and Lowe [12] set an additional boundary H5, as described in Table 1. These
address the need for unified performance reporting through the application of specific
boundaries that provide a more reliable comparison of output across field trials [12,13].

Table 1. Boundaries for the calculation of the heat pump (HP) system’s efficiency.

Boundary Level Description
H1 Energy consumed by the HP unit
H2 H1 + Energy consumed by the heat drawing equipment
H3 H2 + Energy consumed by the incorporated resistance heater
H4 H3 + Energy consumed by the circulator pumps/fans
H5 H4 + Energy consumed due to cylinder heat losses

Until recently there had been little publicly available data on the performance of HPs
in the UK. The Energy Saving Trust (EST) conducted the first large-scale domestic HP
field trial in 2009, involving 56 ASHPs and 27 GSHPs [14]. The largest monitored study of
both ASHPs and GSHPs in the UK commenced in 2011 was the Renewable Heat Premium
Payment (RHPP) field trial, with 699 HPs in total [5]. Both the EST and the RHPP field
trials reported a highly variable performance, however as shown in Figure 1, the RHPP
performance appears improved in comparison to the EST field trial results, both for ASHPs
and GSHPs. Table 2 summarises the largest UK domestic field trials to date alongside their
main findings. Most field trials have focused on the performance of HPs in terms of heating
provision, running cost and/or energy and carbon savings.

Table 2. The largest domestic air source heat pump (ASHP) and ground source heat pump (GSHP)
field trials in the UK.

Study Description Main Findings
7581;;?{0;3 amngnggggfiif;ggg&néiege HP performance was found to be highly variable and complex. It was
RHPP metering RHPP scheme to provide insights into found to be sensitive to its environment, at the building, technical
programme their per formarrl)ce and inforgm the installation and occupant levels. Control optimisation was suggested to
renew fble heat policy development avoid the extensive use of resistance heating [5].
CustomerLed Network 2013-2014 monitoring to investigate HPs are likely to introduce a significant burden on the electricity grid

Revolution Project

electricity use patterns in 381 domestic
ASHP installations.

that could be eased by diversifying heat loads. Users perceived HPs as a
complex technology they poorly understand [15].

EST field trial
(phases 1 and 2)

Phase 1: Detailed analysis of 56 ASHPs
and 27 GSHPs monitored in 2009-2010 on
a site-by-site basis [14]. In-depth user
surveys from 78 sites to investigate
characteristics, behaviour and satisfaction
of owner occupiers and social tenants and
Phase 2: 2011-2012 monitoring of 44 sites
from phase 1 involving interventions to
investigate the performance improvement
potential. Phases 1 and 2: Follow up
research on all field trial data to improve
HP installation guidelines.

Phase 1: Highly variable performance across sites. Performance can be
improved with improved installation practices. Higher efficiencies were
linked to better understanding of the system and more continuous
operation [16].

Phase 2: Reduced post-intervention efficiencies were often attributed to
higher domestic hot water (DHW) heating proportion and extensive use
of the backup resistance heater for space heating (SH) or DHW
purposes (e.g., due to lack of clarity on “winter” setting that activates
resistance heating and sterilisation control patterns) [17]. Phases 1 and 2:
Well designed, installed, commissioned and operated HPs can perform
extremely well in the UK. High performing HPs may be linked to
various control strategies [18].
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Table 2. Cont.

Study

Description

Main Findings

ETI Micro DE field trial

20102011 monitoring of 4 ASHPs and 4
GSHP to investigate the potential for energy
and carbon reduction through distributed
energy technologies [19].

Most HPs were underperforming, possibly due to the extensive use of
the backup resistance heater, among other reasons. Operating patterns
often stemmed from experience with previous heating systems.

Stafford and Lilley GSHP

2009-2010 monitoring from 10 similar
GSHP installations in social houses to

Performance prediction in similar HP case studies is possible providing
detailed monitoring of sample installations and limited data gathering

trial explore performance prediction potential. for the remainder [20].
- o . Coefficient of Performance (COP) was found to be closely related to
Westfield ASHP trial 2008-2009 monitoring of 8 retrofit ASHPs external temperature variations as well as occupant behaviour in

to investigate performance variations.

relation to HP controls, internal gains and ventilation patterns [21,22].

Scottish Renewables

20062008 pilot of 56 ASHPs and 27
GSHPs to investigate the impact of

High-performance variation even between similar properties could be
due to variations in building fabric performance and occupant

Heati ilot . .
cating prio renewable technologies on fuel poverty. behaviour [23].
2007-2011 monitoring of 10 GSHPs in Fuel poverty can be tackled, providing HPs are appropriately
Harrogate GSHP pilot retrofitted social housing occupied by designed/installed and users educated to operate the
older people. system efficiently [24,25].
Range of SPF spread M W | Higher concentration range
5
ASHPs GSHPs
45
4 |
35 f— ‘ —
& 3 — — e
” . —
]
’ .
15
German trial  Germantrial  Swiss trial EST trial RHPP trial German trial  German trial ~ Swiss trial EST trial RHPP trial
retrofit newbuild all units all units all units retrofit newbuild all units all units all units

Heat pump field trial name

Heat pump field trial name

Figure 1. Comparative seasonal performance factors (SPF) of ASHPs and GSHPs between European
and UK field trials, i.e., the Energy Saving Trust (EST) and Renewable Heat Premium Payment (RHPP)
field trials [5,26].

Based on the UK EST field trial data [14], HP efficiency appeared to be inferior to
that of other European countries [20,26,27], while the more recent RHPP field trial data [5]
suggests some UK HPs can perform as well as in other European countries (see Figure 1).
However, trial outputs are not completely comparable as their SPF calculation is based on
different system boundaries [12]. Efficiency calculation was performed at boundary level
H4 and H5 for the RHPP and EST field trials while the German and Swiss field trials took
into consideration only the resistance heater and buffer vessel, respectively, in addition
to the HP unit and source fans/pumps. Nonetheless, the impact of system boundary on
SPF prediction for the EST field trial is expected to be small, i.e., approximately 0.1 [26].
Other likely causes of discrepancy lie in differences in climate (with the British climate
being less cold but more humid than most northern European countries [28,29]) building
types and thermal qualities [16,30], installer experience [30], SH/DHW proportion [26] and
user behaviour [30]. Switzerland, in particular, has invested in end-user education, e.g., in
relation to optimum operation whereas EST trial users tended to utilise traditional heating
system operational patterns linked to intermittent heating and high flow temperatures [26].
It is also worth noting that the Swiss field trial took place at least one decade earlier than
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the RHPP and German field trials and thus the SPF of the Swiss HPs are likely to have
improved further.

The performance gap between design calculation predictions and on-site performance
is partly attributed to poor HP installation and incorrect assumptions about how they
are used in practice. Literature places particular emphasis on the need for a solid skills
base through improved vocational training to ensure appropriate installation, sizing, setup
and controls, which are key to efficiency optimisation [12,30,31]. Several studies have also
highlighted the need to examine HP performance from a wider perspective, including
environmental and building characteristics, as well the variable/unpredictable nature of
user behaviour [6,7,32].

From a behavioural point of view, the literature indicates that user understanding
is a strong influencer of HP efficiency. HPs generally present a higher complexity than
traditional heating systems, and the higher the complexity, the lower the user understand-
ing [16]. In the EST field trial, higher efficiencies were linked to the simplest designs
and controls [16] and there is wider evidence suggesting that perceived complexity may
lead to suboptimal control of a HP [15], particularly in low-income housing of older oc-
cupants [27,33]. The EST field trial HPs owned by social tenants also presented lower
efficiencies in comparison to those of owner occupiers, with the latter showing a higher
understanding of the system [16]. Owner occupier systems were also found to be operated
more continuously. In line with this, the Customer-Led Network Revolution project re-
vealed that the lack of user understanding in relation to technical and operation aspects, the
hesitance to interact with the HP’s controller, as well as the absence of incentives directing
towards appropriate operational patterns may have led to suboptimal HP operation [15].

The user’s experience with the previous heating systems has also been identified as a
performance influencing parameter [19,30], highlighting the importance of end-user education.
The EST trial users were found to operate HPs in the same way they did with their previous
heating systems, i.e., intermittently and at high temperatures [26]. The Microgeneration
Certification Scheme (MCS) Best Practice Guide also stresses the need to educate occupants
who, for example, should be made aware that a dramatic change of the temperature set point
will not result in a swift system response that is typical with traditional heating systems, but
will rather lead a gradual build-up of excessive room temperature [8]. In addition, Gram-
Hanssen et al. [32] stressed that the competencies required to run a HP efficiently should
extend to the household as a whole. Indeed, the level of household competences could link to
a wide range of parameters influencing the performance of HPs, including building fabric
heat loss (e.g., unnecessary window opening may lead to excessive compressor cycling and
high flow temperature requirements [8,16,20,26]).

As with many other energy-efficient technologies, the HP rebound effect has also
been found to feed the performance gap, with a significant part of its theoretical savings
transforming to increased comfort [32,34,35]. While a more continuous operation, linked
to a temporal rebound [35], tends to be related to higher efficiencies, there is a trade-off
between improved efficiency and additional heat losses resulting from maintaining higher
indoor temperatures for longer [36]. Thus, it is not certain which is the most energy
efficient practice for HPs [35]. In support of this, the EST field trial findings showed that
high-performing HPs can be linked to different control strategies [18].

Overall, existing studies examining performance from a wider perspective, usually
included users, however both the qualitative and quantitative data collected presented
limited capacity in uncovering the range of behaviour-related parameters influencing
HP performance and, thus, the insights offered in terms of practical solution strategies
was also limited. Given the important role of HPs in a net-zero future and the potential
to improve their performance through behaviour-related interventions, there is a clear
need for a detailed investigation of the interrelationships between user behaviour and HP
efficiency. The aim of this study is to address this literature gap by focusing on the role of
users and how performance could be improved from a systems perspective. This paper
was undertaken in the specific context of domestic HPs monitored under the RHPP field
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trial [5]. It intended to gain a deeper perspective on behavioural influencers and achieve
new insights into the requirements for well-performing HPs in the UK through the in-depth
investigation of case studies.

This manuscript is based on the author’s PhD thesis. We refer the reader to that
document [37] for a more detailed exposition.

2. Materials and Methods

This study investigated the socio-technical drivers influencing the performance of
domestic ASHPs and GSHPs in the UK, based on a sample of 21 case studies. Employing
multiple-case studies enabled the unique context of each case to be taken into consideration.
The findings of multiple cases were grouped to examine the strength of the underlying
relationships identified in the sample and explore contrasting perspectives. This approach
does not allow generalisation of findings, but it allows a deeper understanding of the subject
matter by providing evidence on the existence of complex mechanisms and unchartered
phenomena. Thus, the resulting theory could be utilised to challenge established practices
and inform future research.

2.1. Case Study Sample and Recruiting

The sample of 21 case studies was selected from 699 domestic HPs monitored across
the UK via the government’s RHPP scheme for the collection of qualitative and quantitative
socio-technical data. The site visits were implemented as part of the RHPP project and,
thus, the decision to involve 20 participating sites was taken jointly by the Department
for Business, Energy and Industrial Strategy (BEIS), formerly known as the Department
of Energy and Climate Change (DECC), and the RHPP research team, considering time
and budget restrictions. An additional case study was utilised as a pilot. The case study
sample was not meant to be statistically representative of the overall RHPP sample but to
allow investigation primarily of those cases that reside at the two ends of the performance
spectrum. The primary metric for the selection of case studies was their SPF at boundary
level H3. As shown in Figure 2, the recruitment approach was based on an opt-in basis, with
the occupants of 351 sites [38] being invited to take part in the study. The invitation process
and the sample inclusion/exclusion criteria are described in detailed elsewhere [38].

699 RHPP sites

| |
348 sites filtered out 351 sites remaining

| ]
31 RSL contacted with regards to
234 social tenants

117 owner occupiers contacted

5 RSL provided contact details for
29 social tenants

I 31% owner occupier response rate | | 16% RSL response rate

36 owner occupiers responded positively

13 tenants responded positively

| 45% social tenant response rate |

Figure 2. Flow chart of the process of invitation to owner occupiers and social tenants, through their
registered social landlord (RSL), to participate in the case study investigation and response rates at
each stage [38].
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As shown in Figure 3, the final selection of the 21 case studies (14 owner-occupied
and 7 social houses) covered the whole SPF distribution range but targeted primarily those
HPs presenting extreme SPFs. The final sample yielded a good geographical distribution
in relation to the population that participated in the RHPP field trial, and the climate
conditions in the UK [28]. It also covered: owner occupiers/social tenants, ASHPs/GSHPs,
and a variety of heat emitters (primarily radiators and underfloor heating). Excluding
newbuilds, the displaced fuel was oil, and occasionally electricity or gas.

o All volunteer sites = Final volunteer site selection
10

Number of cases

2 M

o mil i o ol

07 09 1.1 1.3 1.5 1.7 1.9 2.1 2.3 25 2.7 29 3.1 33 3537 39 41 43 45 47
Heat pump SPF at boundary level H3

Figure 3. The distribution of heat pump efficiency for the 49 volunteer sites and the final selection of
21 case studies [38].

2.2. The Mixed Method Approach

The data collection was based on a mixed method approach that involved the collec-
tion, analysis and integration of both quantitative and qualitative data. Since the complex
reality in which HP technology is applied involves both social and technical aspects, their
influence cannot be understood when examined in isolation [38]. The mixed-methods
approach enabled a more comprehensive understanding of each HP’s performance within
its real-life environment by building on the strengths and minimising the weaknesses of
single approaches.

The quantitative data from the RHPP monitoring study [39] were used as the basis for the
selection of the 21 case studies [38]. They also complemented the analysis and interpretation
of the qualitative data from the interviews and site surveys, described below. The monitored
variables were metered for a period of between 1 and 3 years (Nov 2011-Mar 2015), including
electricity, heat and flow temperatures recordings every 2 min at various parts of the HP
system, as well as installation schematics, MCS certificates and installer photos. Following
the data cleaning, filtering and statistical analysis performed by the RHPP team on the
21 case studies [5], their monitoring profiles were visually inspected as part of this work.
The visual observation of the time-series complemented the statistical analysis to enable a
better understanding of their quality and validity on an individual basis. It also revealed
site-specific data patterns and arbitrary structures that could not be identified through the
statistical analysis alone. This was in part due to the significant amount of implausible data
that remained after the data cleaning and filtering process, e.g., data spikes, and invalid
or missing data [5]. However, on several occasions, the data revealed that the observed
‘anomalies’ related to unexpected system features or shed light on aspects of the HP operation
that the users were completely unaware of. In other occasions, the data agreed with the
findings from the qualitative data, such as the users’ narrative. As shown in Table 3, following
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the visual inspection, approximately half of the case study SPF estimations obtained through
the statistical analysis were deemed to be unreliable.

Table 3. Comparison between the statistically derived SPFs at boundary level H4 and their evaluation
based on the visual inspection of the monitoring data series.

SPF Evaluation Based on

Case Study ID SPF Calculation Period Statistical SPF the Visual Inspection
CS01 12/2013-12/2014 23 Ok
CS02 03/2014-03/2015 2.3 Ok
CS03 11/2013-11/2014 24 Likely underestimation
CS04 11/2013-11/2014 3.0 Ok
CS05 11/2013-11/2014 2.6 Ok
CS06 04/2013-04/2014 2.8 Ok
CSs07 02/2014-02/2015 2.7 Likely overestimation
CS08 11/2013-11/2014 24 Likely overestimation
CS09 03/2012-03/2013 2.7 Ok
CS10 11/2013-11/2014 3.2 Ok
CS11 02/2014-02/2015 2.9 Ok
CS12 11/2013-11/2-14 0.8 Invalid
CS13 01/2014-01/2015 41 Uncertain
CS14 11/2013-11/2014 3.6 Ok
CS15 03/2014-03/2015 3.0 Likely underestimation
CSl16 11/2013-11/2014 1.7 Likely underestimation
CS17 01/2014-01/2015 3.1 Ok
CS18 08/2013-08/2014 4.4 Likely overestimation
CS19 03/2014-03/2015 4.0 Ok
CS20 11/2013-11/2014 3.5 Ok
CS21 12/2012-12/2013 1.3 Likely underestimation

The qualitative data collection process during the site visits involved in-depth inter-
views and direct observational methods. The interviews and site investigations took place
in winter 2015/16, under the RHPP project [38], within approximately 2 months and lasted
between 2 and 3 h in each case. However, the RHPP case study work that concluded in
2017 was limited due to time and resource restrictions. The field data was methodically
organised and fully analysed for the purposes of a PhD project [37] only after the end of the
RHPP project. This provided the opportunity for a deeper and more extensive understand-
ing of the complexity underlying HP performance. The semi-structured interview guide
and site investigation routine were jointly designed by the RHPP project team and BEIS and
informed by existing post-occupancy evaluation guides [40]. The use of semi-structured
interviews, including both open-ended and fixed-response questions, ensured that it was
possible to adapt the interview to the unique nature of each case and, thus, bring out any
interesting stories and precedents [38].

2.3. Data Accuracy and Triangulation

The site visits yielded a wide range of qualitative data that were collected through
householder interviews, as well as visual/thermal photographic evidence, direct obser-
vations, measurements/sketches of the buildings and the HP system and various docu-
mentation provided by householders (bills, architectural drawings, etc.). Obtaining data
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through different sources enabled triangulation. Using a variety of methods to collect
data on the same topic increased the validity of results and reduced bias by identifying
aspects of complex phenomena more accurately, since they were approached from different
perspectives [41]. Throughout the data cleaning, organisation and analytical process, the
four basic triangulation types proposed by Denzin [41] were exploited, i.e., between data,
investigators, theories and methods. The active involvement of researchers from different
disciplines as part of the RHPP project enabled multiple perspectives on the interpretation
of a single set of data, known as theory triangulation.

2.4. Inductive Coding and Systems Thinking Analysis

The raw data alongside the researchers’ field notes and images were methodically organ-
ised, filtered and corroborated pre-site visit material (monitored data and metadata) to create
a structure database or master matrix facilitating the data analysis. The recorded interviews
were transcribed in an abridged verbatim format. The themes identified were eventually fed
into a complex systems thinking diagram that facilitated the understanding of various variable
interactions in relation to the research questions of this study. The data were initially grouped
under the six following areas: (a) social information and decision making, (b) dwelling infor-
mation, (c) technical information, (d) control and usage of heating systems, (e) overall energy
cost and (f) occupant perception on comfort and satisfaction. The initial coding framework was
based on these predetermined codes. Subsequent coding was done line-by-line using the NVivo
qualitative data analysis software [42]. Finally, 16 main themes were identified through thematic
analysis, including several descriptive and analytical sub-codes (up to three levels deep) that
facilitated the transition from people’s descriptive experiences to their analytical/inductive
interpretation. The study adopted an inductive coding approach that served the formulation of
a systems thinking integrating framework.

The application of systems thinking to the analysis of the socio-technical data facil-
itated the identification of the underlying complex interactions between the HP system
and its users. This took the form of causal loop diagrams (CLD), implemented in Vensim
software [43]. The underlying principles and conventions of CLDs as a systems thinking
tool are described in detail by Sterman [44,45]. In this study, systems thinking facilitated
(a) a better understanding of the complex interrelationships between the HPs and the
wider environment they interact within, (b) hypothesizing/theorizing about the causes of
HP system-wide dynamics, and (c) the identification of important behavioural feedback
structures that are thought to be responsible for the poor performance of HPs in the UK.

The inductive coding and the systems thinking approach are similar in terms of
linking and drawing relationships between factors to build theory [46]. Thus, the coding
elicited within the themes also served the generation of CLDs through a number of steps
similar to those described by [47,48]. In contrast to the initial thematic analysis phase, this
phase was more aligned with a Grounded Theory approach and involved (a) open coding,
(b) axial coding/conceptualisation and (c) selective coding/integration. This final stage
utilised selective coding by connecting and integrating all identified categories to generate
theory. This required all preliminary CLDs to be merged, utilising implicit structures,
i.e., decomposing causal relationship further where required. The core of the systems
model (both variables and links between variables) was based on existing literature and
considered the relevant thermodynamics and building physics. It was then expanded
based on the analysis findings of the data acquired on the 21 case studies. Individual case
study based CLDs informed a final cumulative CLD, serving the identification of the most
prevalent parameters and relationships. This was formed through an iterative process,
where the strength of each theme was addressed by counting the instances of each topic
in the case study sample and through their corroboration with literature. Overall, the
causal maps distinguished between objective and subjective realities, such as between the
actual- and perceived- SH availability. Evidence suggests that the gap between objective
and subjective reality can be a source of ineffective decisions, as actors act to change their
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perceived reality [47]. The CLDs make these mental models explicit in order to improve
decision making.

3. Results

The interlinked CLDs depicted in Figures 4 and 5 focus on the interaction of occupants
with the HP and reveal that performance relies on a complex socio-technical network of
underlying interconnections. Variables and arrows in blue represent the linking points be-
tween the two CLDs. The underlined text represents those variables identified via literature
review. Table 4 summarises the primary feedback loops depicted in Figures 4 and 5. The
CLDs are described in detail in the text below, with variable names in italics and feedback
loops in brackets for easy identification.

Desired bill ﬂaﬂlﬂmﬁl } . .
T threshold - ssues>  Experimenting with programmer
Identification of high N ™. settings while monitoring energy
. \ .
energy consumers - . consumption
Self-monitoring  Flectricity N \
l ¢ bils * Percelvedbil
\ B1 + ~  threshold gap v
'\._\ [,51‘3‘ _,:7,./'/ \B11) Intermittent operation
- /e S N ) .
N 4 efficiency beliefs
sOALE[aﬂ_DHW«-——\‘{ Electricity \
generation> T \
<Technical g
issues> Yy
/ vai ]
User understanding /r, 4+ “‘T ) Window .
of the system \ ] <Technica
w Lo / /| DesiredSH .
T A - ———
Design/control ——*SPE / [\ availability
complexity -4 [ SH \ -
| availability \ L B7)
\’ "1 f+ . \\\ N~ +
‘» Eles:muunnlememam
"\ V‘} -N-Qﬂ—emy — i B,.
\[ supplementary
A heanng.
HPSH \
A
- mmmnﬁ i th
HP-incorporated
resistance heater
-+

,'/ ‘\‘ i il - o s,
/ availability availability gap
|\ t
* ) NN , .
\ . R ,»\ N/ P . \\\ P 72— Dotted |]ne
MM, ; . <lechnical N e —— WidthA
HP-incorporated resistance *. HP DHW lssues> N — Width B
heater + generation + HPDHW F — — Width C
—_ — ___demand — Width D

Figure 4. Causal diagram depicting the complex interrelationship between occupant behaviour and
the HP’s operation processes, where arrow width (A, B, C and D) reflects the number of case studies
in which the link was identified, i.e., A = 1-5, B = 6-10, C = 11-15 and D = 16-21. The dotted-line
arrows represent technical interactions that are often-counterintuitive to non-experts. The “plus’ sign
assigned indicates that the influenced variable increases (decreases) beyond what it would have
been without the increase (decrease) in the influencing variable. The ‘minus’ sign indicates that
the influenced variable decreases (increases) beyond what it would have been without the increase
(decrease) in the influencing variable.
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Figure 5. Causal diagram depicting the complex interrelationships of the self-resolving technical
resolution process, where arrow width (A, B, C and D) reflects the number of incidents across
the 21 case studies, i.e., A = 1-7, B = 8-13, C = 15-21 and D = 22-28. The “plus’ sign assigned
indicates that the influenced variable increases (decreases) beyond what it would have been without
the increase (decrease) in the influencing variable. The ‘minus’ sign indicates that the influenced
variable decreases (increases) beyond what it would have been without the increase (decrease) in the
influencing variable.

Table 4. Primary feedback loop description.

ID Description
[B1] Programmer adjustment to meet heating needs
[B2] Flow temperature adjustment to meet heating needs
[B3] Thermostatic setting adjustments to meet heating needs
[B4] Overall spatial adjustments to meet heating needs
[B5] Balancing SH availability through window opening
[B6] Adjusting SH availability with non-electric supplementary heating
[B7] Adjusting SH availability with electric supplementary heating
[B8] Temporal rebound
[BI] Flow temperature rebound
[B10] Thermostatic setting rebound
[B11] Spatial rebound
[B12] Balancing DHW availability through the HP
[B13] Balancing DHW generation through the HP-incorporated resistance heater
[B14] Balancing energy consumption through monitoring
[B15] Self problem-resolving process

Even though balancing loops appear to be the predominant type of loop in the causal
diagram, there are also several secondary reinforcing loops present. These emerge when
putting parts of the system together, i.e., through the interaction between one or more of the
primary balancing loops and the indirect paths stemming from the HP operation processes.
These technical interactions that are often counterintuitive and not obvious to non-experts
are represented by dotted-line arrows in Figure 4.

Considering the most prevalent parameters and relationships of the causal map that
influence performance, as identified through the analysis of data of the 21 case studies, their
influencing paths meet at two points, i.e., compressor power consumption and heat generation
by the HP-incorporated resistance heater, which are explained in detail below:

e Compressor power consumption—There is a wide range of processes that are likely to
affect the power consumed by the compressor. These may stem from occupant-related
processes (among other reasons) that can significantly alter the HP SH demand in
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relation to the assumed demand (named effective compared to design heat load ratio for the
purposes of the CLD) or interrupt the continuity of HP operation, including adjustments
to HP control, extensive use of supplementary heating methods and frequent window
opening. Compressor power consumption is directly influenced by compressor cycling
and the required pressure difference obtained via compression. The latter depends on the
temperature lift, defined as the temperature difference between the source temperature
and the sink temperature, i.e., SH flow temperature and/or DHW temperature. The
positive link between temperature lift and compressor cycling and temperature lift and the
pressure difference obtained via compression represent the positive effect of lower flow
temperatures of the system’s SPF. Compressor cycling is also highly dependent on the
effective compared to design heat load ratio. Except for the HP-sizing calculations, the
latter can also be influenced by occupant behaviour, which can be very different to
that assumed during the design stage. A significantly higher or lower HP SH demand
can lead to a HP under- or over- sizing effect. This is explained in detail in Table 5.

e  Heat generation by the HP-incorporated resistance heater—The extensive use of any
type of a HP-incorporated resistance heater can significantly reduce the HP’s SPF and
the monitored data revealed a substantial contribution to heat production, primarily
for DHW. Its operation appeared to be regular and lengthy in approximately 35% of
the cases. However, their function, operation and existence appeared to be a mystery
for many occupants, who were generally unable to tell whether the heat was provided
through the refrigeration cycle or the resistance heater. None of them had realised
the resistance heater was operating regularly, until it manifested in the form of a
significantly higher energy consumption/energy bills. The likely causes were cited as
technical problems or an accidental actuation. Other possible triggers could relate to
an undersised HP.

Table 5. Heat pump under- and over-sizing effects.

Issue Effect of Key Variable Effect on System Operation/Efficiency
May force the HP to run almost continuously to reach the desired
Heat pump High effective compared to thermostat temPerature sgttlngs, .Wthh it may n(.)t be ablg to satisfy.
. X . The energy savings associated with reduced cycling are likely to be
undersizing design heat load ratio

offset or even reversed by the increased continuity of HP operation. May
also trigger SH-generation via the HP-incorporated resistance heater [8].

Heat pump oversizing

Low effective compared to design

HP tends to switch on and off more frequently due to its
higher-than-desired heating capacity, thus disrupting the continuity of HP

heat load ratio operation, increasing compressor cycling and negatively affecting SPF [7,26].

The range of actions taken by occupants that are likely to influence compressor power
consumption and heat generation by the HP-incorporated resistance heater, as identified in
the 21 case studies, are grouped in three categories: actions taken in response to a perceived
SH/DHW availability gap, actions taken in response to a perceived bill threshold gap and the
self-resolving process of technical issues. These are described in detail below.

3.1. Actions Taken in Response to a Perceived SH and DHW Availability Gap

The perceived SH availability gap is a function of the actual SH availability and the desired
SH availability (and similarly for DHW). Of all actions taken by occupants in response to
a perceived gap in the SH availability, the adjustment of a room/radiator thermostat setpoint
[B3] was by far the most frequently occurring, corresponding to 80% of the case studies.
Feedback loops concerning the adjustment of schedule-based heating hours [B1] or the heated
area to total area ratio [B4] to meet heating needs seemed to be occasionally activated in 33% of
the case studies. Interestingly, experimenting with programmer settings while monitoring energy
consumption led to the deconstruction of the occupants’ intermittent operation efficiency beliefs
in two cases, whose occupants concluded it is more efficient to run the HP continuously.
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Balancing loop [B4] appeared to rely predominantly on the occasional increase in the number
of occupants (accompanied by an increase of the heated area), and in only a couple of cases on
the perceived heat gains by household equipment (accompanied by a decrease of the heated
area). The expansion of the heated area was also perceived as a way to reduce the indoor
humidity level. SH flow temperature adjustment to meet heating needs [B2] appeared to be
the least common control method utilised, which could be due a physical and/or technical
difficulty of accessing controls. Social-housing tenants, in particular, were not allowed access
to the HP controller and approximately half of the owner occupiers either did not know how
to access flow temperature controls or were intimidated by the system’s complexity and any
unintended consequences that could arise by such changes. Where SH flow temperature control
was utilised, it appeared to be largely associated with the lack of other methods of indoor
temperature control (other than thermostatic radiator valves).

In terms of supplementary heating, the occupants’ narrative revealed that approxi-
mately 50% of the case studies utilised at least one wood or solid-fuel burner (non-electric
supplementary heating [B6]) and 25% some sort of electric supplementary heating [B7]. The
adjustment of SH availability through the use of non-electric supplementary heating seems to
have been influenced equally by aesthetics and thermal comfort requirements. Window
opening [B5] emerged as a cooling-down measure during the heating season in 33% of the
cases. The link between the perceived SH availability gap and window opening was further
confirmed by the occupants of three cases, who claimed they avoided window opening as
a way of keeping their home as warm as possible.

Actions aiming to alter the HP’s DHW production, e.g., in response to a perceived
DHW availability gap were rare in the case study sample, as most occupants relied on the
DHW pre-set made by the installer. In just three cases, the occupants stated they would
occasionally adjust the HP DHW generation in response to a temporary change in the
number of occupants. In none of these was it clear to the occupants whether the DHW was
produced by the HP [B12] or the HP-incorporated resistance heater [B13].

3.2. Actions Taken in Response to a Perceived Bill Threshold Gap

The difference between the electricity bills and the desired bill threshold is named perceived
bill threshold gap. The perceived bill threshold gap was found to be linked to several actions
taken by the occupants to moderate their household’s energy consumption. These related
predominantly to HP SH control and to a lesser extent to actions limiting the usage of
energy consuming appliances other than the HP. Even though the inherent technical
and operational principles of a HP are likely to induce a positive temporal and spatial
rebound, in the case study sample, more than half the occupants appeared to actively
seek to avoid what they perceived as unnecessary energy consumption, predominantly
via a negative temporal [B8] and/or spatial rebound [B11], as defined by Winther and
Wilhite [35], followed closely by a negative thermostatic temperate rebound [B10]. Flow
temperature adjustments [B9] for energy-saving purposes were rarely implemented. Only
a few occupants considered parameters, other than the HP, as significantly influencing their
electricity bills, e.g., window opening, lights and appliances, and electricity production by
renewable energy systems. Since it was impossible for most users to distinguish between
the energy consumed and/or produced by individual systems, it is likely that in some
cases high household energy consumers might have been concealed.

Identifying high electricity consumption sources is a complicated task for most occu-
pants, especially those without access to dedicated monitoring equipment. This may lead
to erroneous assumptions on what might be the reason for the household’s high energy
consumption and to subsequent actions that may increase energy consumption even further.
This seems to have been the case on at least two occasions, when the occupants dramatically
eliminated the HP heat generation [B8,B10,B11] while at the same time increasing the use
of supplementary heating [B6,B7]. Self-monitoring, with or without the help of dedicated
sensor readings (e.g., through bill surveillance), appeared to have assisted the reduction of
energy consumption [B14] in four cases, either by identifying energy-intensive equipment
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or by improving HP controls. Without the tools supporting the recognition and moderation
of energy-intensive processes by either occupants or experts, high electricity bills can trigger
occupant responses that may eventually reinforce the initial problem.

3.3. Self-Resolving Technical Problem Process

Approximately 75% of the case study occupants described one or more technical issues
disrupting the HP’s ability to fulfil needs to different extents. The main needs that the
occupants of all 21 case studies were expecting their HP to satisfy were having sufficient
and uninterrupted SH/DHW availability at an ‘affordable’ energy cost, represented by the
perceived SH availability gap, perceived DHW availability gap and perceived bill threshold gap
variables. In some cases, visual or auditory cues facilitated the early detection of technical
issues, i.e., before it became evident that the HP was unable to meet the occupants’ needs.

In approximately half of these cases, the occupants were able to identify the problem
themselves and then either self-resolve it [B15] or refer it to experts (problem reporting to
experts). The ability of the occupants to identify and resolve problems themselves appeared
to be primarily a function of the occupant level of technical competenceto-problem’s technical
specialisation ratio, providing that the occupants were able to access the installation part
in question (physical accessibility of controls and components). Access to straightforward
instructions/continuous support and an intuitive system design were found to enhance the
problem-resolving process and thus lessen the need for an expert’s contribution.

3.4. Result Summary

While actual HP performance (SPF) is an objective estimation, perceived HP per-
formance is a subjective measure that concerns the occupant’s indirect evaluation of HP
performance. Based on the data collected from the occupants of the 21 case studies, per-
ceived performance relies on the HP’s ability to fulfil needs, i.e., primarily cost and the
provision of heat. There appears to be a gap between what is considered efficient in techni-
cal terms and what the occupants experience. Both actual and perceived HP performance
appear to influence each other indirectly, with the later relying heavily on occupants’ expe-
riences, views and conceptions. Whenever one of the perceived performance requirements
was not satisfied, the occupants proceeded to make system adjustments (e.g., through the
HP settings or their lifestyle) to correct the perceived SH/DHW insufficiency or lower the
perceived high electricity bills. However, the adjustments made did not always have the
desired or expected outcomes, as even small changes can unknowingly, in some cases, cause
imbalance in other parts of the system leading to a lowered system efficiency, increased
energy consumption or a reinforced initial problem. As an example, occupants employing
intermittent over continuous HP operation to reduce running costs may unwittingly lower
the HP’s efficiency, thus offsetting any perceived savings due to increased HP cycling.

4. Discussion and Conclusions

The interaction of occupants with HPs and the impact this has on performance is
much more complex than anticipated by many and the diverse range of factors influencing
performance and their interrelations need to be well understood to identify pathways
for improvement. The CLD of the underlying system structure revealed several intercon-
nections that can significantly hinder HP efficiency. These are hard to control, as they
often emerge through processes of the HP operation that are invisible to the user and the
confounding factors tend to conceal the real impact of actions taken by occupants. The
complex nature of HP technology combined with widely adopted and intuitively “logical”
practices utilised with traditional heating systems, may lead to unexpected or undesirable
outcomes. Contrary to common intuition, several user practices, widely adopted with
traditional heating systems, are detrimental to the efficiency of a HP. Such actions may be
reinforced by the lack of transparency relating to HP efficiency and the energy consumed or
generated by individual household appliances or generated by renewable energy systems.
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Many case study occupants seeking to lower their electricity bills resorted to altering
one or more of the HP’s SH controls, i.e., by lowering the thermostat temperature, reducing
the heated area and/or reducing the HP’s scheduled operating hours. However, the fine
balance between the energy saved by the reduced HP operating hours and the increased
compressor cycling suggests there is uncertainty as to whether the occupants’ corrective
actions will have a positive or negative outcome. Some users also increased the use of
standalone resistance heating in an unsuccessful way to lower household energy bills.
As well as the low efficiency of resistance heating, the use of any direct heating method,
including wood fires that are often extensively used due to their aesthetic value, may
significantly reduce the HP’s SH demand (in relation to the design heat load) and thus
lower the system’s efficiency.

Users having a better understanding of their system, have been found to achieve higher
system efficiencies [16]. This study has associated the potential of higher efficiencies to two
types of users: (a) ‘self-monitoring users’ who can identify how to run their HP efficiently
through energy bill surveillance and/or by utilising dedicated monitoring equipment,
and (b) “technical savvies’ who have the skills required to identify or resolve technical
problems of varying degrees of complexity. Given that HP users in the UK have generally
been found to have a poor understanding of the complex HP technology [15,30] and
that the wider evidence correlates higher levels of perceived complexity with suboptimal
control [15,16,27,33], great emphasis should be placed on feedback processes and occupant
education [16,18].

Occupant education and feedback processes are critical for users that may otherwise
not be able to understand the real effects of their changes. The systems analysis revealed
that enabling feedback information processes can have a significant impact on user be-
haviour and facilitate the timely identification of technical issues and actions that are likely
to be detrimental to the HP’s efficiency. User feedback, e.g., through user-friendly interfaces
displaying information on the system’s efficiency and energy consumption, can be particu-
larly helpful when there is lack of clarity on the optimal HP-running patterns, as well as in
situations where technical problems emerge, such as the unintentional use of the system’s
backup resistance heater, which was found to be used extensively in the case studies. Users
are not expected to be technically skilled to run a HP efficiently, however being adequately
educated in order to recognise, prevent and resolve issues of low-level expertise, such as
knowing when the HP-incorporated resistance heater is on and how to turn it off, can be
a valuable skill. A user-friendly design that enables the easy identification of such issues
is equally important. Most technical issues reported by occupants were identified due to
the inability of a HP to fulfil needs, often at a later stage and usually manifesting in the
form of high energy bills. However, where visual or auditory cues were present in relation
to emerging issues, these facilitated their early detection. Given the complicated nature
of HPs, there needs to be a fine balance between allowing some user access to controls to
assist more efficient operation while preventing actions that may inadvertently lower the
system efficiency or cause it to fail.

4.1. Policy Discussion and Recommendations

This study proposes two leverage points in relation to behaviour change [49]. These
concern places to intervene within a complex system, where small changes can have big
(and sometimes unexpected) impacts. The following feedback process-related leverage
points derive from the systems thinking qualitative model and focus on the identification
and elimination of key factors impeding domestic HP performance:

e  Enabling feedback information on system performance to raise awareness and enhance
existing feedback loops.

e  Allowing the incorporation of smart controls to enable key feedback loops to become
dominant.

In this way, a user mental shift will be encouraged by gradually driving users away
from practices tied to habits, preconceptions and previous experiences that are generally
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hard to overcome. Placing focus on behaviour change can induce deep changes to the
system’s architecture and this concerns both educational and system feedback processes.
Training is traditionally provided through interaction with the installer and the provision
of detailed instructions in the form of manuals that are often too lengthy and technical.
While the provision of straightforward instructions would still be useful to some extent,
generic advice is not likely to be particularly helpful for performance optimisation since it
depends on the varied characteristics of each site. User behaviour has been found to be
influenced by information display on the energy consumption of appliances [49] and thus
users are more likely to benefit from simplified feedback provided through the system’s
interface and the promotion of self-monitoring.

This could be achieved through ongoing and real-time system status indicators and
displays providing summary reports and statistics on the system’s efficiency and other
critical aspects, such as the operation of the backup resistance heater and the likely impact
of settings changes and insights through the monitoring of internal temperature (e.g.,
addressing window opening as the possible cause of temperature fluctuations). Such
feedback processes can have a significant impact on user behaviour and facilitate the
timely identification of critical system features while restricting the inadvertent actuation of
controls. The feedback processes could be further enhanced with simpler and more intuitive
design of controls, such as the incorporation of clearly identifiable alerts (e.g., a large button
that lights up) when the system backup resistance heater is enabled, and raising consumer
awareness about its presence and under which circumstances it is triggered.

In addition to feedback processes, technological advancements, such as optimisation
or smart controllers, are extremely useful in hiding complexity and bypassing the user
to a certain extent by self-organising and adapting to changing conditions in real time.
Smart controls can learn from occupant preferences and the building’s behaviour to allow
performance optimisation that suits the individual household preferences while interacting
with signals from grid suppliers to achieve demand-side management and offer higher
efficiencies at a lower cost.

4.2. Study Contribution and Conclusion

The current study mapped the behavioural parameters that are likely to influence HP
performance based on the in-depth investigation of 21 case studies. The study’s novelty
lies in the integration and interpretation of sociotechnical data through a systems thinking
lens that captured for the first time the complex interactions between HP performance and
user behaviour. The study’s contribution to knowledge lies in:

e the formulation of theory on the causes of dynamic relationships, and, specifically on
the user-related structures responsible for the poor HP performance in the UK;

o the deeper perspective gained on performance influencers relating to behaviour pat-
terns; and

e the emergence of new insights into the requirements for well-performing HPs, i.e.,
by highlighting the need to prioritise user-oriented technological advancements and
policies supporting behaviour change.

These research outcomes are important as they can help better understand and mitigate
the gap between predicted and in situ performance. A HP stock of higher efficiency is of
key importance, as it will enable more energy and carbon savings to meet the UK’s emission
reduction goals. Higher HP efficiencies, together with grid decarbonisation, smart grids
and demand-side management will contribute towards an increasing HP competitiveness
in relation to traditional heating systems that are typically more carbon intensive. The
findings of this study have important implications for:

e  policy makers, such as Government departments and other regulatory agencies who
are responsible for the introduction and development of policies and regulations
relating to heat decarbonisation, and domestic HP installations, as well as those
involved in the certification of HP products;
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e installers and manufacturers of HP systems and their components, as it is hoped
that the practical solutions identified in this study will inform future installer and
manufacturer standards; and

e  HP users, who can benefit from the behaviour-related interventions identified in this
study, as they are meant to encourage a gradual mental shift that will drive users away
from the inefficient practices that are typically used with traditional heating systems.
However, this should be expected to be a slow process.

Since the causal relationships identified in this study are specific to the case study
sample they derive from, their generalisation potential needs to be investigated through
further research, i.e., future deductive research could be informed by the current inductive
research. Future work could also focus on the formulation of quantitative relationships
that enable a detailed system dynamics simulation to investigate the relative impact of
individual variables of the qualitative model developed in this study. Other areas that merit
further investigation relate to the impact investigation of the emerging socially induced
heat load reduction on HP efficiency, the identification of appropriate SH control strategies
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