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[bookmark: _Toc80285990]Executive Summary
The high-rise electric heating & hot water pilot research project aims to provide a comparison between an existing heating system (electric storage heaters) and a new ground source heat pump (GSHP). This report details the findings from this research.
Electricity consumption analysis revealed several important findings for the pilot study. The most significant was the observation of reduction in energy use and resultant carbon following the change to a GSHP, with an average reduction of 33% per flat. 
This reduction in energy use did not necessarily correspond to a decrease in energy costs for the occupant. This was primarily due energy pricing, with transition from dual to single tariff following GSHP installation. Comfort taking was also apparent, with more frequent use of the new system.
Varied energy behaviours were observed during both research phases, some of which may be cause for concern. Specifically, several occupants were not using the GSHP in an optimal way. This has potential to undermine the energy efficiency potential of the GSHP.
Internal temperatures show a statistically significant increase following the installation of the GSHP. Despite this improvement, the data display a clear pattern of under-heating in all zones. The persistent levels of under-heating suggest that there remains a barrier to achieving comfort in the flats that has not been overcome by the GSHP.
Humidity levels have been reduced following the installation of the GSHP system, suggesting a reduction in the risk of damp and mould formation.
Residents were generally happy with the GSHP system, with overwhelming preference to the storage heaters. This was due to a higher level of comfort, a greater degree of heating control and better value for money. This positive view has led to greater use of the fixed heating system, resulting in a reduction in the use of secondary heating systems. 
The GSHP has led to a reduction in severe adaptive responses such as intentional under-heating to avoid excessive cost, which is anticipated to have a positive impact on resident health and wellbeing in the future.
One area requiring improvement is guidance on GSHP operation. There was evidence of mixed guidance, ranging from comprehensive guidance to no guidance at all. This has resulted in poor GSHP operating behaviours. Improved guidance should also include information on moisture management in the home.
Noise from the GSHP was a recurring complaint and was a major contributing factor in GSHP devices being used incorrectly. Future projects should address this where possible, factoring in associated issues around loss of storage space and the location of the GSHP. There were also several isolated issues to do with security and system failure during installation, and these should be added to any lessons learned for future developments.
The findings from the High-Rise Electric Heating & Hot Water Pilot are predominantly positive, with most pre-project aspirations achieved in full. When interpreting these findings, the influence of the Covid-19 pandemic should be acknowledged. Specifically, the change in lifestyle and energy behaviour brought about by enforced lockdown and social distancing during Phase 2 of the research may have reduced potential energy savings. Future projects of this nature should reflect on the issues raised in this report to avoid their reoccurrence. 

1. [bookmark: _Toc80285991]Introduction
In March 2019 Leeds City Council declared a climate emergency, committing to take action to reduce greenhouse gas emissions with the aim of making Leeds carbon neutral by 2030. With energy for residential heating typically accounting for around 15% of total UK greenhouse gas emissions (BEIS, 2021), understanding and improving the way we heat our homes is critical in achieving this aim. This is particularly challenging in high-rise flats, whose form and construction restrict many options for improving energy efficiency.
To address this challenge, the Leeds Sustainability Institute (LSI) at Leeds Beckett University (LBU) were contracted to undertake research investigating the performance and effectiveness of heating systems in high-rise dwellings. This research seeks to evaluate the in-use performance of electric heating and hot water systems in high-rise flats, together with the experience and perspectives of the dwelling occupants. 
This report details the findings from this research.
1.1. [bookmark: _Toc80285992]About the project 
The aim of the high-rise electric heating & hot water pilot project is to provide a comparison between an existing heating system (electric storage heaters) and a new ground source heat pump (GSHP) system. The findings from this pilot research will evaluate the effectiveness of the new system with regard to energy saving, carbon reduction and resident wellbeing, presenting data to support future decision making.
Two case study high-rise blocks were selected for this project due to their construction type, energy efficiency rating and negative resident feedback. The Heights East and The Heights West are 10-storey, Townsen design blocks, and each contain 60 flats with an equal mix of 1 and 2 bedrooms. The blocks offer potential for improvement, with Heights East and Heights West having an average SAP score of 32.6 (Rating F). The location and design of The Heights are shown in figures 1.1 and 1.2, with floorplan layout shown by figure 1.3.
Electricity use, internal conditions and occupant experience monitored over a 2-year period in 20 flats (10 flats per block) provides insight into the way that occupants heat their homes and manage their energy use. Full details of the equipment and methods used for this are detailed in the subsequent chapters of this report. Phase 1, covering the first year of the research, monitored the existing heating system to provide baseline data for the flats. Phase 2, in the second year of monitoring, covered the new heat pump system. This research design enables a like-for-like comparison of both systems in terms of energy use, carbon emissions and occupant comfort and satisfaction. 
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Figure 1.1: Geographical location of Heights East and West (Google, 2020)
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Figure 1.2: Heights East and Heights West (Google, 2020)
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Figure 1.3: Heights East and Heights West Floorplan

1.2. [bookmark: _Toc80285993]Heating systems
Original system
The original fixed heating and hot water system is a combination of electric storage heaters for space heating and a water cylinder with electric immersion for hot water. The system is designed to take advantage of the installed dual-tariff electricity supply, with devices charging their associated thermal stores overnight using cheaper tariff Economy 7. The water cylinder also has peak electric connection for the immersion heater, in the event that stored hot water is insufficient to meet demand. 
There was little consistency in the number or position of storage heaters in the flats participating in the pilot, with numbers ranging from zero to five storage heaters. The reason for this is unknown, although suspected to be due to ad-hoc requests for storage heater addition/movement/removal by different tenants.
Known issues prior to commencement of the research included excessive cost, poor thermal comfort and an inability to control temperatures. As a result, the use of additional secondary heating was ubiquitous, adding to overall heating energy demand as a result. 
Replacement system
The replacement heating and hot water system is a GSHP connected to a shared ground loop, with a connected thermal store in each flat. The GSHP provides space heating via a heat exchanger connected to a wet radiator system, with radiator heat emitters installed in all occupied rooms.
The GSHP also supplies heat to a Sunamp thermal store, which is charged daily and is used to provide hot water. Where charged heat is insufficient, the thermal store has auxiliary power backup for water heating.
1.3. [bookmark: _Toc80285994]Recruitment and project ethics
This project involves voluntary participation from 20 residents. Initial recruitment efforts were undertaken by the Leeds City Council housing team, with all flats contacted via leaflet explaining the project and inviting residents to take part. Following this, residents who were interested in participating contacted their housing officer. To encourage participation, a £30 shopping voucher was offered as incentive. 
Once potential participants had been identified, this information was shared with LBU researchers. Prior to research beginning, residents were visited by the LBU researcher to discuss the research and their involvement. They were also given an information sheet detailing the project. This process enabled participants to ask any questions or express any concerns. Participants were reminded at the initial information stage and during subsequent conversations of the voluntary nature of the study, and advised they may withdraw at any time. Following this, participants were asked to give their consent by completing a consent form, and again advised that they may withdraw at any time, either by contacting the research team or their housing officer.
General data protection regulation guidelines were followed with regard to all personal details and any data collected, in addition to LBU regulations aligning with ethical best practice. Data from each flat, such as electricity and internal conditions data, is assigned a case reference number (e.g. Flat 01) in any analysis and reporting to ensure anonymity. All data are stored on the LBU IT system in a restricted access project folder, with access restricted to project team members. Any physical data such as notes on paper are scanned and stored in the secure digital folder, with physical copies destroyed. Any data presenting a risk of identification has been excluded from analysis.
1.4. [bookmark: _Toc80285995]Participants
No demographic groups were specifically targeted for participation, and no screening to exclude certain groups has taken place. For this reason, the sample is composed of a diverse demographic mix. Whilst it is outside the scope of the project to evaluate individual behaviours, the presence of diversity in the research sample adds value to the aggregated findings.
1.5. [bookmark: _Toc80285996]Project challenges and resolutions
Longitudinal in-use monitoring involving human participants is a challenging research method, and often requires pragmatic solutions to overcome issues that arise during data collection. Several challenges arose during data collection and these are detailed below.
Covid-19
The outbreak of Covid-19 during Phase 1 monitoring was the most significant event to impact project activities, restricting access to flats and resident interaction due to social distancing requirements. The most significant change to the research design was to conduct occupant interviews via telephone rather than in person. This had the effect of making contacting the residents more difficult, resulting in the interview sample for Phase 1 dropping from a possible 20 to 15. Further participant dropout and access limitation resulted in the interview sample size for Phase 2 dropping to 13 participants. Although disappointing, this is believed to have had limited negative impact, and still represents a suitable sample size for thematic analysis.
The necessary imposition of social restrictions and lockdowns to suppress spread of Covid-19 is also a significant factor when considering research findings. Phase 1 began in autumn 2019, and there were few restrictions throughout the winter period until the imposition of a national lockdown in March 2020. Conversely, Phase 2 occurred entirely within the Covid-19 pandemic, including two national lockdowns in November 2020 and January 2021. 
Despite being the same cohort of residents, this resulted in two very different lifestyle patterns under comparison, with Phase 2 featuring much higher durations of home occupancy than Phase 1. This means a higher demand for space heating and resultant energy consumption; a trend borne out on a national scale, where greenhouse gas emissions from residential heating rose to 21% of total UK greenhouse gas emissions (BEIS, 2021) compared to a typical proportion of 15%. 
The significance of this is that due to higher than average energy consumption caused by the unprecedented situation of the pandemic, any savings in heating energy consumption are likely to be underestimated in the present research. It is reasonable to assume that demand for heating will reduce in subsequent years as lifestyles return to normal. The analysis presented by this research therefore represents a ‘worst case’ scenario of constant high heating demand.
Resident withdrawal
At the conclusion of Phase 1, one resident withdrew from the research, and as a result the overall sample for comparison dropped from 20 to 19. Additional dropout and GSHP issues occurred during Phase 2, reducing overall comparison sample to 17. This is believed to have had limited negative impact, with the project still having a sufficiently large overall sample.
Additionally, there were several periods where individual flats were unoccupied for a number of consecutive months. These periods were excluded from the dataset to avoid skewing, with data only considered during occupied periods and analysis factoring this accordingly. 

Electricity data measurement
Due to the electrical wiring of the flats and the inability to isolate the incoming electricity feed, it was not possible to install an in-line electricity meter for total electric. To do so would have incurred unacceptable cost and led to significant disruption, risking participant withdrawal. The resolution for this issue was to use a non-invasive current clamp that could be quickly installed in a 10-minute visit. The limitation of this data collection method is that electricity for secondary heating in Phase 1, and total electricity in Phase 2, was inferred and not directly measured. This issue was partly overcome by undertaking multiple analyses to present different use scenarios, based on the measured current clamp data. More detail for this is provided in the electricity monitoring chapter.
During Phase 2 it was not possible to completely differentiate between energy used for space heating and hot water due to the GSHP and thermal store system design. Both appliances were sub-metered to provide insight into usage patterns for the heat pump and Sunamp thermal store, but analysis of energy use was necessarily aggregated into combined heating and hot water for comparisons.
Data loss
Large scale monitoring regularly presents a challenge of data loss due to malfunctioning equipment, transmission intermittency and interference. To provide context and scale, the present research involves the monitoring of 5 separate variables across 20 flats of various size and layout in two locations. This required 330 separate data channels logging data every 10 minutes for 20 months, and returned over 28.5 million data points for use during analysis.
Common issues that were encountered ranged from erratic data transmission to total sensor failure. Where issues occurred, these were addressed with a visit to the flat to fix them. Repeated visits to flats were avoided where possible to mitigate the risk of participant withdrawal due to increased disturbance. Due to the size of the dataset and primary interest being the overall system performance rather than individual flat-by-flat appraisal, the issue of data loss was resolved by excluding single channels during single variable analyses. Further detail is provided in the respective analysis sections of this report.











2. [bookmark: _Toc80285997]Weather comparison

Weather, and specifically external air temperature, sunlight and wind, plays an important role with regard to internal temperatures and heat demand. Analysis during Phase 1 observed statistically significant correlation between internal air temperature and external air temperature (p<0.01), wind speed (p<0.05) and solar incidence (p<0.05), with detail provided in the High Rise Pilot Phase 1 interim report. For this reason, it is necessary to compare the external conditions in Phase 2 to ensure a degree of similarity to ensure comparison is reasonable. 

Figure 2.1 shows the distribution of external temperature during Phase 1 and Phase 2. External temperature between the two phases is broadly comparable, with an average temperature during Phase 1 of 7.5°C compared to 6.5°C during Phase 2. Phase 2 also has a slightly larger interquartile range, but both datasets are normally distributed. This gives confidence that any difference in internal temperature (or energy use) is not the result of weather conditions.
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Figure 2.1: External Temperature Comparison


3. [bookmark: _Toc80285998]Electricity monitoring
3.1. [bookmark: _Toc80285999]Overview
Electricity use in the case study flats may be broadly grouped into two categories: electricity used for heating and electricity used for other purposes such as cooking, lighting and appliances. Whilst this is something of an oversimplification as energy used for other uses will also contribute to heating the dwelling to some extent, the provision of heat is not the primary purpose. As the aim of this research is to evaluate the performance of high-rise heating systems, data collection was therefore focussed on electricity used to heat either the internal environment or to heat water. This usage breaks down into:
· Electricity used for the fixed heating system (Storage heaters or GSHP)
· Electricity used secondary heating
· Electricity used for water heating
Monitoring of electricity used for these purposes allows identification of heating behaviours and the aggregation of total energy use, which may be used to calculate the average cost and carbon emissions for each dwelling.
During Phase 1, it was found that there was little consistency in the way occupants were heating their home, ranging from constant use of the storage heaters to exclusive use of secondary heating. This led to a wide range of consumption profiles and associated electrical loads. Full details on the electricity analysis during Phase 1 may be found in the Phase 1 in High Rise Pilot Phase 1 interim report.
Having established patterns and energy usage during Phase 1, the next challenge was to collect comparable data during Phase 2 that would enable comparison and support evaluation of any change in energy use. All subsequent analysis considers flats with sufficient robust electrical consumption data (n=15). 
3.2. [bookmark: _Toc80286000]Methodology
To monitor the electricity used by the fixed heating systems (Storage heaters, immersions, GSHP and Sunamp), electricity kilowatt hour (kWh) meters were installed in-line for each individual heating circuit (figure 3.1). By monitoring individual circuits, this means that any time a device was using electricity, this was monitored and recorded. This necessitated sub metering all circuits to all heat-providing appliances in both phases. The kWh meters were connected to transmitters that send data remotely to a central logger every 10 minutes, minimising disturbance to the dwelling resident. 
In addition to monitoring the fixed heating systems, it was also necessary to monitor any secondary space heating such as plug-in electric radiators. It was not possible to do this using kWh meters, as this would have required installing a meter at the main electricity feed and incurred significant cost and disruption. As a solution, a current clamp was connected to the main consumer unit to measure current for all non-heating circuits. This may then be converted to Watts to estimate energy used for other purposes and, significantly, to identify peaks in power demand that are likely to be caused by secondary heating appliances that have a high power draw. During Phase 2, the current clamp monitored total electric use, from which the sub-metered heating use could be subtracted to determine electricity used by other circuits. As with the kWh meters, the current clamps were connected to transmitters that log and transmit data remotely. Heating analysis considers data collected from 1st November to 26th April during both research phases, as this is the peak heating period.
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Figure 3.1: Electricity monitoring equipment
3.3. [bookmark: _Toc80286001]Results
[bookmark: _Toc80286002]GSHP and Sunamp heating behaviour
Before comparing heating behaviour between the two research phases, it is relevant to examine the use of the GSHP system individually. The design of the GSHP system is such that electricity for space heating and hot water is a combination of the GSHP and the Sunamp thermal store. The majority of energy should be used by the GSHP, which operates to both provide heat directly and to charge the thermal store. The GSHP systems have a power rating of 0.8kW or 1.6kW, depending on the system in place. Mid-floor 1 bedroom flats were supplied with the smaller unit, with the larger unit provided in 2 bedroom flats and ground/top floor flats due to their higher energy demand brought about by a greater heat loss area.

An important point to note is that when used correctly the Sunamp should have a negligible power consumption (7W) to operate the control system. If, however, there is a failure in the GSHP the Sunamp has an auxiliary power supply of 2.8kW to provide water heating. To maximise energy saving, residents should be operating their system on GSHP and use Sunamp auxiliary power only if essential.
Analysis of sub-metered electricity use displayed a variety of consumption profiles during Phase 2, which are discussed below. When interpreting the subsequent figures, note that outliers above the maximum power draw of the GSHP or Sunamp are accounted for in analysis, and are the result of missed data transmits that cause multiple hours of data to be totalled. Also, please note that average hourly profiles return lower power values than would be expected in reality, as they include periods of no heating. These are used to identify consumption patterns, with metered consumption used for calculating actual power demand.
Optimum use
The most common use pattern observed (47% of sample) was optimum usage. Optimum use is characterised by the GSHP being the primary consumer, operating on a timer setting, with Sunamp only used as a backup supply. This is illustrated by figure 3.2, showing a logical power demand profile together with hourly consumption values that plateau at 1.6kW, which is the power demand of the larger GSHP.

Figure 3.2: Average hourly power demand profile (top) and long term hourly power consumption (bottom) – Optimum settings
Intermittent use
The second pattern observed (13% of sample) was intermittent usage. This pattern (figure 3.3) suggests occupants are using the GSHP but without a regular timer setting, instead using the thermostat as an on/off controller. This method of control is supported by resident interviews, and leads to a more erratic average profile, although hourly consumption still indicates the GSHP is primary energy consumer. Operating the system in this way means the GSHP is having to cycle more often to heat up the circulating water, and is likely to result in higher energy consumption as a result. It may be that residents have previously has gas combi-boilers, where this mode of operation is common.

Figure 3.3: Average hourly power demand profile (top) and long term hourly power consumption (bottom) – Intermittent use
GSHP and Sunamp auxiliary combination use
The third pattern observed (40% of sample) was the combined use of the GSHP and Sunamp auxiliary power. This pattern (figure 3.4) indicates that the GSHP is periodically not providing heat and Sunamp auxiliary power is being used as primary heat supply. As can be seen, the GSHP and Sunamp are used consistently, so it may be the case that the GSHP is not able to provide sufficient heat to meet demand and fully charge the thermal store, resulting in a top-up demand from the Sunamp – this is an issue that warrants further investigation. This pattern aligns with comments from residents who were unhappy with the noise of the GSHP, with many indicating they periodically turn the GSHP on and off at the mains when it is a disturbance.


Figure 3.4: Average hourly power demand profile (top) and long term hourly power consumption (bottom) – GSHP and Sunamp Combination
The presence of different heating profiles, some of which result in the system not operating efficiently, is a key finding of this research. This finding means that the energy saving potential of the GSHP system will not be realised to the full extent possible, and effort should be made to correct poor usage behaviours where possible. Subsequent sections of this report explore the reasons and motivations behind poor behaviours more fully, which include a lack of system understanding and issues with noise.
[bookmark: _Toc80286003]Heating system energy consumption
Having established that there are a variety of heating patterns, the next stage of the research was to compare the consumption behaviour of the fixed heating systems between Phase 1 and Phase 2. Due to the GSHP system design, it was not possible to split consumption into electricity for space and water heating for comparison. To overcome this, energy for sub-metered heat provision was aggregated in each phase to create a ‘total heat’ value for fixed appliances. In Phase 1 this was done by combining electricity consumption of the storage heaters and hot water immersion, and in Phase 2 the GSHP and Sunamp.
Figure 3.5 shows the difference in consumption profile of the two systems, using the 3 previously identified GSHP use patterns as illustration. It is immediately apparent that the GSHP presents a far lower peak load than the storage heaters. This is compounded by the fact that the values shown in figure 3.5, being average values, are lower than would be expected as they include non-heating periods. It is also notable that the fixed heating systems in Phase 2 show constant use, whereas Phase 1 is primarily overnight charging.



 
Figure 3.5: Average hourly power demand profile comparison between Phase 1 and Phase 2 for Optimum use (top), Intermittent use (middle) and Combination use (bottom) examples

[bookmark: _Toc80286004]Total electricity consumption
Although relevant to compare the consumption profiles of the fixed heating systems, we know from the findings of Phase 1 that this does not tell the complete story with regard to occupant heating behaviours. To fully compare difference between the two systems, we must also incorporate the use of secondary heating.
Comparison of total heating energy for each phase requires aggregating the electricity used for the fixed heating system with all other electricity consumption in the flat, as this incorporates secondary heating systems. As total electric consumption also includes non-heating uses such as lighting, cooking and plug loads, this introduces some uncertainty in the dataset. 
To provide confidence that non-heating behaviour has remained consistent in both research phases, electricity consumption for non-heating activity was compared. This was achieved by subtracting all sub-metered heating consumption from the total electric consumption. As previously noted, total electricity was not sub-metered directly due to the significant cost and disruption this would incur, and was instead inferred using current clamps to generate an average consumption profile. 
Two consumption profiles were evident in the data, illustrated by figure 3.6. The first is a largely unchanged consumption pattern, indicating consistent plug loads, lighting and other associated energy consumption. The second profile is a consistent pattern in Phase 2 but with a reduction in overall power consumption. This suggests the removal of an electrical load in Phase 2, and is encouraging as this is potentially a secondary heating device.

Figure 3.6: Average hourly power demand profile comparison between Phase 1 and Phase 2 for non-heating electricity. Unchanged consumption (top) and reduced consistent consumption (bottom).
Having established that there were no substantial changes to non-heating electricity consumption between Phase 1 and Phase 2 (a situation that was expected as the occupants remained constant throughout), analysis progressed to consider the comparison of total electricity consumption in each phase.
It is relevant to note that at this final stage of analysis, focus was on dwellings that have a full set of quality data across both phases (n=9). As noted during section 1.5, during data collection there were instances of sensor failure and data loss. As a result, some dwellings lacked sufficient data on individual variables to give confidence in a robust comparison. Where data were missing for a variable, an average consumption profile was assumed. This was generated using the complete dataset for that variable in that research phase. Subsequent average values take this into account, and are presented as two values:
· Complete Variable Data (CVD) 
Values are the aggregation of all dwellings, including those where average profiles were assumed for individual variable consumption profiles (n=15).
· Complete Dwelling Data (CDD)
Values represent all flats with a complete dataset i.e. reliable data for all variables in both phases (n=9).
Table 3.1 shows the comparison of electricity consumption for each flat together with average values derived from the CVD and CDD values. The data suggest a reduction in energy consumption and carbon emissions following the change to a GSHP, and this was confirmed to be a significant difference by a paired samples T-Test (t(14) = 4.592, p < 0.05).
Also notable, however, is that several flats saw a reduction in their energy use but did not see a corresponding fall in their daily electricity cost. Figures 3.7 – 3.9 illustrate why this may be occurring due to the change in energy pricing between Economy 7 and peak tariffs. Figure 3.7 shows the least desirable outcome, an increase in both energy consumption and cost. Although energy consumption has increased by only 10%, cost has risen by 41%. This is likely due to higher consumption of peak tariff electricity. The increase in both energy and cost suggests a change in behaviour, and may be due to ‘comfort taking’, with the resident using the heating system more than previously due to its improved comfort provision.
Figure 3.8 illustrates a large reduction in energy use but an increase in cost. This is again due to the shift in electricity consumption to a wholly peak tariff rate, although is positive in terms of carbon reduction. Finally, figure 3.9 shows the ideal situation; a reduction in both energy and cost. It is noteworthy that the dwelling in this example displayed an optimum GSHP operating profile.













Table 3.1: Comparison of electricity consumption 
	Flat
	Phase 1 per day
	Phase 2 per day
	Change per day

	
	Electricity (kWh)
	Carbon (KgCO₂e)[footnoteRef:2] [2:  Carbon value based on conversion factor of 0.256 KgCO₂e/kWh (BEIS, 2019)] 

	Cost (£)[footnoteRef:3] [3:  Daily cost considers both Economy 7 tariff (£0.09/kWh) and peak tariff (£0.21/kWh) where applicable.] 

	Electricity (kWh)
	Carbon (KgCO₂e)
	Cost (£)[footnoteRef:4] [4:  Daily cost considers standard peak tariff (£0.18/kWh)
* Complete Dwelling Dataset] 

	Electricity (%)
	Carbon (%)
	Cost (£)

	1
	31.4
	8.05
	3.29
	17.2
	4.40
	3.09
	-45.34
	-45.34
	-0.19

	2*
	20.3
	5.20
	2.85
	22.4
	5.73
	4.03
	10.14
	10.14
	1.18

	5
	38.6
	9.89
	4.27
	15.6
	3.99
	2.81
	-59.64
	-59.64
	-1.46

	6*
	38.2
	9.78
	6.84
	20.4
	5.23
	3.68
	-46.52
	-46.52
	-3.16

	7
	21.4
	5.48
	2.54
	5.0
	1.28
	0.90
	-76.56
	-76.56
	-1.63

	8*
	23.6
	6.04
	2.66
	15.7
	4.01
	2.82
	-33.64
	-33.64
	0.16

	9
	14.5
	3.71
	1.39
	16.6
	4.25
	2.99
	14.57
	14.57
	1.59

	10
	14.1
	3.60
	1.76
	13.1
	3.34
	2.35
	-7.17
	-7.17
	0.59

	11*
	18.4
	4.71
	2.55
	10.5
	2.69
	1.89
	-42.79
	-42.79
	-0.66

	12*
	41.6
	10.66
	4.22
	26.0
	6.65
	4.68
	-37.60
	-37.60
	0.45

	13*
	22.7
	5.82
	2.99
	22.1
	5.66
	3.98
	-2.65
	-2.65
	0.99

	16*
	6.8
	1.75
	1.22
	8.7
	2.22
	1.56
	26.75
	26.75
	0.34

	18
	19.0
	4.87
	3.03
	7.5
	1.92
	1.35
	-60.61
	-60.61
	-1.68

	19*
	21.7
	5.55
	2.57
	14.0
	3.58
	2.52
	-35.53
	-35.53
	-0.05

	20*
	29.4
	7.54
	5.21
	21.3
	5.46
	3.84
	-27.57
	-27.57
	-1.37

	CDD Average
	24.8
	6.3
	3.46
	16.5
	4.6
	2.97
	-33.37
	-33.37
	-0.49

	CVD Average
	24.1
	6.2
	3.16
	15.7
	4.0
	2.83
	-34.79
	-34.79
	-0.33





Figure 3.7: Average hourly power demand profile; higher consumption, higher cost

Figure 3.8: Average hourly power demand profile; lower consumption, higher cost

Figure 3.9: Average hourly power demand profile; lower consumption, lower cost
In addition to using single flats to illustrate usage patterns, average total power demand profiles are also relevant at this stage, to consider peak load for the flats. Figure 3.10 illustrates the average power consumption profile for both phases, and it is apparent that the magnitude of the load has been greatly reduced. This is due to a combination of reduced heating demand (shown in figure 3.5) and secondary heating (shown in figure 3.6). 
To consider a ‘worst case scenario’ of power demand, figure 3.11 shows the average peak demand profile. For both research phases, the highest Wattage reading during each hourly period was selected from the 6 10-minute readings that were recorded per hour. This was then used as the hourly Watts value, and used to create an average 24-hour profile. It is clear that the GSHP has resulted in significantly lower peak loads on average, even under this higher demand scenario. It should be noted that in both phases there were isolated periods of excessively high power demand (>10kW), but these were typically short-term, high consumption events and not typical consumption. As such, they have not been considered in the creation of average profiles, although may be relevant when considering the management of peak load profiles.


Figure 3.10: Average hourly power demand profile, all flats

Figure 3.11: Average Max hourly power demand profile, all flats
3.4. [bookmark: _Toc80286005]Conclusions
Analysis of electricity consumption during both Phase 1 and Phase 2 revealed several important findings for the pilot study. The most significant of these was the observation of a significant reduction in energy use and resultant carbon following the change to GSHP, with an average reduction of 33%. It is noteworthy that is despite the context of Covid, with higher rates of home occupancy, and should be expected to improve in future years.
Although positive, it was also observed that a reduction in energy use did not necessarily correspond to a decrease in cost to the occupant. This was primarily due to the change in energy pricing, with electricity consumption charged at peak tariff following GSHP installation. There was also suggestion that some occupants were using their heating system more regularly following the switch to a GSHP, indicating a level of comfort taking.
Different energy consumption behaviours were observed during both research phases, and some of these may be cause for concern. Specifically, there was evidence that occupants were not using the GSHP in an optimal way, leading to excessive use of the Sunamp auxiliary power supply. This has potential to undermine the energy efficiency potential of the GSHP.
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4. [bookmark: _Toc80286006]Internal Temperature
4.1. [bookmark: _Toc80286007]Overview
To develop a full understanding of heating system performance, it is essential to monitor internal temperatures. These data indicate the degree to which a heating system is capable of providing comfort to occupants, and also identify heating patterns and behaviours. 
4.2. [bookmark: _Toc80286008]Methodology
Remote temperature sensors were located in at least 4, and up to 5 locations in each flat. These were:
· Living room
· Kitchen
· Bedroom 1
· Bedroom 2 (where applicable)
· Bathroom
Temperature data were collected at 10-minute intervals and transmitted remotely to a central logger, minimising disruption to the resident. When locating sensors, it was essential to be sensitive to occupant requests. Where possible, sensors were located at a height of approximately 1.1m as per best practice (BSI, 2001). However, often this was not possible due to lack of safe mounting or risk of damage or tampering. Pragmatic solutions were therefore proposed, such as locating sensors on top of a wardrobe. The only critical factor for sensor location was to be away from direct sunlight and other sources of heat (e.g. on top of a storage heater), and this was adhered to in all cases. Figure 4.1 shows a temperature sensor in situ.

[image: ]
Figure 4.1: Temperature sensor in situ
4.3. [bookmark: _Toc80286009]Results
Initial analysis, shown by figure 4.2, considers the distribution of all temperatures within each flat across both monitoring phases. Average temperature between all monitored zones for each 10-minute period presents an indication of differences between dwellings, and there is clear variation with median temperatures ranging from 13°C to 22°C in both phases.
Despite this variation between flats, temperature distribution within flats is relatively small in both phases, with interquartile ranges typically only 2-3°C. Full range of data is typically <10°C and broadly symmetrical, suggesting that temperatures within each flat are normally distributed. This does not change between monitoring periods, indicating similar heating patterns i.e. even distribution around a median temperature as opposed to a skewed or broadened range.
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Figure 4.2: Temperature distribution, all zones (Phase 1 top, Phase 2 bottom)
To explore temperature distributions further, the next stage of analysis considered temperature distribution on a room-by-room basis. This analysis includes target temperature thresholds defined by Leeds City Council as being acceptable for comfort during winter. These thresholds are shown in table 4.1 and displayed subsequently on figures 4.3 - 4.7 with lower threshold indicated by a blue horizontal line and upper threshold indicated by a red horizontal line. When interpreting figures 4.3 - 4.7, data should be predominantly within these two thresholds for the zone to be deemed comfortable. Data below the blue line indicates under-heating, and data above the red line indicates overheating.

Table 4.1: Leeds City Council target temperature thresholds
	Zone
	Target temperature threshold (°C)

	Bedroom
	16 - 20

	Living Room
	19 - 23

	Kitchen
	19 - 23

	Bathroom
	20 - 24
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Figure 4.3: Temperature distribution, Living Room (Phase 1 top, Phase 2 bottom)
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Figure 4.4: Temperature distribution, Bathroom (Phase 1 top, Phase 2 bottom)
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Figure 4.5: Temperature distribution, Kitchen (Phase 1 top, Phase 2 bottom)
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Figure 4.6: Temperature distribution, Bedroom 1 (Phase 1 top, Phase 2 bottom)
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Figure 4.7: Temperature distribution, Bedroom 2 (Phase 1 top, Phase 2 bottom)














As with the aggregated values, there is variation between dwellings. This is likely the result of different heating patterns, setpoint and individual preferences, all of which are affected by the heating system in place. Despite this inter-flat variability, there generally remains a consistent temperature distribution within individual zones. Using the preceding figures, it is clear that all zones are showing substantial time below the comfort threshold. To evaluate this further, table 4.2 shows the average temperature in each zone when all flats are aggregated.


Table 4.2: Average Temperature during both research phases
	Zone
	Average Temperature (°C)

	
	Phase 1
(Storage Heaters)
	Phase 2
(GSHP)

	Living Room
	16.8
	17.1

	Kitchen
	16.7
	17.7

	Bathroom
	14.3
	15.6

	Bedroom 1
	15.3
	16.4

	Bedroom 2
	13.4
	14.7

	All Zones
	15.7
	16.6



The data suggest that temperatures saw an increase in the region of 1°C on average following the switch to a GSHP. Paired samples T-Tests were run to statistically evaluate the difference in temperature across both phases, showing a statistically significant difference in Bedroom 1 (t(15) = -2.551, p < 0.05), Kitchen (t(15) = -2.479, p < 0.05) and the aggregation of all zones (t(90) = -4.840, p < 0.05). This provides further indication that temperatures were warmer following the installation of the GSHP.
Figure 4.8 summarises the duration of time spent above, below and within the comfort thresholds for all zones across the full data sample. The data display a clear pattern of under-heating in all zones. The flat-by-flat breakdown of temperature threshold durations is summarised across all zones in table 4.3. 
The data show a reduction in time spent below the comfort threshold following installation of the GSHP with the exception of Bedroom 1. Bedroom 1 does, however, show an increase in overheating, which is indicative of higher occupancy rates. This may be caused by higher occupancy brought about by the Covid-19, with more time spent in this space than in Phase 1. 
Paired samples T-Tests were run to statistically evaluate the difference in time spent below, within and above the Leeds City Council temperature thresholds across both phases. These showed a statistically significant difference in time spent below the comfort threshold (t(16) = 2.339, p < 0.05). The average value for all dwellings also indicates a higher proportion of time spent either within or above the comfort temperature, suggesting warmer conditions within the flats when using the GSHP.
Whilst it is encouraging to observe warmer winter temperatures and higher rates of comfort, it is relevant to note that the majority of time in all zones is below the comfort threshold. This suggests that there remains a barrier to achieving comfort in the flats that has not been overcome by the GSHP.


Figure 4.8: Zonal comfort duration

Table 4.3: Zonal comfort duration – all flats, all zones (total)

	Dwelling
	Time below temperature threshold (%)
	Time within temperature threshold (%)
	Time above temperature threshold (%)

	
	SH
	GSHP
	SH
	GSHP
	SH
	GSHP

	01
	72.3
	62.7
	27.2
	35.1
	0.5
	2.2

	02
	61.0
	74.0
	27.4
	26.0
	11.7
	0.0

	05
	60.6
	58.4
	32.8
	33.1
	6.7
	8.6

	06
	17.3
	11.2
	54.0
	44.5
	28.6
	44.4

	07
	85.5
	97.5
	14.1
	2.5
	0.4
	0.1

	08
	73.5
	59.8
	25.2
	39.9
	1.3
	0.3

	09
	80.8
	36.9
	19.1
	61.4
	0.2
	1.6

	10
	87.4
	85.2
	12.0
	14.5
	0.6
	0.3

	11
	97.1
	99.8
	2.9
	0.2
	0.0
	0.0

	12
	39.9
	31.0
	53.9
	40.9
	6.2
	28.2

	13
	58.4
	31.1
	38.9
	53.2
	2.8
	15.6

	14
	86.2
	86.4
	13.7
	11.1
	0.1
	2.4

	16
	93.7
	88.4
	5.7
	11.5
	0.6
	0.1

	17
	75.4
	63.1
	21.5
	27.4
	3.1
	9.5

	18
	91.5
	92.1
	8.5
	7.9
	0.0
	0.0

	19
	67.6
	40.3
	27.0
	57.8
	5.3
	1.9

	20
	96.9
	89.5
	3.1
	10.3
	0.0
	0.2

	Average
	75.4
	65.1
	21.1
	28.1
	3.4
	6.8



4.4. [bookmark: _Toc80286010]Conclusions
Analysis of internal temperatures has shown a statistically significant increase in internal temperatures following the installation of the GSHP. Given the similarity in external weather conditions between both research phases, it is reasonable to assume that this improvement is due to system replacement.
Despite this improvement, the data display a clear pattern of under-heating in all zones. The internal environment appears consistently colder than the thresholds defined by Leeds City Council, although the temperature data alone does not provide an explanation for this. On a zonal threshold level, bedrooms are the best performing; however, this is a function of their lower target threshold and does not necessarily represent subjective comfort. The persistent levels of under-heating suggest that there remains a barrier to achieving comfort in the flats that has not been overcome by the GSHP.


5. [bookmark: _Toc80286011]Internal Humidity
5.1. [bookmark: _Toc80286012]Overview
Monitoring relative humidity is an important step in understanding the risk of moisture damage, damp and mould growth in a dwelling. This is particularly significant where properties are cold, with damp likely to form on colder internal surfaces.
5.2. [bookmark: _Toc80286013]Methodology
Remote relative humidity sensors were located in at least 4, and up to 5 locations in each flat. These were:
· Living room
· Kitchen
· Bedroom 1
· Bedroom 2 (where applicable)
· Bathroom
Humidity sensors were integrated into the same unit as the temperature sensors (figure 4.1), with data collected at 10-minute intervals and transmitted remotely to a central logger, minimising disruption to the resident. When locating sensors, it was essential to be sensitive to occupant requests. Where possible, sensors were located at a height of approximately 1.1m as per best practice (BSI, 2001). However, often this was not possible due to lack of safe mounting or risk of damage or tampering. Pragmatic solutions were therefore proposed, such as locating sensors on top of a wardrobe. 
When conducting analysis of humidity levels, two thresholds taken from CIBSE Guide A (2016) were considered:
· Between 40% - 70% relative humidity is considered to be acceptable. Below this 40% there is a risk of occupant discomfort due to air dryness, and above 70% risks of condensation and mould growth begin to increase.
· Above 80% relative humidity the risk of damp and mould becomes high.

5.3. [bookmark: _Toc80286014]Results
Table 5.1 and Figures 5.1 – 5.5 show the distribution of relative humidity for each zone across all monitored dwellings for both research phases. When interpreting figures 5.1 – 5.5, data should be within the two green lines, indicating acceptable humidity levels. Data above the upper green line indicate excessive humidity, and data above the red line indicates high risk of moisture issues.
During Phase 1, the data show high levels of humidity in the bathroom of several dwellings, indicating likelihood of damp issues. This is particularly relevant when considering that bathrooms had the lowest monitored temperatures, which is likely due to their intermittent use and lack of installed heating. The combination of high humidity and low temperature presents a risk of mould growth. High humidity levels were also present in Bedroom 2. This is also likely to be due to lower occupancy and lack of heating in this space. Additional explanation may also be the location of Bedroom 2 on the colder, north-facing side of the flats, contributing to colder temperatures.
During Phase 2, the greatest reductions in humidity were observed to occur in the bathroom. This may be due to the presence of fixed heating in this space from the GSHP, enabling the internal environment to dry out for effectively after use. Reductions are also evident in Bedroom 2, the other zone showing high humidity during Phase 1. 
Table 5.1: Average relative humidity during both research phases
	Zone
	Average Relative Humidity (%)

	
	Storage Heaters
	GSHP

	Living Room
	57.7
	57.0

	Kitchen
	59.8
	57.7

	Bathroom
	68.1
	62.6

	Bedroom 1
	62.3
	61.2

	Bedroom 2
	70.5
	67.9

	All Zones
	63.0
	60.6



Paired samples T-Tests were run to statistically evaluate the difference in humidity levels across both phases, showing a statistically significant difference in bathroom humidity levels (t(14) = 4.401, p < 0.05) and the aggregation of all zones (t(73) = 3.367, p < 0.05).
These results suggests a small but observable reduction in internal humidity following installation of the GSHP. This is likely to be the result of increased heat provision, in terms of both higher temperature and more heated zones within each flat.
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Figure 5.1: Bathroom Relative Humidity, Phase 1 (Top); Phase 2 (Bottom)
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Figure 5.2: Bedroom 1 Relative Humidity, Phase 1 (Top); Phase 2 (Bottom)
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Figure 5.3: Bedroom 2 Relative Humidity, Phase 1 (Top); Phase 2 (Bottom)
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Figure 5.4: Kitchen Relative Humidity, Phase 1 (Top); Phase 2 (Bottom)
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Figure 5.5: Living Room Relative Humidity, Phase 1 (Top); Phase 2 (Bottom)

5.4. [bookmark: _Toc80286015]Conclusions
The level of humidity observed during Phase 1 appear to have been reduced following the installation of the GSHP system. This is particularly notable in the bathroom, with a significant reduction observed. This suggests that the risk of damp and mould formation has been reduced by the replacement of the heating system, and represents a positive outcome of the pilot study.

6. [bookmark: _Toc80286016]Occupant Interviews
6.1. [bookmark: _Toc80286017]Overview
Preceding sections of this report have objectively evaluated the performance of the heating systems using numerical data on energy and environmental conditions. This does not provide the full picture however, as it omits the experience of the dwelling occupant. To capture the subjective perspectives and opinions of the residents of the flats, semi-structured interviews were designed and carried out.
6.2. [bookmark: _Toc80286018]Methodology
Interviews were designed to be conducted as short (10-30 minute) informal “chats”, supported by a topic guide, rather than formal structured interviews. This method of data collection relies on prompts to ensure conversation remains relevant, but does not seek to address specific questions, instead letting the discourse flow naturally to topics where the participant feels most strongly. This ensures a degree of comparability between interviews, but the tone and detail of each individual conversation may vary.
In the original research design, interviews were to be conducted in the participant’s dwelling. Due to the outbreak of Covid-19, the majority of Phase 1 interviews (10 of 15) were conducted via telephone to ensure social distancing. To address this issue, Phase 2 interviews were delayed to follow Public Health England guidance around indoor mixing, but this meant the majority (11 of 13) could be undertaken as originally planned. Covid restriction presented a limitation with regard to engagement, with some residents proving unresponsive to repeated efforts at contact. This resulted in a sample size of 15 interviews during Phase 1 and 13 interviews during Phase 2.
The interview topic guides (appendix 1 and 2) during both phases were structured around 5 key topics that were previously identified as significant areas of interest, with questions slightly modified depending on the heating system installed at that time: 
· Home routines
· Heating behaviours
· Cost
· Moisture
· Perspectives
Once interviews were completed, data were analysed using thematic analysis methods. Interview notes were transcribed and interrogated, with reoccurring subjects categorised into codes. These codes were then grouped into overarching themes that define the aggregate exchange between all participants and the researcher. This followed an inductive process, with themes guided by data.
6.3. [bookmark: _Toc80286019]Results
Figure 6.1 displays the themes and codes that emerged following data analysis in Phase 1. Full analysis of the Phase 1 interviews are presented in the High Rise Pilot Phase 1 interim report. Having established these themes in Phase 1, initial analysis considered the data collected during Phase 2 following the same thematic breakdown, to evaluate any similarities and differences between the two project phases. In the following section reporting the results from this process, Phase 1 responses are in the upper box and Phase 2 in the lower box.
Figure 6.1: Emergent themes from Phase 1 occupant interviews

[bookmark: _Toc80286020]Occupant Perspectives
On the flats
“It’s the coldest when it’s windy, I think because of the draughts”
“The lounge is the warmest because I heat it and I have the TV on. Everywhere else is freezing”
“The kitchen gets cold and the bedroom is freezing”
“If it’s windy it does get cold, it doesn’t matter if you’ve got the heating on or not. Doesn’t matter what you do to stop the draughts it still billows out”
“They need to sort the windows out, because it doesn’t warm the room up. The curtains actually blow when it’s windy”

When discussing their flat during Phase 1, occupants regularly commented that they were cold and draughty, with certain regions colder than others (typically the less occupied areas like kitchen and second bedroom). Occupants gave several suggestions as to why the flat itself may be the cause of the cold temperatures, including draughts, lack of insulation and poor quality windows and doors. 
This perspective did not change in Phase 2, with many residents commenting on perceived poor quality of the building fabric. Draughts were a common issue, with residents complaining that heat was quickly lost on windy days. As evidenced by the measured internal temperatures, there still remains substantial under-heating with regard to comfort thresholds, and this suggests that the building fabric may be contributing to this.

On the heating system
“I think the storage heaters are absolute garbage”
“I don’t rate the storage heaters, not a fan at all. They don’t work; you need to sit on them to feel any benefit”
“It’s a lot better. I had no storage heaters in the bedrooms, so it’s much better now – in the bedrooms it was 7 or 8 degrees before”
“The heating doesn’t just heat the one room, it heats the whole flat. I wanted to move flats because of the heating, but now I’m in two minds”

During Phase 1, participants expressed an almost unanimous view that they disliked the storage heaters. Complaints ranged from dissatisfaction about heater performance to excessive cost and not being fit for purpose. This dislike meant that residents would not use their storage heaters, leading to colder temperatures, lower comfort and increased risk of mould and health issues. Additionally, this dislike led to alternative heating behaviour, such as the use of a secondary heating system.
Phase 2 saw a general change in perspective, with far more positivity around the fixed heating system. Participants were far more likely to use the GSHP than they were the storage heaters, and although there were issues, the consensus was that the GSHP was more effective in providing space heating. 
On moisture and damp
“I have damp in my boy’s bedroom. Every day I am cleaning the mould and have to keep the door open”
“I’m forever battling the mould – I treat and paint it but it’s recurring”
“I did have issues before and I sorted it, and it hasn’t been back since, so maybe they helped”
“Maybe more condensation with the new system”
“We never had heat in the bathroom or bedroom but we’ve used it now we have it, for drying towels and whatnot”

During Phase 1, several occupants expressed negative perspectives on mould and damp issues, with particular concern raised for bathrooms and second bedrooms. This supports the measured data and is likely due to the combination of low temperatures, intermittent occupancy and higher levels of moisture creation in these zones. Several occupants also mentioned using indoor spaces for drying clothes where they were unable or unwilling to use either their balcony or the drying rooms. This will be a contributing factor in any moisture issues, and suggests a need for advice to residents to ensure they do not increase damp risk with indoor drying.
During Phase 2 there were far fewer comments on damp and moisture issues, and only after prompting, whereas comments were typically offered without prompt during Phase 1. There was still evidence, however, of poor moisture behaviours such as indoor clothes drying. The warmer indoor temperatures may be contributing to a lower risk of damp, supported by the measured relative humidity reduction, but there remains a need for guidance on moisture management.
[bookmark: _Toc80286021]Barriers to comfort
Storage heaters (Heating System)
“The storage heaters feel red hot but just don’t seem to heat up the room”
“They don’t have the capacity to provide heat for a full morning to night”
“Within about 10 minutes it’s warm with the new system, whereas with the storage heating it’ll be warmer in the morning. They keep it warmer for longer”
 “It takes a bit longer to warm up on a morning, as they would already be hot”

During Phase 1, indicated that the storage heaters were a barrier to attaining comfort, frequently commenting that they do not work and are not fit for purpose. Rather than a general dislike of the system, this was regarded as a specific barrier, with the system incapable of responding to their individual comfort requirements.
This was not the case with the GSHP, with residents satisfied that the system was capable of providing enough heat to meet their comfort demands. Several participants noted that there was a warming up period required when the system turned on, which was not a factor with the storage heaters. As with earlier observations, this suggests residents would be more likely to use the GSHP instead of secondary heating.
Cost
“It’s far too expensive, I can’t afford to have them all on blasting heat”
“They would probably be able to heat the flat if I used them all and turned them on but I’ve never been able to try because of the cost”
“I’ve been in the flat 15 years and never used them; can’t afford them, they were costing £7-8 a day!”
“These ones are cheaper. Way cheaper than the storage heaters”
 “I wouldn’t say they were any cheaper. The old heaters were costing me a fortune. With these ones, because they’re in every room, it feels a lot better because every room is getting warmed up. Getting more for the money”
“It’s a bit more expensive because I’m using it more. But you get more benefit out of it so it’s worth it”
“More expensive, it’s too expensive, £20 a week”

Cost was identified as a significant barrier to comfort during Phase 1. Residents felt that the storage heaters were too expensive to use as they are intended, with several individuals indicating that they believe they could improve their own comfort by using the storage heaters, but were unable to due to prohibitive cost.
During Phase 2, perspectives on cost were more varied. Several occupants expressed that they were spending more money on the new system, whilst others had seen up to 50% reduction in bills. This supports the analysis on energy use, with a wide range of energy consumption patterns and resulting costs. 
One factor affecting high costs may be misuse of the heating system, with excessive use of Sunamp auxiliary power. Residents also moved to a single tariff system in Phase 2, having been on Economy 7 previously, so high usage at peak rates may have increased their bills. Additionally, the Covid pandemic led to higher durations of home occupancy, which likely contributed to any increase in heating and energy use.
One consistent factor during Phase 2 was that, regardless of cost, residents felt the GSHP offered better value for money. Although bills may have remained high for some, the greater quality and duration of heat output from the radiators was a consistent positive. 
Heating control
“The first half an hour on a morning is lovely, when the heaters are warmed up, but as soon as you open doors you freeze”
“If you set it to minimum output and keep the doors closed the room stays comfortable – not red hot or anything but fine. If you open doors the heat just disappears”
“I’m out at work 6am-4pm and by the time I get home they have gone cold”
“I get a lot more control from the heat pump. With the storage heaters, it was warm through the night then in the day it just got colder and colder”
“You couldn’t have the heating on all day with the storage heaters as they’d run out. It was a nightmare. Now I can”
“Well, you can heat when you want, you’re able to do that. Put it on and off when you want. The storage heaters you couldn’t do that”

The third barrier to comfort identified in Phase 1 was linked to storage heater performance, but was focussed on the control of temperatures within the home. The inability to provide heat for a full day, with heat dissipated by the evening, was a barrier to comfort for individuals who were out during the daytime and for individuals who prefer a higher temperature setting. The inability of the storage heater system to provide on-demand heating, particularly on an evening, was seen as a significant barrier to comfort.
The increase in temperature control afforded by the GSHP was the most commonly expressed positive feedback during Phase 2. This encompassed both the ability to heat for longer periods and to provide near-instantaneous heat whenever it was wanted. The ability to control heating had several positive effects, including increased comfort and a decrease in the requirement for secondary heating systems.
System guidance and understanding
“It was just trial and error learning how to use the storage heaters. I have a smart meter display which helps”
“We have been here 25 years and we never got any formal guidance. Its trial and error and then you just suss them out”
“There was an engineer and he told me how to program it and everything. They did give me a leaflet as well. Plus I’m technically minded so I worked it out”
“Yes, they showed me how to use it, but I wish someone explained more. They came, showed and went. I tried to learn myself”
 “He showed me how to use the timer that was it really. You don’t know what to do if they don’t work though. Last radiator I had you had to bleed them”
“No, I got no guides or paperwork”

During Phase 1, residents highlighted a lack of guidance on how to effectively operate the storage heating system. The majority of residents indicated that they had received no guidance, and that their understanding was based on their own experience. This likely led to poor system use and bad habits, which may explain the observed intermittent and irregular heating patterns and result in poor system performance and negative comfort outcomes.
Guidance on the operation of the GSHP appeared to lack consistency, ranging from a full demonstration together with supporting documentation to no guidance at all. Additionally, several residents expressed that they had gaps in their understanding beyond what they had been shown, which has only focussed on using the heating timer and thermostat. As the system is new, this represents a missed opportunity to educate the residents on the system to ensure it is used correctly. 
The lack of consistent, comprehensive guidance is likely to lead to poor heating behaviours. This will negatively impact system performance, energy savings and cost to the resident. Effort should therefore be made to ensure residents receive additional guidance, in layman’s terms, on the correct operation of their GSHP system. Additionally, this documentation should stay with each flat, so that future residents who have not benefitted from instruction during installation have access to this knowledge. 









[bookmark: _Toc80286022]Comfort-seeking behaviours
Adaptation
“I have a curtain across the front door for the draughts”
“You end up just living in one room and getting under the duvet to keep warm”
“I have the setpoint low so that it’s just giving off a bit of heat to take the chill out”
“Sometimes I choose not to heat even though it’s cold for money reasons”
“In the living room in winter it was freezing, now it gets lovely and warm. I don’t need to wrap up – I’m in t-shirts all the time whereas I used to put on two jumpers, thick socks, and two pairs of trousers and even still get under the quilt”
“Sometimes with the storage heaters I would switch them off as it’s too expensive, and I don’t do that now. I can have the heating on all day if I want to”
“Before I only ever had the one storage heater on, whereas now I have all the radiators on except the one in the bathroom”

Phase 1 explored resident behaviours to overcome the barriers to achieving thermal comfort. These behaviours were primarily driven by personal circumstance, and this had an impact on their priorities. The most commonly reported behaviours to achieve comfort were adaptations that were low or no cost, and were primarily from residents who reported that they could not afford to use the storage heaters. 
As their priority was to save money, adaptations included reducing heat loss with homemade insulation and draught proofing solutions, or wrapping up in warm clothing and blankets. These adaptations were often done in parallel with intentional under-heating; not because of a desire to be cold but because they were unable or unwilling to use any heating system. This had obvious negative implications for occupant health and wellbeing.
Phase 2 suggested positive change with regard to these behaviours, with more residents indicating they would use the GSHP rather than go without heating. The drivers behind this change were varied but link to the analysis above, and included a reduced cost, a perception of better value for money and an increased capacity to meet their specific heating needs. This is a significant positive outcome, as the provision of warmth and comfort is beneficial to occupant health and wellbeing.








Secondary heating
“I have an electric fire in the lounge. The electric fire is better than the storage heaters; it gives off heat straight away”
“I use an oil filled radiator to keep warm on an evening. The oil heater is much better because you can control the heat”
“I would like better electric heating like electric fires that give you that instant heat rather than having to wait around for it to get warm, or going cold and then that’s it for the day”
“No, the [electric fire] is just for show now”
“Occasionally use the electric fire, very occasionally. Used it nearly every day with the storage heaters”
“I have them, I used to use them but I don’t use them now”

Where residents were able to afford heating and could prioritise attaining comfort, the use of secondary heating was common during Phase 1. This was used as a direct replacement for the storage heater or as a heating top-up on an evening. There was acknowledgement of the high cost of secondary heating, but this was often regarded as a better use of money than the storage heaters with the perception that they are more effective, highlighting the importance of control and direct heating to residents.
The use of secondary heating was significantly reduced during Phase 2, with the majority of participants saying they no longer use their additional heaters. Where residents still had secondary heating, it was used far less frequently and often only during periods of extreme cold or to bridge the gap between turning the GSHP on and the radiators warming up. This is a very positive outcome, as secondary heating was a significant contributor to energy use in Phase 1.
[bookmark: _Toc80286023]GSHP perspectives
Having evaluated the comparison between the storage heater and GSHP system according to the themes identified during Phase 1, the second stage of analysis considered the GSHP in isolation, to understand occupant perspectives of the new system in greater detail. Questions were added to the topic guide to prompt discussion around the GSHP, with the aim to identify positive or negative factors that would be useful for any subsequent GSHP project. In the following analysis, all comments are from Phase 2 of the research.
GSHP operation
“The storage heaters, I would use them as and when, not on a timer”
“Before I only ever had the one storage heater on, whereas now I have all the radiators on except the one in the bathroom”
“The storage heaters it was barely worthwhile putting them on because it was cold by about 10 whereas these you can see some benefit from them all day”

“I took it off the timer because I don’t need it all the time”
“Yeah, it was set on a timer schedule when they put it in. On 6-8 on a morning and 6-10 at night”
“It’s on a timer setting. They set it up. I just turn it off if I don’t need it – turn it off at the mains”
“I just turn it on and off when we want it using the switch in the airing cupboard”

When discussing the operation of the GSHP, two clear topics emerged. Firstly, that residents are using the GSHP more than the storage heaters, and secondly, that the control of this use was varied. Whilst some residents were happy to leave the pre-set timer and thermostat settings, several residents indicated that they did not use the timer at all. Some residents used the thermostat as the main point of control, turning it up or down to activate heat delivery. Finally, some residents suggested they periodically turned the whole system off when not in use, and even leave the GSHP turned off to avoid noise when they are sleeping.
This is particularly concerning, as poor operation of the GSHP will undermine any potential energy saving due to overreliance on auxiliary mains power. This finding supports the electricity consumption analysis in section 3, and adds further emphasis to the need for comprehensive guidance on system operation.
GSHP positives
“The control you have over when the heating is on”
“They’re a lot better than the old ones. Now, if I’m going out, I can put them on for teatime or whenever, or set them up for the morning”
“The hot water is much better”
“They keep the house warm”

As noted above, there were many positive comments on the GSHP. The most common were related to more effective heat delivery and better control, which both incentivise use of the fixed heating system and reduce the reliance on secondary systems. These positives naturally feed into perspectives around value for money, comfort and satisfaction.
GSHP negatives
 “The only thing is the noise it makes when you switch on the heaters”
“The noise when you turn it on, it’s like a jumbo jet taking off”
“All this extra stuff (pipes, ducting) but you just get used to it”
“I lost the only storage space I had with where they put the system”
“You can’t have hot water and space heating at the same time”

The most commonly occurring issue with the GSHP was noise. This included both the sound of the pump and vibration noise. Noise was also the main reason residents reported turning the GSHP off at the mains, in turn causing excessive use of auxiliary power. Future projects should give serious consideration to noise issues, and ensure that installations prioritise noise reduction. Additionally, the location of the GSHP in the bedroom, where sound has the most significant negative effect, should be reviewed in future schemes.
Loss of space was also a common issue, either the loss of storage caused by the GSHP or the additional space requirement of radiators and pipework. Whilst this equipment is necessary, future projects should bear this in mind and consider alternative solutions. It should be noted that residents were given the opportunity to decide radiator locations to minimise impact, which was received positively.
The system design means that heating and hot water are not available simultaneously, with hot water prioritised, and several residents did not like this. There is no obvious solution for this issue, given it is a characteristic of the system.
GSHP issues
“I had problems with the heat pump because I’m on the end of the line. They’ve had to put another pump in, so most of winter I had no heating”
“We moved all our stuff out to the garage so they could install the system and we were robbed. Lost everything”
“I’ve had a few hiccups with it. It’s got air in the system. When I first switch it on you can hear the air go through the system and it starts gurgling. They can’t seem to get the air out of it”

There were several unique issues noted by participants, and these were isolated to specific problems or events. This is positive, as it suggests an overall level of success, but should be acknowledged nonetheless to avoid repeating such mistakes in future projects of this nature. The issues highlighted above are particularly relevant, as they had substantial negative effects including long periods without heating and loss of property.
Occupant wish list
“Silence”
“Just to hide the pipework better”
“If it was cheaper”
“The ability to bleed the radiators and top them back up yourself”

Several occupants volunteered suggestions to improve the GSHP system, and these typically aligned with the previously discussed issues. Most common was for a reduction in noise, which is a potentially actionable change for future installations. Reduced cost was also common, however this is heavily influenced by system operation. Better information on the system was also a common occupant request, and this should be considered in future projects.



Comfort and comparison with storage heaters
“I’m a lot more comfortable now than I used to be”
“Yeah, I think I’m a lot warmer in winter”
“Oh yeah, it’s warmer now”
“I prefer the heat pump – its instant heat and you can turn it off when you don’t need it”
“I prefer the new one, the new system for definite”
“The new system is far superior”
“That one is an obvious one, the old ones were really rubbish”

Each interview concluded with the participant being asked which system they prefer, and all residents indicated a preference for the GSHP. This is a very positive outcome for the pilot study, strongly indicating that occupants value the GSHP system.
The reasons for this preference are likely to be unique to the individual and encompass themes of greater control, more effective heat delivery and better value for money. This comprehensive preference exists despite the previously discussed issues with system, further supporting the replacement of the storage heaters with a GSHP system.
6.4. [bookmark: _Toc80286024]Conclusions
To summarise the findings from the occupant interviews, residents were generally happy with the GSHP system, with overwhelming preference to the storage heaters. This was due to a higher level of comfort, a greater degree of heating control and better value for money. This positive view has led to an increased use of the fixed heating system, resulting in a corresponding reduction in the use of secondary heating. 
The better performance of the heating system also led to a reduction in severe adaptive responses such as intentional under-heating to avoid excessive cost, which is anticipated to have a positive impact on both health and wellbeing, in addition to reducing risk of damp and mould growth. Whilst there were still some comments about cold conditions, these were focussed on the building fabric.
One area that should be addressed in future projects is guidance on GSHP operation. There was evidence of mixed guidance, ranging from comprehensive guidance to no guidance at all. This has resulted in a variety of GSHP operating behaviours which are likely to undermine the energy saving potential. This is exacerbated by the heating systems being used more frequently than the previous storage heaters. This guidance should also include information on moisture management, as residents may use the new radiators as a means to dry clothes and thus introduce a risk of damp if insufficiently ventilated.
The issue of noise was very common and future projects should address this where possible, as it was a major contributing factor in GSHP devices being used incorrectly. Future projects should also consider issues around loss of storage space and the location of the GSHP, both of which were a negative impact on residents. There were several isolated issues to do with security and system failure, and these should be added to any lessons learned for future developments.

7. [bookmark: _Toc80286025]Occupant Survey
7.1. [bookmark: _Toc80286026]Overview
To allow more quantitative analysis of subjective perspectives, at the end of each interview participants were asked to complete a short questionnaire on their heating system.
7.2. [bookmark: _Toc80286027]Methodology
The questionnaire occupants were asked to complete is shown by figure 7.1. The questions are a combination of those asked by Leeds City Council during their occupant engagement activities and questions specific to this project focussed on heating systems and perception of comfort and cost. 
[image: ]
Figure 7.1: Questionnaire format
7.3. [bookmark: _Toc80286028]Results 
Figure 7.2 displays the results of the first question, investigating occupant perception of heating system performance, for both research phases. Consistent with the occupant interviews, overall perception was negative during Phase 1 with the majority of responses towards the ‘very poor’ end of the scale. Phase 2 saw a movement of responses toward the positive end of the response scale, with the majority of participants feeling that their homes were good at keeping warm. 
A Wilcoxon signed-rank test showed a statistically significant difference between question response in the two phases (Z = -2.825, p < 0.05). This gives confidence that residents were happier with their heating system performance following installation of the GSHP. It is important to note that several residents specified during survey completion that their response related to the GSHP system and not the insulation.
[image: ] [image: ]Figure 7.2: Insulation and heating performance, Phase 1 (Left); Phase 2 (Right)

The topic of heating was then explored further by asking whether occupants use a secondary heating system, the results of which are shown by figure 7.3. A large majority of occupants (87%) indicated that they use secondary heating systems during Phase 1, which is a clear indication that either the storage heating system is insufficient or that residents prefer to use secondary heating. This saw a substantial decline in Phase 2 (23%). This is supported by feedback during interviews, where residents still using secondary heating indicated use was greatly reduced. A Wilcoxon signed-rank test showed a statistically significant difference in the two phases (Z = -2.828, p < 0.05), and further supports the observation of a reduction in secondary heating.
[image: ] [image: ]
Figure 7.3: Secondary heating use, Phase 1 (Left); Phase 2 (Right) 
As shown by figure 7.4, when asked if they regard the temperature in their home to be comfortable, resident’s responses skewed towards feelings of cold discomfort during Phase 1. The use of ‘comfort’ in this question scale is intentional, to differentiate between desirable and undesirable coolness and warmth and account for personal preference. It is apparent that the majority of responses in Phase 1 do not wish to be cool and regard this thermal condition as negative. This changes during Phase 2, where all participants indicated that they were either comfortable or comfortably warm. A Wilcoxon signed-rank test showed that there was a statistically significant difference between question response in the two phases (Z = -2.971, p < 0.05), providing further evidence in support of this positive finding.
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Figure 7.4: Occupant comfort, Phase 1 (Left); Phase 2 (Right)
The final question in the survey asked about the affordability of the fixed heating system. Consistent with resident interviews, the general feedback during Phase 1 was that the heating system is expensive as shown by figure 7.5. Responses moved towards the ‘cheap’ end of the scale during Phase 2, with a Wilcoxon signed-rank test showing a statistically significant difference between question response in the two phases (Z = -2.701, p < 0.05). The term ‘cheap’ should be interpreted with caution, as several residents noted during survey completion that they regard that term relative to the high cost of the storage heating system. Nevertheless, it is a positive finding that affordability appears to have improved.
[image: ][image: ]
Figure 7.5: Heating affordability, Phase 1 (Left); Phase 2 (Right)
7.4. [bookmark: _Toc80286029]Conclusions
The comparison of survey responses indicates a very positive outcome from the GSHP pilot. Residents reported greater comfort levels, a reduction in the use of secondary heating, a greater degree of comfort and more affordable heating costs. These findings should be viewed alongside the other learnings from the project, specifically taking into account incorrect system use and the relative impact of the previous heating system.


8. [bookmark: _Toc80286030]Benefits Log
This section provides a brief summary of findings that are relevant to the benefits log outlined prior to project commencement. Where improvement targets were defined they are shown.
[bookmark: _Toc80286031]Customer satisfaction
Aim
An improvement in the percentage of residents satisfied that their heating and insulation keeps their homes warm in winter.
Measure
Improve existing satisfaction from 15% (East), 50% (West) to 80% (both).
Review
Customer satisfaction was evaluated with the occupant survey, and at length during interviews. Survey results showed that 100% of residents found their homes comfortable during winter following installation of the GSHP, a statistically significant change from the situation with the storage heaters. Additionally, overall perception of the heating system saw favourable improvement, as illustrated by figure 7.2.
Outcome
Success.
[bookmark: _Toc80286032]Energy efficiency
Aim
An improvement in the energy efficiency of the dwellings.
Measure
SAP Rating improvement from 32.6 (F) to 59 (D).
Reduction in energy use per flat.
Review
Electricity consumption saw a statistically significant reduction following the installation of the GSHP, with consumption reduced by an average of 33% per flat. Whilst positive, this should be interpreted in the context of all flats, with consumption in some dwellings increasing following GSHP installation indicating an element of comfort taking.
A draft EPC was generated for The Heights, incorporating the GSHP. This returned a SAP rating of 60 (D). Please note that the research team is not able to lodge official EPC records, and this assessment should be confirmed by a qualified EPC assessor.
Outcome
Success.



[bookmark: _Toc80286033]Carbon emissions
Aim
A reduction in carbon emissions.
Measure
Reduction in carbon emissions (KgCO₂e) per flat.
Review
Equivalent carbon emissions saw a statistically significant reduction following the installation of the GSHP, with consumption reduced by an average of 33% per flat. As with energy consumption, this should be interpreted in the context of all flats, with consumption in some dwellings increasing following GSHP installation.
Outcome
Success.
[bookmark: _Toc80286034]Energy cost
Aim
A reduction in energy cost.
Measure
Reduced daily energy spend per flat.
Increased affordability.
Review
Although electricity use was observed to decrease, this did not necessarily correspond to a decrease in cost to the occupant and significant savings were not observed across the full sample on average. This was primarily due to the change in energy pricing, with electricity consumption charged at peak tariff following GSHP installation. There was also suggestion that some occupants were using their heating system more regularly following the switch to a GSHP, indicating a level of comfort taking.
One consistent factor during Phase 2 was that, regardless of cost, residents felt the GSHP offered better value for money. Although bills may have remained high, the greater quality and duration of heat output from the radiators was a consistent positive. 
Additionally, the survey results show a statistically significant difference in affordability perspectives, with a movement towards a greater degree of affordability as shown by figure 7.5. This should be interpreted in context, with views relative to the high cost of the previous storage heating system.
Outcome
Partial Success.



[bookmark: _Toc80286035]Comfort
Aim
An improvement in occupant comfort.
Measure
Leeds City Council temperature targets.
Usability and control improvement.
Reduction in the use of secondary heating from 100% to 20%.
Review
As shown by figure 4.8, the data show a reduction in time spent below the comfort threshold following installation of the GSHP with the exception of Bedroom 1. Bedroom 1 does, however, show an increase in overheating, which is indicative of higher occupancy rates. This may be caused by higher occupancy brought about by the Covid-19, with more time spent in this space than in Phase 1.
Whilst it is encouraging to observe warmer winter temperatures and higher rates of comfort, it is relevant to note that the majority of time in all zones is below the comfort threshold. This suggests that there remains a barrier to achieving comfort in the flats that has not been overcome by the GSHP.
Usability of the heating system was a common issue in both Phase 1 and 2 and should be addressed in future projects. There was evidence of mixed guidance, resulting in a variety of GSHP operating behaviours that are likely to undermine the energy saving potential. This is exacerbated by the heating systems being used more frequently than the previous storage heaters. Future guidance should include information on moisture management.
Use of secondary heating saw a significant reduction, with only 23% of residents reporting they still use them, and only in a very limited capacity.
Outcome
Further measures required.
[bookmark: _Toc80286036]Electrical load
Aim
A reduction in electrical load per flat.
Measure
Reduction from 5kW+ to less than 5kW on average per flat.
Review
A significant reduction in both energy use and power demand was observed, as discussed in section 3. This is supplemented by the reduction in use of secondary heating.
Outcome
Success.

[bookmark: _Toc80286037]Health and safety
Aim
Prevention of moisture and damp issues.
Measure
Improvement in humidity levels
Review
Humidity levels reduced following installation of the GSHP system. This is particularly notable in the bathroom, with a significant reduction observed. This suggests that the risk of damp and mould formation has been reduced by the replacement of the heating system, and represents a positive outcome of the pilot study.
Outcome
Success.
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10. [bookmark: _Toc80286039]Appendices
[bookmark: _Toc80286040]Appendix 1: Phase 1 Interview Topic Guide

Leeds City Council High Rise Pilot
Interview Topic Guide – Phase 1

This short interview is to talk about the heating system in your home and what you think about it. Your comments are totally anonymous and there are no right or wrong answers, I just want to know about your own thoughts and experiences.
1. Tell me about a typical day in your home
· Who lives here – how many and any kids?
· Occupancy patterns
· Cooking
· Washing
· Indoor drying

2. Tell be about how you heat your home
· Heating patterns – on and off time – seasonal change?
· Set-points

· Do you understand the system?
· Do you control different rooms in a different way?
· Day/night patterns?
· Do you use other systems e.g. fan heaters?

· Cooling – do you need to use fans in summer?
· Window opening behaviour – for moisture and cooling
· When don’t you open and why?

· Have you received any advice on how to heat your home? 
· Have you received any advice on how to cool your home?
· Have you followed any advice? If not, why was that?

3. Cost
· How affordable is your heating?
· Do you ever have to make a compromise between cost and comfort?

4. Moisture
· How do you dry your clothes?
· Do you have any damp or moisture issues?
· Do you have draughts?
· How is the water heating for you? Enough hot water?

5. Perspectives
· Is your home comfortable? 
· Summer
· Winter
· Is there a difference in the comfort between rooms?

· What do you like about your heating system?
· What do you dislike about your heating system?
· What could be improved about your home heating system?
· What issues do you have and how do you overcome them?



[bookmark: _Toc80286041]Appendix 2: Phase 2 Interview Topic Guide


Leeds City Council High Rise Pilot
Interview Topic Guide
This short interview is to talk about the heating system in your home and what you think about it. Your comments are totally anonymous and there are no right or wrong answers, I just want to know about your own thoughts and experiences.
6. Tell me about a typical day in your home
· Who lives here – how many and any kids?
· Occupancy patterns

7. Tell be about how you heat your home
· Heating patterns – on and off time – seasonal change?
· Set-points
· Has your heaving behaviour changed since you got the new system?
· Does your home get warm enough for you?

· Do you feel that you understand the heating system?
· Have you received any advice on how to use the new system? 

· Do you control different rooms in a different way?
· Has the new system affected your ability to control the temperature?
· Do you use other heating systems e.g. fan heaters?

8. Cost
· How affordable is your heating?
· Has the new system has an impact on your heating bills?
· Is cost ever a barrier that stops you from using your heating system?

9. Moisture
· Do you have any damp or moisture issues?
· Has the new system affected any previous moisture issues?

10. Perspectives
· Is the temperature in your home generally comfortable?
· Is there a difference in the comfort between rooms?
· How does this compare to the old heating system?

· Thinking specifically about your new heating system:

· What do you like about the new heating system?
· What do you dislike about the new heating system?
· How do the new radiators compare to the storage heaters in terms of temperature and time to heat up the room?
· What could be improved about your home heating system?
· What issues do you have and how do you overcome them?
· Which system do you prefer – heat pump or storage heaters?


Occupant Perspectives


On the flats


On the heating system


Barriers to Comfort


Storage heaters


Comfort-seeking Behaviours


Adaptation


Secondary heating
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Heating control


System guidance and understanding
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Power (W)




06_Wh_HP	0	4.1666666666666699E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	66.066666666666663	57.26	70.473333333333329	48.266666666666666	108.52666666666667	112.42	85.373333333333335	416.37333333333333	515.29333333333329	416.17333333333335	234.94	626.49333333333334	534.5866666666667	217.43333333333334	125.39333333333333	100.19333333333333	283.33999999999997	253.27333333333334	272.65333333333331	746.25333333333333	523.28	499.16666666666669	494.86666666666667	153.55333333333334	06_Wh_SA	0	4.1666666666666699E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	65.44	54.26	38.606666666666669	66.306666666666672	61.86	37.626666666666665	81.706666666666663	40.646666666666668	63.026666666666664	111.16666666666667	202.32666666666665	224.47333333333333	206.10666666666665	147.36000000000001	130.08666666666667	119.4	149.72666666666666	115.50666666666666	236.06666666666666	425.61333333333334	367.8	175.84	135.49333333333334	102.86	Time


Power (W)
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P1_09_Wh_Heat	00	01	02	03	04	05	06	07	08	09	10	11	12	13	14	15	16	17	18	19	20	21	22	23	0	562.85875706214688	1978	2095.9830508474574	2131.5988700564972	2289.5536723163841	2037.3446327683616	1498.9661016949153	1037.7909604519773	105.48022598870057	0	0	0	0	0	0	0	0	0	0	0	0	0	0	P2_09_Wh_Heat	00	01	02	03	04	05	06	07	08	09	10	11	12	13	14	15	16	17	18	19	20	21	22	23	259.82485875706215	67.169491525423723	31.604519774011301	18.785310734463277	10.101694915254237	4.406779661016949	13.050847457627119	27.89265536723164	95.33898305084746	176.27118644067798	430.42372881355931	594.62711864406776	612.59322033898309	616.51412429378536	594.35028248587571	576.5593220338983	600.29378531073451	747.20338983050851	813.75141242937855	832.71751412429376	752.45197740112997	713.48587570621464	667.54802259887003	578.39548022598865	Time
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Power (W)




P1_06_Wh_Heat	00	01	02	03	04	05	06	07	08	09	10	11	12	13	14	15	16	17	18	19	20	21	22	23	124.64406779661017	1297.4293785310736	3228.1807909604518	2071.0338983050847	680.54802259887003	352.98870056497174	426.75706214689268	1097.4632768361582	545.83615819209035	12.830508474576272	3.8531073446327682	24.09039548022599	6.2372881355932206	0.58757062146892658	2.2824858757062145	0	0	0	2.5254237288135593	0	0	0	0	0	P2_06_Wh_Heat	00	01	02	03	04	05	06	07	08	09	10	11	12	13	14	15	16	17	18	19	20	21	22	23	135.10958904109589	114.57534246575342	112.06849315068493	110.08219178082192	172.13698630136986	154.15753424657535	171.65753424657535	469.54109589041099	591.85616438356169	522.78082191780823	442.33561643835617	868.2602739726027	751.45890410958907	366.04794520547944	256.00684931506851	222.91780821917808	443.8150684931507	357.75342465753425	522.17808219178085	1189.5068493150684	899.7534246575342	679.70547945205476	641.39726027397262	262.6849315068493	Time


Power (W)




P1_10_kW_NotHeating	0	4.1666666666666664E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	6.2717166666666657E-2	6.2350700000000002E-2	6.0577087378640787E-2	6.1117206349206359E-2	8.4552491582491535E-2	0.12824768707482986	0.13089029411764708	0.13662072327044023	0.14348383647798746	0.18538867924528299	0.1611730476190476	0.15506339622641507	0.13979006116207957	0.1561305714285714	0.19332150943396229	0.26350859477124183	0.3841818269230769	0.34838273584905666	0.25609147058823517	0.19044723270440245	0.33670026402640268	0.20694501683501684	0.17515802588996751	0.11490303921568625	P2_10_kW_NotHeating	0	4.1666666666666664E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	6.8208734817813782E-2	9.7584797570850146E-2	6.5974174788823906E-2	6.7445573308270682E-2	0.17361793939393938	0.18557594896331736	5.0300784508440999E-2	0.29101391409558386	0.22289067150635189	0.16009398086124405	0.11085510586811853	0.16853526315789469	0.24596795321637455	0.14085979636591481	0.28422014570324106	0.23861169086509385	0.39178179566563454	0.66386650014867676	0.36445005741626768	0.12938965587044549	0.30081590987272089	0.33449640178878604	4.8203568354849513E-2	4.1970678137651846E-2	Time


Power (kW)




P1_06_kW_NotHeating	0	4.1666666666666664E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	1.1344952619047615	1.0270787104622869	0.98571437333333334	0.98319344262295116	0.95353075880758797	0.97757988795518214	0.9270077134986221	0.90215165413533793	1.0235122900763358	1.1673162619047619	1.2871048201438844	1.3225799061032864	1.2443836854460097	1.2579718491484184	1.2169733563218386	1.1450782159624411	1.1642706481481491	1.3728964367816094	1.560760181405896	1.6846619953051645	1.4336837649880092	1.2310196296296299	1.2069749160671464	1.1231793525179856	P2_06_kW_NotHeating	0	4.1666666666666664E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	0.35108084507042253	0.27856647887323938	0.24444434052757791	0.23577845771144265	0.21604752997601906	0.19582203431372558	0.17819000000000007	0.28122345153664285	0.33158382882882931	0.41718029478458085	0.47851243678160926	0.52439473922902535	0.4534122747747743	0.45521641379310379	0.52065762557077633	0.45424605855855849	0.61625904761904737	0.77089990543735143	0.86778680751173687	0.82611777777777884	0.33791829836829856	0.35267359712230228	0.3859449160671462	0.3415499761904765	Time


Power (kW)




P1_02_kW_Total	0	4.1666666666666664E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	0.28519065040650404	1.1097292682926829	3.4628066108584812	2.3689076512332923	1.8047505546369023	1.7874019636213314	1.5439204871158878	0.90021809296038258	1.0257202666391072	0.29004567521014196	0.25818363304395753	0.26009169872794713	0.32508674569339024	0.28086383418252386	0.23824989775051136	0.24893685140896332	0.31340412771785681	0.39448927375449427	0.5310955555555561	0.65195939393939362	0.6857624242424244	0.62522735353535352	0.5593409494949495	0.36840424242424263	P2_02_kW_Total	0	4.1666666666666664E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	0.60729060606060603	0.56874818181818143	0.90727333333333304	0.63321090909090905	0.433048181818182	0.60273939393939402	1.1550669696969693	1.044952727272727	0.63407515151515137	0.83446787878787876	0.6528863636363641	0.92200030303030334	1.1388693939393937	1.1248812121212124	1.3161575757575756	1.2547615151515152	1.094695454545455	1.1355309090909091	0.89941151515151518	1.066022121212121	1.1661418181818184	1.2839924242424245	1.1608030303030306	0.74360393939393932	Time


Power (kW)




P1_08_kW_Total	0	4.1666666666666664E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	0.14358174661549938	3.1649399747780467	3.7389619357228856	2.9860733741632246	3.1051744100213021	2.4748398889047145	1.7618607796610171	1.0215141233280216	1.2288680338983051	0.34521468472558514	0.24567655089376669	0.30096800595238077	0.19921510734463271	0.25079464971751414	0.16155781609195397	0.20947148587570621	0.18921071455033803	0.14754981866229266	0.27253453063885275	0.30860279487179482	0.5518022774055098	0.35527272486772488	0.23425859375000008	0.2095014876033057	P2_08_kW_Total	0	4.1666666666666664E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	0.35803111111111136	0.45630710914454281	0.68139446153846173	0.66481883333333347	0.51334364444444425	0.50389166666666674	0.53322861471861471	0.30919148648648676	0.28031515815085151	0.67686885057471269	0.56683394977168899	0.66380451247165551	0.49252321342925692	0.66721722222222235	0.61656460784313716	0.52138406862745112	0.74167744966442961	1.0235529107981225	1.2856686854460095	1.129260839328537	0.81168110344827604	0.66610841491841499	0.87584225490196099	0.62577276995305131	Time


Power (kW)




P1_11_kW_Total	0	4.1666666666666664E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	0.47416709491525422	1.3395616522541218	2.2485521357173903	1.7303798743768692	1.5817070642655366	1.39696222740113	1.5947112461848174	1.4325944619928095	0.55952986289100182	9.5605642742554189E-2	0.16740496604462707	0.30548506277463916	0.25165769469369659	0.18033548821548828	0.30226761403508762	0.34259013745704459	0.28850536082474226	0.45968183333333312	0.45663932721712547	0.61768064714946069	0.64416892655367264	0.69216161016949163	0.6594268128654972	0.57623955752212419	P2_11_kW_Total	0	4.1666666666666664E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	0.27472758064516145	0.17485018181818179	0.11461529761904764	7.063801282051281E-2	6.3396234567901236E-2	6.302000000000002E-2	9.1189523809523776E-2	0.11826472222222223	0.19473576719576727	0.2898849230769231	0.480496255707763	0.54947777777777773	0.66792103603603614	0.6373002916666668	0.31807875555555554	0.25626438596491224	0.26185769953051635	0.53443055555555552	0.84433343283582052	1.0866205464480878	1.0409375384615387	1.0123161025641025	0.81424953846153869	0.56528810256410267	Time


Power (kW)




Phase 1 Average	0	4.1666666666666664E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	0.29160860461490173	1.1231383510304256	2.6081183558881129	2.63020151500104	2.5699714216237477	2.3986439547917944	1.9874047810227184	1.5196650807502614	1.1743488107969429	0.49457702060687625	0.42807863806093643	0.38698706961230661	0.35703012886367563	0.35572735180303877	0.36488183486650144	0.38787992577367358	0.43448491056711186	0.54189221600960324	0.52223154892446233	0.50608597890253793	0.46932301958228478	0.4092583074836042	0.35746307748408013	0.29833101288654795	Phase 2 Average	0	4.1666666666666664E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	0.33358427949875052	0.32812582376574656	0.3756804712845831	0.44239142807553028	0.41120545360223715	0.49288831527594862	0.64246231220966465	0.80298327840381456	0.76522261748234921	0.68562583771010521	0.72129247489807991	0.86448569312125623	0.82216812221718483	0.80439325619014868	0.84829310915588219	0.88641854122800245	1.0415004188424397	1.0253547230248756	1.075645427937854	1.0763810529060467	0.85696220178143889	0.77094297825898073	0.63474587711691477	0.43589674827831604	Time


Power (kW)




Phase 1 Peak	0	4.1666666666666664E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	2.7644558754310347	2.152845216352461	4.1784932041936829	5.2437465221433168	7.9051581430352549	6.184915293956494	6.7191542693395894	7.3643411609844458	8.2002937091184638	3.5574900866080577	0.81772249420951371	0.8029448341110127	0.77172030619123788	0.75597900932655804	0.76429472555947953	0.83787625540402255	0.93821554040840693	1.0944847336000951	1.0397357114287544	0.95665314278508395	0.89270067800544606	0.74481637743468943	0.65236985425619853	0.51948526001169626	Phase 2 Peak	0	4.1666666666666664E-2	8.3333333333333301E-2	0.125	0.16666666666666699	0.20833333333333301	0.25	0.29166666666666702	0.33333333333333298	0.375	0.41666666666666702	0.45833333333333298	0.5	0.54166666666666696	0.58333333333333304	0.625	0.66666666666666696	0.70833333333333304	0.75	0.79166666666666696	0.83333333333333304	0.875	0.91666666666666696	0.95833333333333304	0.52562489264875045	0.48600821400258842	0.59041513190879702	0.77086539376748775	0.67307414563417878	0.75142837028469145	0.91693145063460724	1.0991918910844489	1.1030171061451823	1.0794119517716514	1.2168394661647062	1.3965178431135257	1.387529623092274	1.2878983445612218	1.2716130871828422	1.3192874929666591	1.516302339870043	1.6166267401530829	1.6069207843660724	1.5294790824439979	1.4243871062299731	1.1021707143564881	0.9425541605330604	0.70525768353336427	Time


Power (kW)




% Time BELOW	
P2_T_Bath	P1_T_Bath	P2_T_Bed1	P1_T_Bed1	P2_T_Bed2	P1_T_Bed2	P2_T_Kit	P1_T_Kit	P2_T_LR	P1_T_LR	93.427773314563268	96.932925926129101	52.682943179310712	51.657416432924194	64.155516726127601	72.326029251027947	68.734984745949134	76.715562224262641	71.011413200228375	74.066755843456249	% Time WITHIN	
P2_T_Bath	P1_T_Bath	P2_T_Bed1	P1_T_Bed1	P2_T_Bed2	P1_T_Bed2	P2_T_Kit	P1_T_Kit	P2_T_LR	P1_T_LR	6.562645105655343	3.0571997520448075	33.446641398130275	39.382124171954885	23.779671658789916	18.211227173908693	28.490630481472262	21.633932770474548	27.447304448146166	24.411127633714258	% Time ABOVE	
P2_T_Bath	P1_T_Bath	P2_T_Bed1	P1_T_Bed1	P2_T_Bed2	P1_T_Bed2	P2_T_Kit	P1_T_Kit	P2_T_LR	P1_T_LR	9.581579781392572E-3	9.8743218260912511E-3	13.870415422559013	8.9604593951209157	12.064811615082474	9.4627435750633584	2.7743847725786002	1.6505050052628045	1.5412823516254539	1.5221165228294844	Location


Temperature Threshold Duration (% Total)
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