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Abstract
This paper presents new evidence from a nationwide meta-
study investigating the magnitude and extent of the difference 
between predicted and measured energy performance (energy 
performance gap) of over 50 low energy dwellings in the UK. 
Statistical testing of predicted and measured energy use is 
undertaken to assess the impact of occupancy related factors 
(number of occupants, occupancy type, pattern) on energy per­
formance, and to predict the likelihood of the space heating 
energy performance gap in UK new build housing. The dataset 
was drawn from the UK Government’s National Building Per­
formance Evaluation programme – which included the final 
reports, Standard Assessment Procedure (SAP) calculations 
and Domestic Energy Assessment and Reporting Methodology 
(DomEARM) results – and comprises 30 Passivhaus (PH) and 
62 non-Passivhaus (NPH) dwellings, covering different built 
forms and construction systems. The majority of the sample 
comprised social housing dwellings built with masonry and 
timber frames and equipped with mechanical ventilation heat 
recovery systems. Although the average annual energy use (gas 
and electricity) in the PH and NPH dwellings was found to be 
73 kWh/m2 and 117 kWh/m2 respectively, electricity use was 
not significantly different between the two groups. All dwell­
ings in the sample performed better than UK Building Regula­
tions, however average energy use was higher than predicted by 
an average of 60 %, but as much as 147 % in PH and 241 % in 
NPH dwellings. The overwhelming majority – 13 out of 14 PH 

and 35 out of 43 NPH dwellings – did not meet the predicted 
energy use, demonstrating a performance gap of 22 kWh/m2/
year and 45 kWh/m2/year respectively. Occupancy was found 
to influence 45 % of total energy use, with occupancy pattern 
being more critical than occupancy type and number of occu­
pants. Despite the high levels of fabric thermal standards, space 
heating was found to be the largest energy end use (28 % in PH 
and 42 % in NPH dwellings) followed by domestic hot water 
(28 %) and small appliances (21 %), while the ratio of regulated 
to unregulated energy was found to be 70:30. The probability of 
an energy performance gap in space heating occurring in the 
population of new build housing was found to be over 80 %. 
The study findings are important for bridging the gap between 
intent and actual performance of new low energy housing. 

Introduction
More than a quarter of the UK’s energy use, and consequent 
CO2 emissions, comes from the domestic sector (Department 
of Energy and Climate Change, 2015). With the UK govern­
ment’s legally binding target of an 80 % reduction in green­
house gas emissions by 2050, several policies have been intro­
duced to encourage energy efficiency measures in domestic 
buildings (HM Government, 2018), which are seen as offer­
ing the largest low-cost reduction potential at a sectorial level 
(Working Group Intergovernmental Panel on Climate Change 
and Intergovernmental Panel on Climate Change, 2007). 

However, despite these policies creating better thermal 
standards for new housing, it is becoming increasingly appar­
ent within academia, industry and policy-making that there 
is a disparity between modelled and in use energy efficiency 
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(Gupta and Gregg, 2012), with both domestic and non-domes­
tic buildings often underperforming relative to their design 
specifications (Carbon Trust, 2011 and Li et al., 2014). Indeed, 
studies by Monahan and Gemmell (2011) and Thompson and 
Bootland (2011) identified in-use energy being between three 
and five times greater than design predictions. This energy per­
formance gap is the result of multiple factors, including dis­
crepancies between energy modelling predictions and in-use 
performance (Menezes et al., 2021), the thermal performance 
of the building fabric (Marshall et al. (2017) and occupant 
behaviour. If this performance gap is not clearly understood, 
quantified and minimised, national policy targets (as outlined 
in the UK government’s ‘Clean Growth Strategy’ (HM Govern­
ment, 2018)) will be more difficult to achieve.

In response to this, Building Performance Evaluation (BPE) 
is often used as a diagnostic tool for gauging a building’s actual 
performance, identifying and quantifying any energy perfor­
mance gap and pinpointing the specific causes of this gap (Pre­
iser and Schramm, 2006). This then facilitates a response to rec­
tify, or at least reduce, the performance gap in the building(s) 
evaluated and can provide knowledge and understanding that 
can be used in future builds to minimise this gap. 

Several studies have been conducted with the aim of under­
standing the energy performance gap. However most of these 
have tended to adopt a case study based approach, so the find­
ings remain largely fragmented and can be difficult to compare. 
At best, actions or suggestions based on the results of building 
performance evaluation may have helped in fine-tuning the 
studied buildings’ performance but attributing the improve­
ment in performance to the changes made amidst a host of 
other influencing factors remains problematic. Searches us­
ing “Web of Science” and “Google Scholar” indicate that there 
is a lack of large-scale studies especially focussed on the gap 
between predicted and measured energy performance of new 
dwellings.  

This study presents new evidence from a meta-study of build­
ing performance evaluations conducted on ‘low-energy’ dwell­
ings throughout the UK. The dataset was gathered as part of the 
UK Government’s National research programme on Building 
Performance Evaluation (EBP). The analysis focuses on energy 
performance gap with particular consideration given to space 
heating, for a sample of 92 ‘low-energy’ dwellings: 30 certified 
Passivhaus (PH) homes and 62 non-Passivhaus (NPH) homes. 
Statistical analysis was conducted to identify any occupancy 
related factors (number of occupants, type of occupants and 
patterns of occupancy), which may have had a correlation with 
measured energy use and energy performance gap for a sub-set 
of dwellings where these data were available.

Evidence to date
Most of the studies on energy performance gap have tended to 
focus on assessing and understanding the difference between 
‘as-designed’ and ‘as-built’ performance (e.g. Gaze, 2014; ZCH, 
2014). There is much less research on comparing predicted en­
ergy use with actual (measured) energy use of new dwellings, 
and where this research does exist, it tends to be case-study 
based, thus making it difficult to draw out general principles 
that could be applied to the broader housing stock. A compre­
hensive review of the evidence of a gap between designed and 

as-built energy performance gap conducted by the Zero Car­
bon Hub in 2014 identified a wide range of issues considered 
likely to have a significant impact on the energy performance 
gap (ZCH, 2014). Fifteen issues were classified as ‘priority for 
action’ including problems in the detailed design and construc­
tion, and seventeen further issues were classified as ‘priority 
for research’. Three crosscutting themes were identified as sig­
nificant barriers to improving the performance gap: knowledge 
and skills; responsibility and communication.

While the gap between ‘as-designed’ and ‘as-built’ energy 
performance is challenging to address, more complex is the gap 
between ‘as-designed’ and actual ‘in-use’ energy performance, 
especially when UK Government’s National Assessment Pro­
cedure (SAP), which is used to calculate the energy use of a 
dwelling, uses a standard occupancy profile and ignores any 
potential effect, occupancy and occupant lifestyle may have 
on energy performance (HM Government, 2013). While SAP 
includes energy used for space heating, water heating, pumps, 
fans and lighting, it ignores energy used in cooking and small 
appliances, with the result that some discrepancy between pre­
dicted and measured energy use is to be expected.

A limited number of studies have focussed on measured 
(in use) energy performance of new dwellings in the UK and 
have revealed significant differences between expected and ac­
tual energy use. While two BPE studies that evaluated in-use 
energy performance of new dwellings (Wingfield et al, 2011; 
Gaze, 2014) attributed the energy performance gap to discrep­
ancies which arose across the building process, the understand­
ing, comfort and behaviour of occupants was found to impact 
energy consumption by a factor of 2–3 in physically identical 
homes (Steemers and Yun, 2009, Gram-Hanssen, 2010).

Several factors relating to the occupants’ relationship with 
their building have been identified to have a significant impact 
on building energy performance (Kapsali & Gupta, 2015; Gup­
ta et al, 2013; Gupta & Dantsiou, 2013; Stevenson et al, 2013; 
Gill et al, 2010; and Lomas et al, 2006). These include the qual­
ity of handover procedures and guidance for new occupants, 
the expectations and attitudes of the occupants (especially in 
relation to their thermal comfort needs) and the occupants’ 
understanding of controls and user interfaces – which influ­
ence behaviour and the ability to interact with building ele­
ments such as heating and ventilation controls. In a study of 
two neighbouring homes built to different energy principles 
(2010 Scottish Building Standards and Passivhaus standard), 
Bros-Williamson et al. (2016) found that occupancy behaviour, 
weather conditions and quality of construction all contributed 
to the design vs. actual’ performance gap and recommend­
ed an extended period of monitoring (the case study lasted 
three years) in order to more fully understand the potential 
causes of the energy performance gap. It is worth noting that a 
common factor in all of these studies is that they are case-study 
based, predominantly based around a single site and with fewer 
than ten case study buildings, making it difficult to extrapolate 
their findings to the broader housing sector.

In a comparative study of six dwellings across three differ­
ent developments, the actual energy use exceeded the SAP ‘as-
designed’ predictions in all cases, even when the standard SAP 
model was extended to include unregulated energy use (Gupta 
& Kapsali, 2014). There was also variation in the energy use of 
households within the same development (homes therefore de­
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signed to the same standards and with similar occupancy pat­
terns). This indicated that occupant behaviours, expectations 
and understanding of energy use had a significant effect on the 
variation of energy use. In a longitudinal study of the Milton 
Keynes energy park, the ‘high-usage’ group of occupants was 
responsible for the greatest increase in energy use: gas use rose 
by 20 % and electricity use by 75 % (Summerfield et al., 2007). 

It is clear that studies addressing the gap between ‘as de­
signed’ and ‘in use’ energy performance are limited and con­
textual given their case-study focus. Although occupant related 
factors have been identified as having a potentially major influ­
ence on measured energy use, these have not been explored in 
great depth. This paper aims to address both of these issues by 
examining the influence of occupant-related factors on meas­
ured energy use of new dwellings, using a meta-study approach. 
Inherent in the meta-study approach is the fact that it will not 
go into the depth of analysis that case-study-based research can 
achieve, but instead it aims to provide a better understanding of 
the recurring factors identified in the individual studies. 

Methods and overview of the BPE dataset
This paper analyses data gathered from 92 dwellings in 28 de­
velopments throughout the UK. The authors did not collect any 
of the raw data themselves; rather this is a meta-study bring­
ing together data from a national £8 million (€9 million) ‘BPE 
programme’ (2010–2014), funded by Innovate UK. The size of 
developments ranged from a single dwelling to over 787 dwell­
ings. Of the 92 dwellings 30 were certified PH (6 bungalows, 
7 flats and 17 houses) and 62 NPH (28 flats and 34 houses) 
dwellings (built to contemporary low energy standards such as 
‘Eco Homes’ and ‘Code for Sustainable Homes’).  

The database for the meta-study was built using a range of 
outputs from the BPE programme including the final report, 
the SAP1 and the DomEARM2 spreadsheets of each study 
within the programme. SAP is the methodology used by the 
UK Government to assess and compare the energy and envi­
ronmental performance of dwellings. DomEARM is the energy 
assessment and reporting methodology for domestic applica­
tions developed by Ove Arup and Partners Ltd in collaboration 
with Oxford Brookes University. The study database comprises 
energy performance data on annual energy use, space heating 
and electricity end-uses for a sub-set of 92 dwellings.

The gathered data were subjected to quality checks to en­
sure high fidelity of the developed database which comprised 

1. Standard Assessment Procedure (SAP) is the methodology used by the Gov-
ernment to assess and compare the energy and environmental performance of 
dwellings. Its purpose is to provide accurate and reliable assessments of dwelling 
energy performances that are needed to underpin energy and environmental pol-
icy initiatives. SAP works by assessing how much energy a dwelling will consume, 
when delivering a defined level of comfort and service provision. The assessment 
is based on standardised assumptions for occupancy and behaviour. This enables 
a like-for-like comparison of dwelling performance.

2. DomEARM is the energy assessment and reporting methodology for domestic 
applications developed by Ove Arup and Partners Ltd in collaboration with Oxford 
Brookes Institute for Sustainable Development. The methodology has been devel-
oped to be applied to both existing and newly constructed dwellings and includes 
3 levels of assessments. Level 1 is essentially a way of rating an occupied dwelling 
based on metered data and compared against appropriate benchmarks. Level 2 
provides better resolution of the assessment accommodating the type of heating 
and hot water systems and the inclusion of renewable energy sources. Level 3 al-
lows a breakdown to be made of the energy into end use – the fixed systems and 
appliances that are commonly used in dwellings.

62 NPH and 30 PH dwellings, including 51 houses, 35 flats and 
6 bungalows with floor areas from 39 m2 to 346 m2, designed 
to diverse standards from Passivhaus and Fabric First approach 
to Code of Sustainable Homes (CSH 2–6) and Building Regula­
tions. Figure 1 summarises the percentage distribution of the 
physical characteristics for the PH and NPH dwellings. The 
majority of construction types were either traditional masonry 
(38 %) or timber framed (50 %), but also included structural 
insulated panels (SIPs) and concrete/steel. Ventilation in all of 
the NPH dwellings and 56 % of PH dwellings was provided by 
Mechanical Ventilation with Heat Recovery (MVHR) due to 
the high thermal standards adopted, although a significant pro­
portion of PH dwellings used natural ventilation (NV) (35 %) 
and mechanical extract ventilation (MEV) (9 %). Social hous­
ing was the most common tenure type (64 %). In summary, 
Table 1 shows how many dwellings had data for each of the 
categories considered in the analysis. 

A statistical approach was used in the meta-study, which al­
lowed for conclusions to be applicable to the wider new build 
population. The quantitative performance data were analysed 
using the Statistical Package for Social Sciences (SPSS). De­
scriptive statistics (such as mean, minimum and maximum) 
were analysed for each sample of data, while standard deviation 
was used to identify the extent of the gap. Regression analyses 
were used to investigate the strength of relationship between 
building characteristics and energy performance gap, enabling 
the cases in which the gap is more likely to occur to be identi­
fied. Finally, probability analyses such as the ‘probability den­
sity function’ and the ‘Monte Carlo simulation’ were applied to 
predict the likelihood of performance gap occurrence in new 
build housing in the UK, based on the sample analysed.

Results: measured energy use and end uses
Measured energy consumption across the sample of 92 dwell­
ings was found to be within the range of 35–232  kWh/m2/
year, with a mean consumption of 103 kWh/m2/year (Table 2), 
which is approximately half the UK national average in 2013. 
The mean energy consumption in PH dwellings was found to 
be 73 kWh/m2/year whereas in NPH dwellings it increased to 
117 kWh/m2/year. Subsequently, the PH dwellings used on av­
erage 62 % less energy than NPH dwellings (T-test, significant 
at p<0.05). 

Both predicted and measured energy use data (from SAP) 
were available for 57 dwellings (14 PH and 43 NPH), as pre­
sented in Figure 2. 13 of the 14 PH dwellings showed meas­
ured energy use greater than predicted energy use, averaging 
50 % more measured than predicted up to 147 %. Similarly, 
35 of the 43 NPH dwellings (81 %) showed measured energy 
use greater than predicted energy use, averaging 63 % more 
measured than predicted, up to 241 %. The statistical relation­
ship between predicted and measured energy use is virtually 
non-existent (R2 = 0.06 for PH and 0.03 for NPH dwellings). 
Interestingly, of the 13 PH dwellings which had measured en­
ergy use greater than predicted energy use, the magnitude of 
the average performance gap was 22 kWh/m2/year. In com­
parison, of the 35 NPH dwellings which had higher measured 
energy use than predicted, the magnitude of the average per­
formance gap was 45 kWh/m2/year – more than double that 
for PH dwellings. 
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	Figure 1. Build form, tenure type, construction system and ventilation strategy for the 30 Passivhaus (PH) and 62 non-Passivhaus (NPH) 
dwellings in the study database.

Figure 2. Comparison of predicted (SAP) and measured energy use (N=57).

Table 1. Total number of dwellings with data for each of the subsamples.

Table 2. Annual energy use for 92 dwellings.

Subsample All dwellings Passivhaus Non-Passivhaus
All dwellings 92 30 62
Physical characteristics 92 30 62
SAP and measured space heating 62 12 50
SAP and measured energy 48 9 39
Energy end-use sub-categories 48 9 39

Measured Total Energy (kWh) Measured Total Energy (kWh/m2)

Mean Median Min Max Std. 
Dev.

Mean Median Min Max Std. 
Dev.

Passivhaus 
(N = 30)

5,893 4,890 2,728 16,581 3,001 73 71 38 198 30

Non-Passivhaus
(N = 62)

10,350 8,964 1,776 37,353 6,544 117 110 35 232 50

Overall 
(N = 92)

8,897 7,484 1,776 37,353 5,999 103 95 35 232 49

 
 



8. BUILDINGS: TECHNOLOGIES AND SYSTEMS …

	 ECEEE SUMMER STUDY PROCEEDINGS  1481     

8-315-19 GUPTA ET AL

The energy breakdown by fuel was significantly different 
for PH and NPH dwellings. In PH dwellings, a mean of 37 % 
(36  kWh/m2/year) was provided by fossil fuels (including 
gas and LPG), 14 % (14 kWh/m2/year) by biomass and 48 % 
(47 kWh/m2/year) by electricity, whereas in NPH dwellings, a 
mean of 46 % (87 kWh/m2/year) was provided by fossil fuels, 
25 % (48 kWh/m2/year) by biomass and only 29 % (55 kWh/
m2/year) by electricity. These results show that, on average, the 
PH dwellings used much less fossil fuel and biomass per square 
metre of floor area than electricity (non-heating) because of 
their high thermal standards. Non-Passivhaus dwellings, on the 
other hand, used a considerably higher amount of fossil fuel 
compared to electricity and biomass. Interestingly there was a 
small difference found in electricity use between PH and NPH 
dwellings (1.2 times higher in NPH dwellings), whereas fos­
sil fuel and biomass (for heating) use were on average 2.4 and 
3.3 times higher in NPH dwellings. 

Data for the energy end use categories (space heating; wa­
ter heating (gas); water immersion (electricity); ventilation 
systems (MVHR/pumps and fans); lighting; cooking; small 
appliances) were available for 48 (9 PH and 39 NPH) out of 
the 92 dwelling sample. The breakdown of energy use catego­
ries revealed that space heating was still the largest end use of 
energy, accounting on average, 28 % of the total energy use in 
PH and 42 % in NPH dwellings, but reached to a maximum 
of 52 % and 76 % in PH and NPH dwellings respectively (Fig­
ure 3). As the second and third largest energy end uses, DHW 
(water heating gas and water immersion) and small applianc­
es are comparable, accounting for 28 % and 21 % respectively 
of the total energy use in both PH and NPH dwellings. The 
highest proportions of energy use by small appliances – 49 % 
in PH and 63 % in NPH – highlighted the impact that the 
number, type and use of appliances can have on energy use. 
The results also demonstrated that despite the design inten­
tion to radically cut down space heating demand in low en­
ergy dwellings, space heating and DHW were on average, 

responsible for 50 % of the total energy use in PH dwellings 
and 63 % in NPH dwellings respectively. Although this is sig­
nificantly lower than the figure of 80 % (62 % space heating + 
18 % water heating) from the UK Housing Fact File (Palmer 
and Cooper, 2013), it is still high for dwellings designed as 
‘low energy’.

The end uses of cooking and small appliances (plug loads) 
represent the unregulated portion of measured energy use. 
About 44 (out of 92) dwellings had a complete dataset for at 
least three major end uses: space heating, hot water and small 
appliances. Analysis of these dwellings showed that unregu­
lated energy use averaged 38 % of total measured energy use in 
PH dwellings, and 29 % of total measured energy use in NPH 
dwellings, highlighting how significant the unregulated seg­
ment of energy use can be in ultra-low energy homes. This is 
especially important since unregulated energy use is not cur­
rently addressed in UK Building Regulations. 

Data for measured space heating energy were available for 
68 dwellings (12 PH and 56 NPH). The descriptive statistics 
(Table 3) showed that average space heating energy use in NPH 
dwellings (55 kWh/m2/year) was nearly two and a half times 
more than PH dwellings (23 kWh/m2/year) since the latter were 
designed to high thermal standards. 

Out of the 68-dwelling sample, modelled (predicted by 
SAP) and measured space heating energy data were available 
for 62 dwellings (12 PH and 50 NPH). When measured space 
heating energy use was correlated with modelled space heat­
ing energy for the 62-dwelling sample, a weak but statistically 
significant relationship (Figure 4) emerged. The relationship 
was found to be even weak in the subset of NPH dwellings 
(R2 = 0.29), while no statistically significant relationship could 
be identified in the PH dwelling sample due to the small sample 
size (n: 12). Although measured space heating was found to 
be nearly twice that of predicted space heating energy in NPH 
dwellings, and increasing to three times more in PH dwellings 
(Figure 4, right), the magnitude of the gap was much lower in 

Table 3. Descriptive statistics for measured space heating.

Measured Space Heating (kWh/m2)
Mean Min Max Std. Dev.

Passivhaus (N = 12) 23.0 4.8 50.3 13.8
Non-Passivhaus (N = 56*) 55.3 2.6 175.0 37.2
Non-Passivhaus (N = 50*) 58.3 3.3 175.0 37.3
*6 NPH dwellings had no SAP heating energy data. The lower row (N = 50) gives the statistics 
when these 6 dwellings are excluded from the calculations. 

 
 

Figure 3. Breakdown of energy use categories for the 48 dwellings (9 Passivhaus, 39 non-Passivhaus) with percentages shown. Note: water 
immersion electricity was less than 0.5 % in both PH and NPH.



8-315-19 GUPTA ET AL

1482  ECEEE 2019 SUMMER STUDY

8. BUILDINGS: TECHNOLOGIES AND SYSTEMS …

PH dwellings (14 kWh/m2/year in PH versus 28 kWh/m2/year 
in NPH dwellings). 

The predicted and measured space heating data were used as 
input data to Monte Carlo simulations, which predict the prob­
ability of the performance gap occurring in the population of 
new-build dwellings (approximately 200,000 dwellings per year 
(Ministry of Housing, Communities and Local Government, 
2018). The stopping criterion was achieved, and the results are 
based on 52,373 simulated cases. The “predicted” mean and 
median values were 27 kWh/m2 and 22 kWh/m2 respectively. 
There was a 5 % probability that the space heating gap would be 
up to 14 kWh/m2 and a 95 % probability that it would be up to 
87 kWh/m2. The probability of any performance gap was 81 %. 
It should be also noted that a similar analysis was conducted 
using the same sample of dwellings but with the raw (rather 
than normalised per floor area) space heating energy data. The 
probability of a performance gap in this case was 79 % which 
compared very well with the probability of 81 %.

Influence of occupancy related factors on actual 
energy use
The total (annual) measured (actual) energy use data (normal­
ised for floor area: kWh/m2/year) for the 92-dwelling sample 
were statistically analysed against three key occupancy related 
factors that included (1) Number of occupants, (2) Occupancy 
type (working adults, retired occupants, stay at home with 
children) and (3) Occupancy pattern (evenings only, evenings 
and weekends, most of the time, 24–7). The ages of adult (and 
child) occupants were not recorded, although the occupancy 
type gives some indication of the broad age ranges represented. 
Figure 5 shows the distribution of the sub-categories of these 
factors for PH and NPH dwellings. Due to the small sample 
size of PH dwellings (N=30), the subcategories presented low 
frequencies, particularly for number of occupants and occu­
pancy pattern. 

As shown in Figure  6, it was found the number of occu-
pants had little impact on measured energy use for both PH 

 
 

 
 

Figure 5. Distribution of occupancy related variables for Passivhaus and non-Passivhaus dwellings (N=92: 30 Passivhaus, 62 non-
Passivhaus).

Figure 4. Relationship between measured and predicted (SAP) space heating energy (N = 62: 12 Passivhaus and 50 Non-Passivhaus) (left) 
and descriptive statistics (right). The linear trendline (R2=0.38) is plotted, with the y=x line shown for comparison.
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and NPH dwellings given the weak statistical relationship be­
tween the two. Regression analysis of PH dwellings implied 
that for each additional occupant, the average energy con­
sumption would increase by 6.7 kWh/m2/year. For the NPH 
dwellings, regression analysis indicated that for each addi­
tional occupant the average energy consumption increased 
by 7.8  kWh/m2. Both results were found to be statistically 
significant (p<0.01).

Occupancy type was found to have a significant impact on 
the total (measured) energy used. For the 92 dwelling sample, 
occupants who stayed at home with children used an average 
of 119 kWh/m2/year compared to 107 kWh/m2/year for retired 
occupants and 92 kWh/m2/year for working adults. Interest­
ingly, the PH dwelling sample (N=30) showed a different trend 
to the NPH sample (N=62), with working adults (N=12) using 
more energy per m2 than both retired occupants and occupants 
that stayed at home with children (Figure 7). This may be an 
anomaly due to the smaller sample sizes of the different oc­
cupancy types among PH sample (see Figure 5 above, although 
no outliers were evident in the datasets) and/or the number 
of occupants and occupancy pattern of the working adults in 
the PH sample. Further investigation would be necessary to 
understand the cause of this anomaly. (These differences were 
statistically significant at p<0.05). 

It is also worth noting that similar trends were observed for 
space heating energy use, wherein working adults and stay at 
home with children in PH dwellings used significantly more 
space heating energy (per m2) than retired occupants. However 
number of occupants was found to have no statistically signifi­
cant impact on measured space heating energy use in neither 
PH nor NPH dwellings.

Grouping dwelling energy use by occupancy pattern showed 
the greatest differences. As expected, the more time occupants 
spent in their dwellings, the greater their energy use was. The 
percentage variation in energy use by category was greater in 
the 30 PH dwellings than in the 62 NPH dwellings. While in 

PH dwellings, measured energy use was 84 % and 73 % higher 
when occupancy was ‘24/7’, as compared to ‘most of the time’ 
and ‘evenings and weekends’ respectively, in NPH dwellings, 
measured energy use was 22 % higher when occupancy was 
‘24/7’ compared to ‘most of the time’ and 70 % higher when oc­
cupancy was ‘24/7’ compared to ‘evenings and weekends’. The 
statistical significance of these results were confirmed by the 
Analysis of variance (ANOVA) for both PH and NPH dwell­
ings.  

A regression model was then developed to compare the re­
lationship between the three occupancy related variables and 

Figure 7. Average energy use by type of occupancy (left) and occupancy pattern (right) for Passivhaus and non-Passivhaus dwellings.

 
 

 
 

Figure 6. Relationship between number of occupants and 
normalised measured energy use (N = 92: 30 Passivhaus, 
62 non-Passivhaus).
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measured energy use (Table 4). Such a model assumes that en­
ergy use is dependent solely on occupancy related variables, 
which is not the case but served the purpose of evaluating the 
relative strength of these variables in explaining energy use.

The model was found to be significant at p<0.01 and showed 
that the combination of number of occupants, occupancy type 
and occupancy pattern explain 45 % of the measured energy 
use. (The standardised coefficient Betas for the three inde­
pendent variables were 0.067 for number of occupants, 0.017 
for occupancy type and 0.418 for occupancy pattern, indicating 
that occupancy pattern had the largest unique contribution to 
the variance in measured energy use). The variable making the 
strongest contribution to explaining energy use was occupancy 
pattern. It should be also noted that the standardised coeffi­
cients for the variables number of occupants and occupancy type 
are not significant at p<0.05 indicating that the two variables 
have (statistically) no significant contribution in explaining 
energy use. This was also confirmed from a stepwise regression 
analysis where only occupancy pattern remained in the model, 
explaining itself 45 % of the measured energy use.

Having quantified the influence of occupancy number, type 
and pattern on measured energy use, statistical analysis was 
also conducted to investigate the impact of occupancy related 
factors on the mean difference between measured and predict­
ed energy use (energy performance gap). Correlation analysis 
revealed a relationship between both occupancy type and occu-

pancy pattern and energy performance gap. Figure 8 illustrates 
these trends. 

No statistically significant correlation was found between the 
number of occupants and the difference between measured and 
predicted energy use. Differences in the PH sub-set were pos­
sibly due to the very small sample sizes. Combining occupancy 
type and occupancy pattern showed that ‘Retired occupants’ 
and ‘Stay at home with children’ occupancy types who also had 
‘24/7’ occupancy pattern were the groups associated with the 
greatest differences between measured and predicted energy 
use. The analysis showed that the pattern and type of occupancy 
were key factors that contributed to higher (measured) energy 
use and consequently higher mean differences between pre­
dicted and measured energy use (i.e. the energy performance 
gap). 

Discussion
The meta-study used statistical analysis to assess the extent and 
magnitude of energy performance gap in a sample of 92 low-
energy dwellings in the UK, and focussed on measured energy 
use, its end uses, the proportion of energy used for space heat­
ing and the role of occupant related factors on measured energy 
use. The average energy consumption in the sample was found 
to be 73 kWh/m2/year for PH dwellings and 117 kWh/m2/year 
for NPH dwellings, which was much less than the UK national 

Table 4. Coefficient correlations and covariances for occupancy related variables (where measured energy use was the dependent variable).

Occupancy 
pattern

Number of 
occupants

Occupancy 
type

Correlations Occupancy pattern 1.00 -0.17 -0.41
Number of occupants -0.17 1.00 -0.18
Occupancy type -0.41 -0.18 1.00

Covariances Occupancy pattern 51.24 -4.32 -18.94
Number of occupants -4.32 13.11 -4.23
Occupancy type -18.94 -4.23 41.75

 
 

Figure 8. Mean difference between measured and predicted energy by occupancy type (left) and occupancy pattern (right).
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provided as quite broad ranges (e.g. “some of the time”, “most 
of the time”). They are therefore susceptible to respondent bias 
and significant margins of error. The surveys would also need 
to consider all of the occupants within the dwelling: for exam­
ple, a family with one working parent, one at-home parent and 
two young children may have significantly different patterns 
of energy use to a family with two working parents and two 
teenage children.

The study has also shown that performance gap between 
predicted and measured overall and especially space heating 
energy remains widely prevalent within the new build popula­
tion, even those designed to be low-energy. Only one of 14 PH 
dwellings and eight of 43 non-PH dwellings had measured total 
energy use lower than their predicted use, with 79 % of PH and 
76 % of NPH dwellings using at least 10 % more energy than 
their predicted use. Unless this energy performance gap can be 
firmly addressed by considering both technical and occupancy 
related factors, the building sector will not be able to achieve its 
carbon reduction targets. 

Conclusions
This cross-project meta-study based approach has statistically 
assessed the energy performance of 92 low-energy dwellings 
(30 PH and 62 NPH) located throughout the UK, and has re­
vealed that the gap between predicted energy use and meas­
ured energy use is prevalent across the majority of dwellings. 
Despite being designed and built to higher thermal standards 
than conventional new-builds, the findings revealed that space 
heating makes up a significant proportion of the overall energy 
use within both PH and non-PH dwellings. Although physi­
cal factors (fabric, services) have undoubtedly contributed to 
this, the findings of this analysis imply that occupancy related 
factors also have a significant role to play and should not be 
overlooked, particularly by Building Regulations. This trend 
may change as domestic heating energy moves from gas to 
electricity due to the efficiency of devices such as heat pumps: 
for example, 1,000 kW of heating energy currently provided 
by 1,100 kWe of gas could instead be supplied by 400 kW of 
electricity from a heat pump. 

The study also revealed that unregulated energy use for 
cooking and small appliances makes up a significant propor­
tion of overall energy use. Although devices tend to become 
more energy efficient as technology develops, this is coun­
teracted by the trend towards using more appliances that are 
used more often, indicative of the need to consider ‘sufficien­
cy’ rather than ‘efficiency’ when considering efforts to reduce 
overall energy consumption (Derby, 2007). As space heating 
demand decreases, the proportion of total energy use going 
towards unregulated categories is likely to increase further. It 
is therefore important that unregulated energy use is included 
in any design and modelling calculations, as well as Building 
Regulations. 

Finally, the analysis revealed that the most important oc­
cupant-related factor influencing overall energy use is not the 
number of occupants, but rather the type of occupants and 
even more so the occupancy pattern. It is therefore essential 
that these factors are considered in any models, and it is recom­
mended that they be included in any future analysis of dwelling 
energy use. 

average of 200 kWh/m2/year. Passivhaus dwellings were found 
to use 62 % less energy than NPH (low energy) dwellings but 
showed similar proportions of energy usage by space heating. 
Despite the dwellings being designed to very high thermal 
standards (including PH), energy used for space heating and 
hot water were responsible for 50 % of the total annual energy 
use; space heating remained as the single largest contributor 
amounting to 28 % in PH dwellings and 42 % in NPH dwell­
ings. In comparison, the UK domestic sector uses around 80 % 
of its final energy consumption on space and water heating, 
the majority of which is provided by gas (HM Government, 
2018b). Interestingly, only 17 % and 5 % of UK domestic elec­
tricity consumption is accounted for by space heating and wa­
ter heating respectively (ibid.).

These findings imply that in addition to thermal standards 
of the building fabric and efficiency of the heating system (the 
current focus of Building Regulations in the UK), other factors 
such as occupancy related are also important in determining 
space heating demand and should therefore be considered in 
future iterations of Building Regulations, which should not 
only focus on as-built performance (without occupants) but 
also the in-use energy performance of dwellings. Gram-Hans­
sen et al (2018) have recommended how (Danish) building 
regulations could be redesigned to regulate energy use dur­
ing the occupancy phase by developing alternative measures 
to energy per square meter, producing more advanced models 
simulating occupancy and the increased use of post-occupan­
cy evaluations.

Currently in the UK different contributing factors are con­
sidered in predicting domestic energy usage (Department of 
Energy and Climate Change, 2013), which include number 
of bedrooms, property type, property age, property tenure, 
household income, location and number of adults in the prop­
erty. Domestic energy use based on the number of occupants 
in the household had not been analysed until this 2013 pub­
lication (DECC, 2013), which reported that as the number of 
adults increased, the energy use increased i.e. about 24 % in­
crease in gas use between 1 and 2 adults, 9 % increase for each 
subsequent adult and 42 % increase in electricity use between 
1 and 2 adults, with much smaller increases per adult from 
3 upwards. However, the current study found that the occu-
pancy pattern (in effect, the hours that the building is occu­
pied) had a much more significant role to play in determining 
the overall energy use than the number of occupants living in 
each dwelling. Indeed, statistical analysis revealed that 45 % 
of the variance in measured energy use could be explained by 
the variance in occupancy pattern. It therefore seems impera­
tive that these factors be included in domestic energy models. 
Usually domestic energy use is normalised by calculating en­
ergy use per square metre per year (kWh/m2/year). In order 
to include occupancy pattern (hour of occupation), energy 
use could also be normalised for hours of occupation in the 
form of kWh/m2/hour of occupation. In this way, a dwelling 
which is occupied for 80 % of the time and uses 80 kWh/m2/
year could be compared more fairly against a dwelling which 
is occupied for 20 % of the time and uses 50 kWh/m2/year. 
It should be noted, however, that the occupancy patterns and 
types are based on occupant feedback in surveys and inter­
views – rather than any definitive measure such as recording 
exactly when an occupant is at home or out – and are also 



8-315-19 GUPTA ET AL

1486  ECEEE 2019 SUMMER STUDY

8. BUILDINGS: TECHNOLOGIES AND SYSTEMS …

Her Majesty’s (HM) Government, 2013. The Standard Assess­
ment Procedure (SAP). Available at: https://www.gov.uk/
guidance/standard-assessment-procedure [accessed 10th 
January 2019].

Her Majesty’s (HM) Government, 2018b. Energy consump­
tion in the UK (ECUK), 2018. Available at: https://www.
gov.uk/government/statistics/energy-consumption-in-
the-uk [Accessed: 4th March 2019].

Kapsali, M. and Gupta, R., 2015, June. Low/zero energy social 
housing in UK: a case of under-performance or unintend­
ed consequences? In eceee Summer Study proceedings. 

Li, C., Hong, T. and Yan, D., 2014. An insight into actual 
energy use and its drivers in high-performance build­
ings. Applied Energy, 131, pp. 394–410.

Lomas, K., Shipworth, T.D., Wright, A. and Summerfield, A., 
2006. Understanding the social and technical factors that 
influence energy use in UK buildings. In RICS Annual 
Conference Cobra, Proceedings of the Carbon Reduction 
in Buildings (CaRB), London, UK (p. 11).

Marshall, A., Fitton, R., Swan, W., Farmer, D., Johnston, D., 
Benjaber, M. and Ji, Y., 2017. Domestic building fabric 
performance: closing the gap between the in situ meas­
ured and modelled performance. Energy and Buildings, 
150, pp. 307–317.

Menezes, A.C., Cripps, A., Bouchlaghem, D. and Buswell, R., 
2012. Predicted vs. actual energy performance of non-
domestic buildings: Using post-occupancy evaluation 
data to reduce the performance gap. Applied energy, 97, 
pp. 355–364.

Ministry of Housing, Communities and Local Government, 
2018. ‘House building statistics’. Available at: https://data.
gov.uk/dataset/dfbfa867-4702-4857-b6fe-4622b5f09845/
house-building-statistics (Accessed: 11th January 2019). 

Monahan, S. and Gemmell, A., 2011. How occupants behave 
and interact with their homes: The impact on energy use, 
comfort, control and satisfaction. IHS BRE Press. 

Palmer, J. and Cooper, I., 2013. United Kingdom housing 
energy fact file 2013. Department of Energy & Climate 
Change, Prepared under contract to DECC by Cambridge 
Architectural Research, Eclipse Research Consultants and 
Cambridge Energy. The views expressed are not necessar­
ily DECC’sp, 172.

Preiser, W.F. and Schramm, U., 2006. A conceptual framework 
for building performance evaluation. In Assessing build­
ing performance (pp. 37–48). Routledge.

Steemers, K. and Yun, G.Y., 2009. Household energy con­
sumption: a study of the role of occupants. Building 
Research & Information, 37 (5–6), pp. 625–637.

Stevenson, F., Carmona-Andreu, I. and Hancock, M., 2013. 
The usability of control interfaces in low-carbon hous­
ing. Architectural Science Review, 56 (1), pp. 70–82.

Summerfield, A.J., Lowe, R.J., Bruhns, H.R., Caeiro, J.A., 
Steadman, J.P. and Oreszczyn, T., 2007. Milton Keynes 
Energy Park revisited: Changes in internal tempera­
tures and energy usage. Energy and Buildings, 39 (7), 
pp. 783–791.

Thompson, P. and Bootland, J., 2011. GHA monitoring pro­
gramme 2009–11: technical report results from Phase 1: 
post-construction testing of a sample of highly sustainable 
new homes. Report, Good Homes Alliance.

References
Bros-Williamson, J., Garnier, C. and Currie, J.I., 2016. A lon­

gitudinal building fabric and energy performance analysis 
of two homes built to different energy principles. Energy 
and buildings, 130, pp. 578–591.

Carbon Trust, 2011. Closing the gap–lessons learned on real­
ising the potential of low carbon building design.

Department of Energy & Climate Change (2015) ‘Energy  
efficiency statistical summary 2015’. DECC, January 
2015.

Department of Energy and Climate Change (2013). National 
Energy Efficiency Data-Framework. Available at: https://
assets.publishing.service.gov.uk/government/uploads/sys­
tem/uploads/attachment_data/file/209089/National_En­
ergy_Efficiency_Data-framework_June_2013_Part_I.pdf 
(Accessed: 9th January 2019).

Darby, S., 2007, June. Enough is as good as a feast–sufficiency 
as policy. In Proceedings, European Council for an 
Energy-Efficient Economy. La Colle sur Loup.

Firth, S., Lomas, K., Wright, A. and Wall, R., 2008. Identifying 
trends in the use of domestic appliances from household 
electricity consumption measurements. Energy and 
Buildings, 40 (5), pp. 926–936.

Gaze, C., 2014.  AIMC4 Information paper 5: lessons from 
AIMC4 for cost-effective fabric-first low-energy housing 
Part 5: As-Built performance and Post Occupancy Evalua­
tion. AIMC4 consortium.

Gill, Z.M., Tierney, M.J., Pegg, I.M. and Allan, N., 2010. Low-
energy dwellings: the contribution of behaviours to actual 
performance. Building Research & Information, 38 (5), 
pp. 491–508.

Gram-Hanssen, K., 2010. Residential heat comfort practices: 
understanding users. Building Research & Informa­
tion, 38 (2), pp. 175–186.

Gram-Hanssen, K., Georg, S., Christiansen, E. and Heiselberg, 
P., 2018. What next for energy-related building regula­
tions?: the occupancy phase. Building Research & Infor­
mation, 46 (7), pp. 790–803.

Gupta, R. and Dantsiou, D., 2013. Understanding the gap 
between ‘as designed’ and ‘as built’ performance of a new 
low carbon housing development in UK. In Sustainability 
in Energy and Buildings (pp. 567–580). Springer, Berlin, 
Heidelberg.

Gupta, R. and Gregg, M., 2012. Appraisal of UK funding 
frameworks for energy research in housing. Building 
Research & Information, 40 (4), pp. 446–460.

Gupta, R. and Kapsali, M., 2014, December. How effective are 
‘close to zero’ carbon new dwellings in reducing actual 
energy demand: Insights from UK. In 30th International 
PLEA Conference, Ahmedabad, India. 

Gupta, R., Gregg, M. and Cherian, R., 2013, June. Tackling the 
performance gap between design intent and actual out­
comes of new low/zero carbon housing. In eceee Summer 
Study proceedings.

Her Majesty’s (HM) Government, 2018a. ‘Clean Growth Strat­
egy’. Available at: https://assets.publishing.service.gov.uk/
government/uploads/system/uploads/attachment_data/
file/700496/clean-growth-strategy-correction-april-2018.
pdf [accessed 28th February 2019].



8. BUILDINGS: TECHNOLOGIES AND SYSTEMS …

	 ECEEE SUMMER STUDY PROCEEDINGS  1487     

8-315-19 GUPTA ET AL

ZCH, 2014. Closing the Gap Between Design and As-Built 
Performance–End of Term Report.

Acknowledgments
We are grateful to Innovate UK for sponsoring the I-Life pro­
ject (Insurance-backed warranty for whole life housing energy 
performance, application no: 55662-413534) and HAPI project 
(Management of housing performance information through 
hindsight, insight and foresight, application no: 55480-418162), 
which have supported this research study. 

Wingfield, J., Bell, M., Miles-Shenton, D. and Seavers, J., 2011. 
Elm tree mews field trial–evaluation and monitoring of 
dwellings performance. Report, UK, January. 

Working Group Intergovernmental Panel on Climate Change 
and Intergovernmental Panel on Climate Change, 
2007. Climate change 2007: contribution of … to the 
fourth assessment report of the Intergovernmental Panel 
on Climate Change. 2. Impacts, adaptation and vulner­
ability: contribution of Working Group II to the fourth 
assessment report of the Intergovernmental Panel on 
Climate Change. Cambridge University Press.




