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Abstract: The UK Government has committed to the annual installation of 600,000 heat pumps (HPs)
in existing houses by 2028 as part of its Net Zero strategy. However, there is a gap between predicted
and in-situ HP performance. The aim of this study was to offer a deeper understanding of the socio-
technical parameters influencing HP performance in the field and address the emerging enablers of high
HP performance in the domestic sector.

Systems thinking was utilised as the integrating framework for the interpretation of the qualitative and
quantitative data collected through field monitoring and in-depth site investigations on 21 case studies
across the UK. The collected material was inductively analysed and the results were fed into a series of
interlinked causal-loop diagrams, specifically focusing on the parameters and feedback processes that
are likely to influence HP performance.

The analysis identified seven interconnected focal areas influencing HP efficiency and energy
consumption. The structure of the final cumulative systems thinking qualitative model, revealed
important feedback structures and served the identification of four high-leverage interventions.

The work mapped for the first time the complex network of the parameters influencing HP performance
based on an extensive range of interacting boundaries and achieved new insights into the requirements
for well-performing HPs.
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Introduction b

Heat pumps (HPs) can generate up to 4-5 times more heat than their electricity input

e Key technology for the UK’s Net Zero target by 2050
e CCC called for 19 million HPs by 2050 (CCC 2020a)
e UK government committed to installing 600K domestic HPs annually by 2028 (HMG 2020)

e By comparison 27,000 HPs were installed in 2018 (EHPA 2021a)


Presenter Notes
Presentation Notes
For those of you that are not familiar with HPs, if there is one thing to remember, then that is that HPs are the only heating technology that can massively reduce a home’s energy use because HP efficiency can be 4 times better than conventional heating systems, such as gas or oil boilers. 

And for this reason, HPs are seen as an increasingly important technology that can contribute significantly towards the decarbonisation of the domestic stock in the UK, with the UK gov committing to the annual installation of 600K domestic HPs by 2028. This is a huge increase, in comparison to 2018 (for example), when only 27K domestic and non-domestic HPs were installed. 
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Background z

e HP services: SH and DHW

e Operational principle:

* heat transfer from a heat source (ground, air) to a heat sink with the help of a refrigerant pumped

through an evaporation-condensation cycle.

* Carnot ideal thermodynamic cycle, where HP efficiency depends on sink temperature

* Real life performance depends on a wide range of influencing parameters, including

building fabric efficiency, operation patterns, installation quality.
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Presenter Notes
Presentation Notes
HPs are a complex yet promising technology that impacts the two major forms of energy use in homes, i.e. SH and DHW.
They operate by transferring rather than generating heat. They transfer heat from a source (usually ground or air) to a sink (such as the internal environment of a home). The working principle relies on the pressure-temperature relationship of the refrigerant. The more energy a HP delivers to the sink in relation to the work required for the transfer, the more efficient the HP is. And the lower the temperature of the heat sink, the higher the efficiency of the heat pump.
However, the efficiency of HPs in real life is often very different to that predicted by technical design experts due to the variable nature of many influencing parameters. 


Background: UK field trials

 Little publicly available UK data until recentily. EST conducted the first large-
scale domestic HP field trial (2009, 83 HPs) and the RHPP field trial was the
largest monitoring study in the UK (2011, 699 HPs).
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Presenter Notes
Presentation Notes
Until recently, there had been little publicly available data on the performance of HPs in the UK. The first large-scale domestic HP field trial in 2009 by EST (and involved 83 HPs). The most recent data come from the RHPP field trial. It commenced in 2011 and involved 700 HPs. Both trials reported a highly variable performance. 


Background: UK field trials

* Improved RHPP performance in comparison to the EST field trial.

* The comparison with European field trials showed that some HPs can

perform as well as in other European countries but there is large variation

in performance.
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Presenter Notes
Presentation Notes
The performance of the RHPP field trial, represented here by the green bars, appears to be improved in comparison to the performance of the EST field trial, which is represented by the blue bars. And when compared with the output from field trials in Germany (represented by orange bars) and Switzerland (purple bars), the RHPP results show that some HPs can perform as well as in other European countries but there is space for improvement. 


Background: Main efficiency and energy consumption influencers
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Presenter Notes
Presentation Notes
Based on the literature available, there is a gap between predicted and real-life performance. This is partly attributed to the poor HP installation practices and the incorrect assumptions about how HPs are used in practice. Thus, several of these studies have highlighted the need to examine HP performance from a wider perspective. However, the qualitative data collected in previous studies have presented a limited capacity in terms the uncovering the reasons behind performance variation and for the identification of areas for improvement. And none of the existing studies have looked at the full range of influencing parameters and their detailed interactions  from a holistic point of view. 

This study utilised in-depth investigations to address this literature gap. It was undertaken in the specific context of domestic HPs installed under the RHPP scheme and intended to investigate HP underperformance in real life, and achieve new insights into the requirements for well-performing domestic HPs in the UK.
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Presenter Notes
Presentation Notes
-The research design was based on a socio-technical case study approach, utilising a sample of 21 case studies (including 1 pilot). 
-The recruitment approach was based on an opt-in basis. Following the cleaning and filtering of the RHPP 699 sites with monitored data, approximately half were judged to be of sufficient quality were contacted. In the end, 49 sites volunteered (involving 36 owner occupiers and 13 social tenants). 
-The primary criterion for the case study selection was heat pump efficiency. The graph here shows the 49 sites volunteering (represented by white bars) and the final selection by the darker bars. Secondary criteria included location, as well as a good coverage of HP types, emitter types and ownership.
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Presenter Notes
Presentation Notes
The mixed method approach involved the collection, analysis and integration of both quantitative and qualitative data. Before each site visit, the monitored data and metadata provided as part of the RHPP project were utilised to establish as much information as possible on the profile of each installation and the environment it was installed in. These were then complemented and corroborated with the data from the interviews and the site visits. 
The inductive theory approach adopted served the formulation of a complex systems thinking framework in the form of interlinked CLDs as you will see in the next slide.
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Presenter Notes
Presentation Notes
The core of the systems model was based on existing literature that was then expanded based on the analysis of data from the 21 case studies.

Overall, the findings show that HP performance relies on an extensive network of complex socio-technical system interactions, ranging from the strictly technical system aspects to a variety of boundary conditions acting within the building envelope and including interaction with the household.
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Presenter Notes
Presentation Notes
And here is a simplified version of the previous diagram, where the text in rectangles represents the seven highly interacting focal areas identified (NAME). Whereas the remaining text depicts key variables influencing performance, such as the “HP SH demand” and the “continuity of HP operation” that present a high degree of centrality in the system. The dotted arrow lines represent specific linkages between key variables.


Summary causal diagram
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Presenter Notes
Presentation Notes
Even though balancing loops appear to be the predominant type of loop in the CLD, there are also several secondary reinforcing loops present that emerge when putting parts of the system together. This CLD summarises the effects of the actions taken by occupants in response to a perceived performance shortfall. In  particular, the occupants’ goal to reduce the gap between perceived and desired performance may be met with either measures leading to the desired outcome (named appropriate measures) or with measures exacerbating the perceived performance shortfall (named corrective measures inducing unintended consequences). The former are part of balancing loops and the latter are part of reinforcing loops that cause imbalances in other parts of the system and can lead to a lowered system efficiency, increased energy consumption or even a reinforced initial problem. These unintended consequences are fuellled by the complex nature of the HP and the counterintuitive actions that often need to be taken by occupants to increase the system’s efficiency.
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Presenter Notes
Presentation Notes
Overall, some of the key performance-influencing variables identified in this study include: 
The plethora or technical issues encountered, including the extensive use of the system’s resistance heater, and the delays in their resolution, implying the poor technical competence of installers. 
HP control adjustments and standalone supplementary heating methods that are likely to increase energy consumption and be detrimental to HP efficiency.
Actions taken to reduce energy bills, presenting unforeseen interconnections that may lead to unexpected outcomes. 
Heat loss uncertainty associated with ventilation patterns and building thermal characteristics.



Leverage points

1. Ensuring quality installation 2. Enabling feedback on
and appropriate control system performance to raise
through behavioural change awareness and enhance

existing feedback loops.
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Presenter Notes
Presentation Notes
The study proposes 4 leverage points that concern places to intervene within a complex system, where small changes can have a big impact. There are:
Ensuring quality installations and appropriate control through behavioural change for both technicians and users. 
Enabling feedback processes about system performance that could be further enhanced through the use of intuitive controls.
Allowing the incorporation of smart controls that can self-organise and adapt to changing conditions in real time (to enable key feedback loops to become dominant) while hiding HP control complexity from the user. 
Carefully reconsidering the rules governing HP installations, including government incentives and certification schemes and standards.


Key message

{]uamg

Overall, the priority should not be the generation
of marketable products but quality installations
that will lead to well-performing systems. Only
then should a higher uptake of the hp technology
be considered. Prioritising quality over quantity is
expected to lead to a lower initial uptake of a
higher proportion of well-performing
installations, which in turn is likely to stimulate
market growth. However, this process will take

time.


Presenter Notes
Presentation Notes
This future course of action suggests a slightly different strategy to that employed by the current government, focusing more on building pathways to improve the overall quality of HP installations in the UK in the first instance and then on accelerating their uptake. 

This slower initial phase, focusing on market areas that enable the installation of HPs at the least cost and disruption and with fewer social barriers, will enable the gradual incorporation of improved technological features and technical skills while supporting the domestication of HPs and stimulating increased competition and cumulative production. 

While a forced acceleration, leading to a domestic HP stock of questionable performance, might in fact delay uptake due to the associated distrust, the strategy proposed here will eventually serve a steadfast market growth of high-performing HPs, which is of key importance in the long run, as it will enable more energy and carbon savings.
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