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HIGHLIGHTS

® Air-permeability, U-value and whole house heat loss data were statistically tested.

® Building fabric thermal performance gap was widespread in low energy dwellings.

® Airtightness gap was trivial in Passivhaus but significant in non-Passivhaus units.

® Gap increased by 0.8 m®>/h/m? for every 1 m®/h/m? decrease in design air permeability.
® Building regulations should require in-situ tests to reduce fabric performance gap.

ARTICLE INFO ABSTRACT

This paper presents new evidence from a nationwide cross-project meta-study investigating the magnitude and
extent of the difference between designed and measured thermal performance of the building fabric of 188 low
energy dwellings in the UK. The dataset was drawn from the UK Government’s national Building Performance

Keywords:
Building fabric
Low energy dwellings

i?ss.ivlilaus Evaluation programme, and comprises 50 Passivhaus (PH) and 138 non-Passivhaus (NPH) dwellings, covering
Hler;glot:;ess different built forms and construction systems. The difference between designed and measured values of air

permeability (AP), external wall/roof thermal transmittance (U-value) and whole house heat loss were statis-
tically analysed, along with a review of thermal imaging data to explain any discrepancies. The results showed
that fabric thermal performance gap was widespread especially in terms of AP, although the magnitude of
underperformance was much less in PH dwellings. While measured AP had good correlation with measured
space heating energy for PH dwellings, there was no relationship between the two for NPH dwellings. The
regression analysis indicated that for every 1 m®/h/m? reduction in designed air permeability, the gap increased
by 0.8 m*/h/m?@50 Pa. Monte Carlo analysis showed that likelihood of AP gap was 78% in NPH dwellings
designed to 5m®/h/m?@50 Pa or lower. The study provides useful evidence for improving the fabric thermal
performance of new housing through in-situ testing.

Thermal transmittance
Co-heating test

academia, industry and policy-making that in practice, energy effi-
ciency standards are not being achieved [3], while a growing body of

1. Introduction

The domestic sector in the UK accounts for more than a quarter of
the national energy use and associated CO, emissions [1]. Under the
scope of UK’s legally binding 80% greenhouse gas emissions reduction
target to be met by 2050, various policies aimed at encouraging energy
efficiency measures in domestic buildings have been put in place in the
recent years [2]. However, there is an increasing concern within

evidence suggests that domestic and non-domestic buildings often un-
derperform as compared to the design specifications [4,5]. The so called
energy performance gap between the design intent and the actual energy
use in domestic buildings is the result of multiple factors, including
occupant behaviour, building fabric thermal performance and actual
systems efficiency. Behaviours, lifestyles and socio-economic aspects of

Abbreviations and acronyms: ACH, air change per hour; n50, air tightness @50 Pa; CSH, Code of Sustainable Homes; HLC, heat loss coefficient; ATTMA, Air tightness Testing and
Measurement Association; TSL1, Technical Standard L1; SAP, Standard Assessment Procedure; AT, temperature difference between the inside and the outside of dwellings; BS EN, British
version of European harmonised standard; DomEARM, Energy Assessment and Reporting Methodology for domestic applications; BPE, Building Performance Evaluation; PH, Passivhaus;
NPH, Non Passivhaus; SIP, Structural insulated Panel; NV, Natural Ventilation; MEV, Mechanical extract ventilation; MVHR, Mechanical Ventilation with Heat Recovery; AP,,, Measured
Air Permeability; APg4, Design Air Permeability; APp,;, difference between measured and design air permeability
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occupants may determine large variations of energy use, since they
affect the choice and control of heating and cooling systems [6], the use
of hot water for baths and showers [7,8] and the use of electric appli-
ances [9]. The extent of the energy performance gap in residential
building retrofits in Germany has been found to be as high as 300% in
comparison to the expected energy savings [10]. An analysis on 121
LEED certified buildings has revealed that half of the buildings were
performing worse, or much worse, than expectations [11]. In the UK,
building performance evaluation studies carried out in low carbon
domestic retrofits revealed that the effective reduction in annual CO,
emissions was only 40% after the retrofit, while the estimation was 80%
[12]. Monitoring studies recently carried out on flats and houses built
to low energy standards in the UK also confirm higher consumptions
compared to energy estimations [13].

The gap between modelled and measured energy use of dwellings is
the result of multiple causes, spanning poor design and technical spe-
cification in the design stage, low quality of management and work-
manship in the construction and handover phases, and differences be-
tween standard assumptions for energy modelling and actual operation
of buildings determined by occupants [14]. Occupant behaviour is often
indicated as one of the main causes of performance gap, and has been
widely investigated using three main methodologies: (1) by correlating
the actual energy use with the socio-economic characteristics of occu-
pants [5,15,16], (2) by carrying out post occupancy evaluation studies
[17,18] and (3) by simulating the impact of occupant related variable
using dynamic energy models [19-21]. The results suggest that income
and lifestyle have a higher impact on energy use for space cooling than
space heating [5,16], while the impact of occupant behaviour on
heating energy demand increases in homes designed to high perfor-
mance standards [15,19,22,23]. Despite this, most of the variability of
actual energy use in dwellings, is explained by building characteristics
rather than occupant behaviours: a study on actual consumption of
Dutch residential stock [15] revealed that building characteristics ex-
plain 42% of energy use variability, while occupant behaviour only
4.2%. For this reason, deeper understanding of the reasons for the gap
between the design and actual thermal performance of building fabric is
necessary to reduce the energy performance gap.

A key factor for the fabric thermal performance gap is the quality of
workmanship in construction and commissioning phases, which may
significantly reduce the performance of building fabric and systems
with respect to the design intent. Furthermore, the widespread use of
building energy rating and compliance tools to predict energy use at the
design stage, such as the Standard Assessment Procedure (SAP) in the
UK, leads to disparity between measured and modelled performance
since SAP is reliant on the expertise of the user, quality of data input
and appropriateness of the model to the particular context and SAP
models are usually not updated with real performance data [24].
Marshall et al. investigated the impact of inaccurate modelling as-
sumptions and demonstrated that the inclusion of empirical measure-
ments of air permeability and U-value can considerably reduce the
energy performance gap [25].

Despite the wealth of studies on energy performance gap, much of
the work to date has been case-study based. For this reason, findings are
largely fragmented and hardly comparable. This study aims at over-
coming these limitations, by investigating all aspects of building fabric
thermal performance (ventilation heat loss, thermal transmittance and
whole house heat loss) through a cross-project meta-study of the pri-
mary data on designed and measured thermal performance of the
building fabric and its effect on actual space heating energy use of 188
low energy dwellings in the UK. The study covers both houses and flats,
and different construction systems, to comparatively evaluate (for the
first time) the magnitude, extent and reasons for the fabric thermal per-
formance gap in Passivhaus and Non-Passivhaus dwellings, using sta-
tistical tests. Findings from the study have strong implications for im-
proving building energy modelling using empirical data.
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2. Building fabric thermal performance: evidence to date

Heat transfer through building fabric occurs via convection, con-
duction and radiation, with the temperature difference being the
driving force in all cases. Quality defects in construction affect building
energy performance by increasing heat losses through the building
fabric by unintended air leakage, thermal bridging and increased
thermal transmittance [26]. In a new build dwelling, repeating and
non-repeating thermal bridging can be responsible for 20-30% of the
total heat loss [27] while the respective share due to air leakage may be
up to 50% [28]. As a result, underperforming elements of the building
fabric can have a significant impact on energy use and particularly on
space heating, which is the largest energy end use in UK households,
accounting for over 60% of total energy use [29]. An extensive house
building process review of 200 plots across 21 sites undertaken by Zero
Carbon Hub in the UK, revealed widespread shortfalls in the as-built
performance of the stock, as well as a range of issues likely to have a
significant impact on the performance gap, such as lack of integrated
design between fabric and services, calculation assumptions for both
fabric heat loss and thermal bridging unrepresentative of the reality of
site construction and poor installation of fabric [30]. In another study,
based on data from 39 eco-refurbished and eco-new builds dwellings in
UK, the range of the ‘fabric-only’ heat loss performance gap was found
to be between —9% and +58% [31]; the average performance gap of
building fabric was found to be 26%, which means about 0.06 MtCOseq
more than necessary every year, only due to quality defects in new
dwellings.

Several international studies have also empirically assessed the ac-
tual building fabric performance using airtightness and infiltration
measurements. However in most cases, the empirical results were not
compared to the designed values to reveal the extent of the ‘perfor-
mance gap’. A study of 20 single-family houses in Greece undertook
airtightness and infiltration measurements, and found the average
number of air changes per hour (ACH) varied from 0.6 ACH to 7 ACH
(at a 50Pa pressure) when the tracer gas or the Blower Door test
methods were used; the results also identified linear relationships be-
tween total window frame length and airtightness [32]. An empirical
study in 23 spaces of housing, office and school buildings in Portugal
investigated the contributions of windows and roller-shutters to rooms
permeability and found out that on average, windows contribute
by15% and roller-shutters by 44% to the room permeability of typical
heavy construction buildings of Southern Europe context [33]. Another
Portuguese study carried our air permeability tests in five flats of a
single building. Although the properties had the same size, components
and construction characteristics, the results revealed wide variations in
airtightness attributed to the quality of installation work [34]. Similar
results were also found for nine semi-detached social housing dwellings
in Ireland, where the measured and modelled airtightness result dif-
fered by up to 89% [35].

Field measurements using the standardized Blower Door pressur-
isation technique were also undertaken in 32 detached houses in
Estonia. The study found a mean air leakage rate of 4.2m®/h/m?@
50 Pa and highlighted the number of storeys and quality of workman-
ship as significant determinants of airtightness [36]. The importance of
workmanship was stressed in a study in Finland where 170 single-fa-
mily detached houses and 56 apartments were tested for airtightness
[37], as well as in a Dutch study where a number of air leakage paths
including junctions and joints, openings, service penetrations and fit-
tings were identified in the dwellings under investigation [38]. In terms
of the impact of airtightness on space heating energy use, an evaluation
of a typical modern detached house in Finland yielded an almost linear
relationship between the average infiltration rate and heating energy
use with the building leakage rate, associating 15-30% of the space
heating energy to infiltration [39].

In the UK for new build dwellings, fabric thermal performance has
been empirically measured through a range of studies using air-
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Table 1
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Details of studies in the UK measuring fabric thermal performance of new dwellings.

Study No. of dwellings

Study elements

Air permeability

Ext. wall/roof U-value Whole house heat loss

Good Homes Alliance 2014 [45]
Farmer et al. 2014 [49]

Johnston et al. 2016 [46]
Littlewood JR, Smallwood 1. 2015 [42]
Gupta et al. 2013 [43]

Bell et al. 2010 [44]

Gupta R, Kapsali M. 2015 [61]
Johnston D, Siddall M. 2016 [51]
AIMC4 2014 [41]

Johnston et al. 2015 [48]
Wingfield et al. 2008 [40]
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permeability (AP) tests (blower door), whole house heat loss tests (co-
heating) and thermal transmittance (U-value) measurements, as shown
in Table 1, although most of the studies use AP tests to measure air-
tightness levels of dwellings. A detailed evaluation of the AP of 44
cavity masonry dwellings found that a third of the properties under-
performed, wherein the simpler two-storey dwelling type demonstrated
the best results, whereas the more complex 2-Y% storey room-in-roof
designs presented an airtightness performance gap due to issues re-
lating to continuity of the air barrier around the junction between the
wall and sloping section of ceiling [40]. Another study of 17 dwellings
with varying construction systems designed to Code of Sustainable
Homes (CSH) 4 yielded deviations of up to 2.4 m®/h/m?@50 Pa for over
half the dwellings [41]. Similar results were found for four dwellings
CSH 3&4, where deviations up to 3.8 m3/h/m>@50 Pa on air tightness
values were observed [42]. Discrepancies in the range of 0.8-4.7 m®/h/
m2@50 Pa were also identified in five dwellings built to EcoHomes
Excellent and CSH 5&6 standards [43], while discrepancies of
6.2-8.6 m®/h/m>@50 Pa were observed in six timber-framed dwellings
built to CSH 4, resulting in 50% higher heat loss [44]. Such dis-
crepancies are prevalent in Passivhaus dwellings, although the gap is
considerably smaller up to 0.7 m®/h/m*@50 Pa [45,46] between design
target and actual measurement. Pan analysed data from 287 post-2006
new build dwellings in UK to understand the influencing factors for
airtightness and found that critical factors include management con-
text, build method, dwelling type as well as their interactions. A two-
way interaction between dwelling type and build method was high-
lighted, suggesting that the influence of these two factors on measured
air permeability is not synchronous but interactive. The analysis re-
ported also that the dwellings built with precast concrete panels have
significantly higher airtightness levels than timber-framed dwellings,
whilst dwellings in masonry and reinforced concrete frame were found
to be the worst [47].

Co-heating tests are currently the only established method of de-
termining the thermal performance of a whole building envelope; the
test is performed by heating the inside of an unoccupied dwelling to an
artificially elevated internal temperature (25 °C in the UK) over a spe-
cific period of time to calculate the heat loss coefficient (HLC) for the
dwelling. However the extent of publicly-available data on whole house
heat loss results is not extensive. Nevertheless, the number of dwelling
undergoing such tests is increasing, which reflects the recognised need
to investigate post-construction performance. An investigation on 3
dwellings built to CSH 6 and EcoHomes Excellent highlighted devia-
tions from the SAP calculations in the range of 3-23% [43], while a
study on 25 dwellings built to Part L1A 2006 or better yielded to HLC
values up to 1.5 times higher than predicted, denoting an average gap
of 50% [48]. A wide range of discrepancies has been reported between
measured and expected HLC of some CSH 4 dwellings; 12-15% in two
detached dwellings [49], 54% across 6 timber-framed homes [44] and
up to 131-189% across 7 dwellings of different construction types [41].

675

The performance evaluation of two detached timber houses revealed
deviations of 8% and 21% in spite of both dwellings having achieved
exceptional airtightness levels, beyond the design expectations [50].
Another study of 7 timber dwellings reported deviations in the range of
6-21% in 6 of the cases [51]; similarly, the fabric performance gap of 3
timber and masonry was found to vary from 6 to 18% [46]. Higher HLC
values than calculated have been identified also in Passivhaus con-
structions, although the gap is generally of a lower magnitude.

Further evidence of the building fabric performance gap is provided
by in-situ measurements of thermal transmittance (U-value). The large-
scale study at Stamford Brook is a representative example in which the
effective U-value of external walls of retrofitted dwellings was found to
be twice the designed values, and those of floors and ceilings nearly
three times [40]. Another study of 25 dwellings of different type and
construction found that the measured whole building U-value was over
1.6 times higher than prediction [48]. Deviations from the design tar-
gets have been seen in Passivhaus dwellings as well, however, similarly
to the air permeability and whole house heat loss, the thermal trans-
mittance gap appears to be much lower and often negligible; in-situ
measurements of external walls and roofs have revealed discrepancies
in the range of 0.01-0.06 W/m?K and 0.05-0.06 W/m?>K respectively
[45,46,50]. Despite the wealth of studies on measuring the thermal
performance of building fabric of dwellings, these are largely case-study
based and not comparable. The present study seeks to adopt a statistical
approach to undertake cross-project analysis of fabric thermal perfor-
mance data for a large number of new-build dwellings in the UK, so as
to predict the likely occurrence of this gap across the population.

3. Methods and data

The study uses as designed and as built fabric thermal performance
dataset gathered through 53 building performance evaluation (BPE)
studies of new build low energy dwellings in the UK. The studies were
part of a national £8 million ‘BPE programme’ (2010-2014) funded by
UK Government (Innovate UK) [52], and were carried out in 44 de-
velopments located in Wales, Northern Ireland, Scotland and pre-
dominantly England. The size of developments ranged from a single
dwelling up to over 787 dwellings. The portfolio of domestic buildings
can be considered to be exemplary compared with industry averages.

The thermal performance of building fabric analysed in this study
are the results of a range of diagnostic field tests carried out during the
BPE programme, including air permeability test, thermal transmittance
(U-value) measurements, whole house heat loss measurements (co-
heating test) and infra-red thermography. Air permeability is a measure
of the air tightness of the building associated with the uncontrolled
infiltration or loss of air through cracks and gaps in the building fabric.
It is defined as air leakage rate per hour per square metre of envelope
area at a test reference pressure differential across the building en-
velope of 50 Pa. Accordingly, it is an inherent influencer of heating and
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cooling energy, and therefore a critical factor to grasp in the design and
construction of low energy dwellings. An air permeability test, some-
times referred to as ‘air leakage’ or ‘air pressure testing’, is a recognised
method of measuring the extent to which air is lost through leaks in the
building fabric. The test, is detailed in ATTMA TSL1 [53] for dwellings.
It involves the pressurisation (or depressurisation) of the building by
means of variable speed fan(s) installed to a suitable external opening
while the remaining openings are closed and vents are shut or sealed.
The resulting difference between the external and internal pressure is
used to calculate the permeability of the building envelope. Beyond the
basic method, the test can be extended to include both pressurisation
and depressurisation (in this case the final result is the average of the
two values) and smoke test for the identification of air leakage path-
ways. In England, Wales and Northern Ireland the pressurisation testing
of dwellings is a standard requirement of the Building Regulations since
2006 which currently set airtightness limit of 10 m®/h/m?@50 Pa,
while in 2010 became mandatory also in Scotland.

Thermal transmittance measurements (W/m?K) assess the effec-
tiveness of specific elements of the building fabric as insulators. In-situ
measurements are carried out with heat flux sensors that provide a
direct measure of the heat flux from a surface through a construction
element. The method, detailed in ISO 9869 [54], can be used to de-
termine the U-value of individual construction materials or the U-value
of building elements comprising several layers. Its value lies in pro-
viding data that enables investigative examination of a range of heat
loss mechanisms and can be particularly useful if undertaken in con-
junction with whole house heat loss measurement.

Heat loss in a dwelling is a combination of conduction, convection
and radiation through the dwelling fabric (fabric loss) and via air
leakage (background ventilation loss). The whole house heat loss test,
also called as co-heating test, is a method of measuring heat loss
through building fabric and background ventilation of an unoccupied
dwelling. The method was developed by Leeds Beckett University [55]
and involves heating a dwelling electrically with electric resistance
point heaters so as to maintain a constant internal temperature (typi-
cally 25°C) over a specific period of time, typically 1-3 weeks. By
measuring the amount of electrical energy required to maintain the
internal temperature for each day, the daily heat input (in Watts) to the
dwelling can be determined. The heat loss coefficient for the dwelling
can then be calculated by plotting the daily heat input against the daily
difference in temperature between the inside and outside of the
dwelling (AT). The resulting slope of the plot gives the Heat Loss
Coefficient (HLC - in W/K) of the whole dwelling. In most cases, a
correction needs to be applied to account for any solar energy gain
during the test. In order to obtain a sufficient AT (generally 10 °C or
more), the test should be carried out in the winter months and during
the post-construction stage.

Whilst the fabric tests detailed above, provide performance mea-
surements, they do not necessarily offer insight into where the perfor-
mance is being compromised. For this reason, thermal imaging or infra-
red thermographic surveys have been conducted in the BPE studies.
These were carried out internally and externally to the dwellings, using
a handheld thermal camera which depicts the intensity of infrared ra-
diation emitted by the surfaces and therefore the heat differential of
objects in the view based on the materials emission values. The tech-
nique, detailed in BS EN 13,187 [56], is often used as a diagnostic tool
to identify anomalies in construction which may be the result of gaps in
insulation layers, different insulation characteristics, air movement
within the structure, or more usually a combination of all three. It is
therefore particularly effective in combination with other techniques,
for example during an AP test, by directing the use of smoke test to
specific areas of the building, focusing attention on construction details
that may be performing poorly, ensuring that U-value measurements
are conducted at locations that adequately represent the area to which
they relate. The ideal conditions for thermography include an indoor-
outdoor temperature difference of at least 10 °C, no precipitation and
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wind speed of no more than 5m/s for external surveys.

3.1. Dataset and analysis approach

The database for the meta-study was built using a range of outputs
from the BPE programme such as the final report, the SAP' and the
DomEARM? spreadsheets of each study within the programme. SAP, the
Standard Assessment Procedure, is the methodology used by the UK
Government to assess and compare the energy and environmental
performance of dwellings [57]. DOmEARM is the energy assessment and
reporting methodology for domestic applications developed by Ove
Arup and Partners Ltd in collaboration with Oxford Brookes University
[58]. The study database comprises fabric performance data of 188
dwellings on air permeability, whole house heat loss, external wall and
roof U-values, thermal imaging and contextual data such as floor area,
build form, construction system and ventilation strategy.

The gathered data were subjected to quality checks to ensure high
fidelity of the developed database which comprised 138 non-Passivhaus
(NPH) and 50 Passivhaus (PH) dwellings, including 94 houses, 89 flats
and 5 bungalows with floor areas from 37 m? to 346 m?, designed to
diverse standards from Passivhaus and Fabric First approach to Code of
Sustainable Homes (CSH 2-6) and Building Regulations. Fig. 1 sum-
marises the percentage distribution of the physical characteristics for
the PH and NPH dwellings. The type of construction ranged from
structural insulated panels (SIPs), concrete and steel to traditional
masonry (73 out of 188, 39%) and timber frames (80 out of 188, 43%)
which represent typical construction systems in the UK. In terms of
ventilation strategy, natural ventilation (NV) and mechanical extract
ventilation (MEV) were adopted in 10% and 5% of the dwellings re-
spectively, whereas the overwhelming majority (85%) used Mechanical
Ventilation with Heat Recovery (MVHR) due to the high thermal
standards adopted. The most common tenure type across the dwellings
was social housing (133 out of 188; i.e. 71%).

The meta-study adopted a statistical approach to assess the differ-
ence between as design and as build air permeability, thermal trans-
mittance and whole house heat loss of dwellings from comparable BPE
studies (that followed a consistent approach to data collection), thus
allowing for conclusions to be applicable to the wider new build po-
pulation. The quantitative performance data at the dwelling level were
analysed by means of the Statistical Package for Social Sciences (SPSS),
while the more qualitative thermal imaging data were analysed at the
development level. Due to data availability, the respective sample sizes
varied between 188 dwellings for air permeability, a subset of 62
dwellings for thermal transmittance and a subset of 29 dwellings for
heat loss (Table 2). Each dwelling is represented by a unique ID (e.g.
D1, D2, D3, etc.) that is consistent throughout the paper.

Descriptive statistics were analysed for each sample of data, which
included the average, minimum and maximum values of the ‘perfor-
mance gap’ in terms of air permeability, external wall U-values, roof U-
values and whole house heat loss for Passivhaus and non Passivhaus
dwellings. The analysis of standard deviation was used to identify the

1 Standard Assessment Procedure (SAP) is the methodology used by the Government 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 policy 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 occu-
pancy and behaviour. This enables a like-for-like comparison of dwelling performance.

2 DomEARM is the energy assessment and reporting methodology for domestic appli-
cations developed by Ove Arup and Partners Ltd in collaboration with Oxford Brookes
Institute for Sustainable Development. The methodology has been developed to be ap-
plied to both existing and newly constructed dwellings and includes 3 levels of assess-
ments. 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 allows a breakdown to be made of the energy into end
use — the fixed systems and appliances that are commonly used in dwellings.
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Fig. 1. Build form, tenure type, construction system and ventilation strategy for the 50 Passivhaus (PH) and 138 non-Passivhaus (NPH) dwellings in the study
database.
Table 2

Sample size of building performance data analysed.

Air permeability (N. of External wall U-value (N. of

Roof U-value (N. of

Whole house heat loss (N. of ~ Thermal imaging (N. of

dwellings) dwellings) dwellings) dwellings) developments)
Passivhaus 50 14 5 6 10
Non-Passivhaus 138 48 15 23 34
Total 188 62 20 29 44

extent of the gap. Regression analyses were applied to investigate
correlations between building fabric characteristics and performance
gap, so as to identify the cases in which the gap is more likely to occur.
Finally, probability analyses such as the ‘probability density 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.

4. Results
4.1. Designed and measured air permeability

Designed and measured air permeability data were reviewed for 188
dwellings in 43 developments. The data were derived from air perme-
ability tests conducted to the ATTMA standard [53], though the test had
been extended to include both pressurisation and depressurisation with
the final air permeability result represented by the average of the two.
The average measured air permeability over the 188 dwellings (3.8 m*/
h/m?@50 Pa) was marginally lower than the respective design value
(4.0 m%/h/m?@50 Pa), however the median values of design and
measured air permeability were 3.0 m3/h/m?>@50Pa and 4.0 m®/h/
m2@50 Pa respectively denoting a performance gap. Surprisingly there
was a weak correlation between designed and measured air perme-
ability for PH (R = 0.35), and NPH (R = 0.24) dwellings (Fig. 2a),
which is why a large number of dwellings (96 out of 188; 51%) failed to
meet the designed air permeability levels (Fig. 3).

The designed air permeability was in the range of 0.4-0.6 m®/h/
m?@50 Pa for PH, while for NPH it ranged from 1.5 m>/h/m?@50 Pa in
a one-off dwelling to 10 m3/h/m?@50 Pa which is the minimum re-
quirement set in Part L of the Building Regulations. The results from the
air permeability tests indicated that over half the PH dwellings (29 out
of the 50; i.e. 58%) did not meet the design target, presenting on
average 0.5m>/h/m?@50 Pa higher air permeability (Table 3). The
respective fraction of NPH dwellings was slightly lower (67 out of 138;
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i.e. 49%), however the average gap was substantially higher at 1.9 m*/
h/m?@50 Pa (Table 3). The maximum deviation from the design target
was further representative of the extent of the airtightness performance
gap; the widest gap was 1.3 m®/h/m?@50 Pa among PH dwellings, and
considerably higher at 6.3 m%/h/m?@50 Pa among NPH dwellings.

Further scrutiny of the AP data revealed a strong tendency of NPH
envelopes designed to 5m®/h/m?@50 Pa or better to demonstrate an
air permeability gap. The regression model depicted in Fig. 2b (sig-
nificant at p < 0.05) shows that the lower the designed air perme-
ability, the higher was the difference with the measured air perme-
ability, indicating the importance of workmanship in achieving high
levels of airtightness. The regression model indicated that for every
1 m®/h/m>@50 Pa decrease in design air permeability, the gap between
actual and intended AP increased by 0.8 m3/h/m?@50 Pa, with the cut-
off point being at 5 m®/h/m>@50P.

The analysis of AP data by construction systems for NPH dwellings
revealed that concrete and timber-framed constructions performed
better than designed, while masonry dwellings underperformed by an
average of 1.3 m*/h/m?@50 Pa demonstrating the need for greater at-
tention to detail (Fig. 4). Interestingly the results for PH dwellings
showed minimal deviations from the design target for both masonry
and timber constructions, indicating that the quality of detailing and
workmanship is more important than the type of construction.

As shown in Fig. 5, when airtightness was analysed by ventilation
strategies (centralised MVHR, MEV and NV), the small sample size of
dwellings with MEV and NV was seen to perform better than designed.
Although dwellings with MVHR systems had considerably lower de-
signed and measured air permeability, by 0.3m®/h/m?@50Pa and
1.8 m®/h/m?@50 Pa with respect to MEV and NV dwellings respec-
tively, majority of NPH dwellings with MVHR (88 out of the 109, i.e.
81%) had measured AP higher (worse) than 3.0 m®/h/m?@50P when
evidence suggests that the energy required to run the MVHR systems is
likely to be greater than the energy saved, resulting in increased energy
use overall [59].
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Fig. 2. (a) Relationship between design and measured air permeability for 50 Passivhaus and 138 non-Passivhaus dwellings and (b) rate of change of the difference
between measured and design air permeability with changes in the design target for the 138 non-Passivhaus dwellings.

4.2. Thermal transmittance

In assessing fabric performance, in-situ measurements are particu-
larly useful in determining the U-value of elements of the building
envelope (walls, roofs) comprising several layers, thus enabling the
investigation of a range of heat loss routes. The measurements in the
dwellings reviewed were taken by means of heat flux plates positioned
on the elements under investigation and were carried out in accordance
with ISO 9869 [54]. Design and in-situ external wall U-value data were
reviewed for 14 PH and 48 NPH in 37 developments. The mean mea-
sured U-value across the 62 dwellings was higher (worse) than the
design value by 0.06 W/m?K (i.e. 35% higher). The respective differ-
ence was only 0.03W/m?K (27% higher) among PH dwellings and
wider at 0.07 W/m?K (39% higher) among NPH dwellings (Table 4).
The in-situ measurements revealed higher values than designed in 37
out of 62 (i.e. 60%) dwellings (8 out of 14 Passivhaus and 29 out of 48

non-Passivhaus) while in 10 cases the measured U-value was beyond
the Part L1A limit (Fig. 6a). The average gap derived from the 37 un-
derperforming dwellings was 0.12 W/m? K while the corresponding gap
in PH and NPH dwellings was at 0.05W/m?K and 0.14 W/m?K re-
spectively.

The external wall U-value data were further analysed against the
construction system revealing higher mean in-situ U-values for dwell-
ings built with masonry, concrete and SIPs and lower for timber and
steel (Fig. 7a). Comparing the two traditional construction systems in
the UK, timber frames seem to perform 0.14 W/m?K better than ma-
sonry construction, which was also found to exhibit the highest dif-
ference between design and measured external wall U-value (0.15W/
m?K).

Design and in-situ roof U-value data were reviewed for 20 dwellings
(5 Passivhaus and 15 non-Passivhaus) in 14 developments. The mean
measured U-value was higher than the design value by 0.08 W/m>K

1"

10 m Design air permeability

m Measured air permeability

Air permeability (m*h/m>@50Pa)

2 NI
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Fig. 3. Design and measured air permeability for 50 Passivhaus and 138 non-Passivhaus dwellings.
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Table 3
Descriptive statistics of designed and measured air permeability for PH and NPH dwellings.
Non-Passivhaus Passivhaus
Total sample AP, > APy AP, < AP4 Total sample AP, > AP4 AP, < APy
(N =138) (N =67) (N=71) (N = 50) (N =29) (N =21)
Design air permeability AP4 (m®/h/ Mean 5.2 3.9 6.5 0.6 0.5 0.5
m%@50 Pa) Min 1.5 1.5 2 0.4 0.4 0.4
Max 10 8 10 0.6 0.6 0.6
SD 2.6 1.4 29 0.1 0.1 0.1
Measured air permeability AP, (m®/ Mean 4.9 5.8 4.1 0.8 1 0.5
h/m>@50 Pa) Min 1.3 2 1.3 0.3 0.5 0.3
Max 9.3 9.3 8.7 1.9 1.9 0.6
SD 1.9 1.7 1.6 0.4 0.4 0.1
APy, = AP, — AP4 (m*/h/m’@ Mean —0.3 1.9 -2.4 0.2 0.5 -0.1
50 Pa) Min -7.3 0.01 -7.3 -0.3 0.01 -0.3
Max 6.3 6.3 -0.01 1.3 1.3 0
SD 2.8 1.3 2.3 2.8 0.4 2.3
(i.e. 62% higher): the average difference among PH dwellings was 10

0.04 W/m?K (44% higher) while for NPH dwellings it was higher, at
0.10 W/m?K (71% higher) (Table 4). The roof element had failed to
perform to its design intention in 15 (4 Passivhaus and 11 non-Pas-
sivhaus) out of the 20 dwellings (Fig. 6b) with the average under-
performance being 0.12 W/m?K. Similar to the thermal transmittance
of external wall, the roof U-value discrepancies were lower at 0.04 W/
m?K for PH dwellings and higher at 0.15 W/m?*K for NPH dwellings.

4.3. Whole house heat loss

Whole house heat loss data were available for 6 Passivhaus and 23
non-Passivhaus buildings across 21 housing developments. The whole
house heat loss (co-heating) tests had mostly been undertaken in ac-
cordance with the Leeds Becket University protocol [55]. The predicted
heat loss coefficient (HLC) across the 29 dwellings ranged from 36.6 W/
K to 337.8 W/K presenting a mean value of 92.6 W/K (Table 4). The
majority of dwellings (20 out of 29; i.e. 69%) were seen to underper-
form showing an average gap of 32.8 W/K, while deviations up to
127 W/K were observed (Fig. 8). About 5 out of 6 PH dwellings and 15
out of 23 NPH dwellings underperformed in terms of whole house heat
loss, presenting an average gap of 4.5 W/K and 42.1 W/K respectively.

Overall, however, the mean measured HLC from the 29 dwellings
(109.4W/K) can be considered close to the mean predicted HLC
(92.6 W/K) since the average difference, 18%, is close to the generally
acceptable discrepancy of up to 15%. The percentage deviation across
the total sample of PH dwellings was only 5% but significantly higher at
20% for NPH dwellings (Table 4). Further analysis of the HLC data

7
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o =~ N W OO N 0 ©

|
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MEV (9) NV (20)
Non-Passivhaus (138)

Fig. 5. Designed and measured air permeability by ventilation strategy for 50
PH and 138 NPH dwellings.

revealed that mean in-situ HLC of most construction systems was higher
than the respective predicted value (Fig. 7b). The highest performance
gap was identified in masonry dwellings (41.1 W/K) which were seen to
perform on average 20.4 W/K worse than timber-framed dwellings.

4.4. Infrared thermal imaging

Thermal imaging surveys (internal and external) were conducted
across all 44 housing developments to identify the likely reasons for the
fabric performance gap. A review of the qualitative data gathered from
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Fig. 4. Mean designed and measured air permeability by construction system for 50 PH and 138 NPH dwellings.



R. Gupta, A. Kotopouleas

Table 4
Descriptive statistics of designed and measured external wall and roof U-values
and heat loss coefficients.

Design External Wall U-values  In-situ External Wall U-values

(W/m*K) (W/m?K)
Mean Min Max SD Mean Min Max SD
All dwellings 0.17 0.09 0.27 0.04 0.23 0.09 1.27 0.17
(N =62)
Passivhaus 0.11 0.09 0.15 0.02 0.14 0.10 0.20 0.03
(N =14)
Non-Passivhaus  0.18 0.11 0.27 0.04 0.25 0.09 1.27 0.19
(N = 48)

Design Roof U-values (W/m?K) In-situ Roof U-values (W/m?K)

Mean Min Max SD Mean Min Max SD
All dwellings 0.13 0.09 0.18 0.03 0.21 0.09 0.65 0.17
(N = 20)
Passivhaus 0.09 0.09 0.10 0.01 0.13 0.09 0.16 0.03
(N=5)
Non-Passivhaus  0.14 0.10 0.18 0.02 0.24 0.11  0.65 0.18
(N =15)
Design HLC (W/K) Measured HLC (W/K)
Mean Min Max SD Mean Min Max SD
All dwellings 92.6 36.6 337.8 585 1094 381 2450 57.1
(N =29)
Passivhaus 46.3 36.6 63.6 11.5 4838 381 60 7.9
(N =6)
Non-Passivhaus 104.6 36.7 337.8 59.9 1252 394 245 53.6
(N =23)

thermal imaging was undertaken at development level and the defects
identified were classified according to their location within the building
fabric into eight categories, as shown in Table 5. Common ‘weak points’
identified in nearly half of the case study developments were at the
eaves level as well as junctions and joints. The majority of develop-
ments (84%) including all PH sites showed heat loss around windows
and doors, indicating the need to improve detailing, specification and
workmanship. In 25% of the developments, thermal bridging was evi-
dent around service penetrations and fittings such as extract fans and
MVHR supply vents. Other defects included unregulated heat gain from
inadequately insulated pipework.

The examination of the thermographic data against the construction
system adopted showed that timber frame dwellings have thermal
bridging issues with a frequency of occurrence comparable to masonry
dwellings, in spite of the expected advantages in workmanship asso-
ciated with offsite timber construction (Table 5). Thermal weakness in
junctions and joints were found in 8 out of 20 of developments with
timber-framed dwellings and in 7 out of 14 of developments with ma-
sonry dwellings. A comparison between the NPH (34) and PH (10)
developments revealed a significantly lower frequency of defects
amongst the latter, highlighting the importance of attention to detail
that is integral in a PH approach. Defects associated with roofs, eaves
and loft spaces for instance, were revealed in only 2 out of 10 PH de-
velopments and in over half (18 out of 34) of the NPH developments.
Moreover, thermal deficiencies in junctions and joints were found in
over 60% (21 out of 34) of the NPH developments and none in the PH
developments (Table 5).

4.5. Cross-analysis of fabric performance data and space heating energy use

Available data from AP tests, thermal transmittance measurements
and co-heating tests were cross-analysed for 28 (6 PH and 22 NPH)
dwellings (Table 6). Despite the small sample of PH dwellings with a
complete set of fabric performance data, it is evident that PH dwellings
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perform well across all the three in-situ tests, indicating the robustness
of the PH standard. On the other hand, 13 out of 22 NPH dwellings
showed a gap in fabric performance in two out of the three in-situ tests,
indicating that the prevalence of building fabric underperformance
(Fig. 9). Interestingly there were a few NPH dwellings (such as D12 and
D17 in Table 6) in which the AP gap was very low, but the performance
gap in terms of whole house heat loss and/or thermal transmittance was
quite high (Fig. 9). This is substantiated by the fact that no significant
correlations were found between the results of the three in-situ tests,
thereby highlighting the need to combine the various in-situ tests into a
comprehensive fabric performance test so as to establish the actual
performance of building fabric.

To investigate the impact of fabric thermal performance on space
heating, data on the actual (in-use) space heating energy use were as-
sessed with measured AP and HLC values. Fig. 10a indicates that 65%
of the variability in space heating can be explained by AP in PH
dwellings, whereas there was no relationship observed between the two
(R? = 0.07) for NPH dwellings. These findings imply that high level of
airtightness (measured low AP) on its own may not lead to low space
heating energy use, since there are other factors such as type of heating
system, controls, and occupant behaviour that are also important fac-
tors. Conversely, 90% of the variability in space heating energy use can
be explained by HLC values albeit for a small sample of nine dwellings
(Fig. 10b), indicating that HLC is likely a better determinant of space
heating energy air tightness alone.

The cross-analyses does imply that a comprehensive building fabric
test would be more effective in assess building fabric performance than
just an air permeability test, as currently required by Building
Regulations.

4.6. Estimating the probability of a fabric performance gap in the population

The quantity and quality of data on AP performance gap allowed
Monte Carlo simulations and probability density function (PDF) ana-
lysis to be undertaken to investigate the probability of an AP perfor-
mance gap occurring in the population of new build housing. The
Monte Carlo simulations are used to model the probability of different
outcomes in a process that cannot easily be predicted due to the in-
tervention of random variables. PDF is a statistical expression that de-
fines a probability distribution for a continuous random variable. When
it is graphically portrayed the area under the curve indicates the in-
terval in which the variable will fall, while the total area in this interval
of the graph equals the probability of the continuous random variable
occurring. In this application, the input data used in Monte Carlo si-
mulations were the designed (AP4) and measured (AP,,) air perme-
ability. Firstly, the best fit distributions of design and measured air
permeability were identified by means of the Anderson-Darling and
Kolmogorov-Smirnov goodness of fit tests. Then the data were used as
inputs to the simulation analysis which was conducted separately for
PH and NPH dwellings as well as for different NPH sub-datasets shown
in Table 7. The simulation plan was as follows: the maximum number of
cases to be simulated was set to 100,000 while the stopping criterion
was set to 1% of the mean value, meaning that cases were generated
until the confidence interval of the mean of the target (i.e. the differ-
ence between measured and designed air permeability, APp,;), at the
95% confidence level, was within 1% of the mean value. The number of
simulated cases for each sub-dataset is shown in Table 7. The simulated
data were subsequently used to determine the probability density
function and its graphical illustration and its graphical illustration to
evaluate the probability of an air permeability gap. The PDF mathe-
matical expressions are explained in Ref. [60].

The “predicted” mean and median values of AP,,, were found to
coincide at —0.9 m®/h/m*@50 Pa for NPH and 0.3 m*/h/m*@50 Pa for
PH dwellings (Fig. 11). In both cases this was close to the respective
average difference between measured and design air permeability over
the dwellings reviewed (Table 2). The reference line at the 95% point of



R. Gupta, A. Kotopouleas Applied Energy 222 (2018) 673-686

1.4
1.3
1.2

—-—Design U-Value (W/m?K)
—=In-situ U-Value (W/m?K)
—Part L1A limit

Thermal transmittance (W/m?2K)

0.0
ONOTONTONOONTOONOUTON—TANTONMNNNDOTONNMNOTDOOODINTTANOLOLONTNONMNONMOMO O
SR N R e R R SR R S FR AR LR SR S kg
[aY ==} [aYaYafallafalaYaYaNa¥aYaRalaYaFalala e RalallictalalllaWaal [aY=RaiaYa ay¥a) [aY ==}
Passivhaus (14) ‘ Non-Passivhaus (48) ‘ (a)
0.7
——Design U-Value (W/m?K)
0.6 —=In-situ U-Value (W/m?K)
—Part L1A limit
¥ 05
1S
S
8
2 04
5]
=
€
2
g 0.3
©
€
@
< 02
= /—W\/
0.1
0.0

D156 D160 D13 D14 D143‘D126 D127 D141 D142 D12 D36 D163 D128 D129 D19 D153 D175 D86 D188 D155‘
Passivhaus (5) ‘ Non-Passivhaus (15) ‘ (b)

Fig. 6. Design and in-situ U-value of (a) external walls for 62 dwellings and (b) roof for 20 dwellings.

. 04
< o 140
§ Part L1A limit 2 120
~ 0.3 - c
(0]
§ :8 100
= T 80
§ 02 8
& @ 60
® ®
€ 01 - o 40
£ § 20
c
Concrete SIPs (2) Masonry Timber Steel (3) Concrete  SIPs (2) Masonry  Timber
®3) (17) (37) (4) (10) (13)
® Design Ext. Wall U-value ® In-situ Ext. Wall U-value  (a) mPredicted HLC ~ mMeasured HLC (1)

Fig. 7. Design and in-situ (a) external wall U-values for 62 dwellings and (b) HLC for 29 dwellings by construction system.

681



R. Gupta, A. Kotopouleas

Applied Energy 222 (2018) 673-686

400

= Predicted HLC (W/K)

350

300

= Measured HLC (W/K)

250

200

150

Heat loss coefficient (W/K)

100

50

Passivhaus (6)

Non-Passivhaus (23)

Fig. 8. Predicted and measured heat loss coefficient for 29 dwellings.

Table 5
Fabric related defects and frequency of occurrence from thermographic surveys of 44 developments.
Roof/Eaves & loft ~ Junctions & Walls only Ceilings only Windows & Fittings/Service Slab/ground Other
space joints doors penetrations level
Overall (44 developments) 20/44 21/44 15/44 11/44 37/44 10/44 4/44 11/44
Passivhaus (10 developments) 2/10 0/10 3/10 3/10 10/10 1/10 0/10 2/10
Non-Passivhaus (34 18/34 21/34 12/34 8/34 27/34 9/34 4/34 9/34
developments)
Table 6
Fabric thermal performance of dwellings with air permeability, HLC and U-value data.
Dwelling ID  Build form Floor area Construction system Ventilation Air permeability gap” HLC gap® Ext. wall U-value Roof U-value
(m?) gap’ gap’
Passivhaus (6) D14 Bungalow 66 Timber MVHR 0.7 2 0.00 0.04
D13 Bungalow 66 Timber MVHR 0.3 3 0.00 0.04
D37 House 101 Timber MVHR 0.1 -8 —0.02 n/a
D156 House 81 Masonry MVHR 0.0 8 0.05 -0.01
D33 House 78 Timber MVHR -0.1 8 —-0.02 n/a
D32 House 99 Timber MVHR -0.3 2 n/a n/a
Non-Passivhaus (22) D153 House 93 Masonry MVHR 6.3 34 0.13 0.09
D154 House 93 Masonry MVHR 5.2 25 n/a n/a
D30 House 94 Timber MVHR 2.7 -4 0.29 n/a
D83 Flat 43 Concrete MVHR 2.6 -3 0.21 n/a
D58 Flat 70 Masonry MVHR 2.6 93 0.05 n/a
D138 House 103 Masonry MEV 2.4 127 1.07 n/a
D140 House 920 Masonry MVHR 21 37 0.26 n/a
D29 House 94 Timber MVHR 1.7 -18 n/a n/a
D139 House 90 Masonry MVHR 1.5 28 n/a n/a
D16 House 120 Timber MEV 1.1 -5 n/a n/a
D163 House 90 SIPs MVHR 1.1 46 0.26 0.01
D6 House 87 SIPs MVHR 0.9 3 n/a n/a
D35 House 84 Masonry NV 0.9 25 n/a n/a
D45 House 121 Masonry MVHR 0.9 41 n/a n/a
D155 House 329 Timber MVHR 0.7 —104 —0.01 0.50
D34 House 82 Timber NV 0.2 -5 0.02 n/a
D41 House 107 Timber MVHR 0.0 57 n/a n/a
D36 House 98 Masonry NV -0.9 -6 —-0.04 0.03
D12 Bungalow 160 Timber MVHR -15 86 0.23 0.03
D17 Flat 49 Concrete MVHR -4.6 10 n/a n/a
D85 House 107 Timber NV -6.0 -12 0.01 n/a
D18 Flat 83 Concrete MVHR -7.3 0 n/a n/a

@ Measured minus design value.
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Table 7

Probability of air permeability gap and probability that the gap is within a certain range.

No. of simulated
cases

Air permeability ranges (m®/h/m?@50 Pa) and probability (%)

Probability of air

permeability gap

<0 0-1 0-2 0-3 0-4 >4
Non-Passivhaus dwellings (N = 138) 100,000 62% 13% 23% 31% 35% 3% 38%
Non-Passivhaus dwellings with design air 63,390 22% 21% 45% 63% 73% 5% 78%
permeability = 5m?/h/m*@50 Pa (N = 90)
Non-Passivhaus Houses with design air 66,259 23% 21% 44% 61% 71% 6% 77%
permeability < 5m®/h/m?’@50 Pa (N = 54)
Non-Passivhaus Flats with design air permeability < 5m®/ 100,000 35% 26% 48% 59% 63% 1% 65%

h/m*@50 Pa (N = 36)

Air permeability range (m®/h/m?@50 Pa) and probability (%)

Probability of air

<0 0-0.5 0-1 >1 >1.5

permeability gap

Passivhaus dwellings (N = 50) 73,263

30% 44% 67% 4% 0%

70%
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the probability density charts indicate a 95% probability that APy, is
up to 3.5 m®/h/m?@50 Pa for NPH and up to 0.9 m3/h/m?>@50 Pa for
PH dwellings.

The results revealed that the probability of an air permeability gap
is high at 38% for NPH dwellings and considerably higher at 70% for
PH dwellings but with a much lower magnitude (Table 3). The prob-
ability that NPH dwellings demonstrate an air permeability gap in the
range of 0-3 m®/h/m?@50 Pa is 35%, whereas for PH dwellings there is
only 4% probability the gap is wider than 1 m®/h/m?@50 Pa (Table 7).
Moreover, the analysis suggest that the likelihood of an air permeability
gap in NPH constructions increases significantly from 38% to 78% for
dwellings designed to 5m®/h/m?@50 Pa or lower, while further in-
vestigation of this sample of dwellings showed that houses are more
likely to underperform than flats, with the respective probabilities
found at 77% and 65% respectively.

5. Discussion

The presence of significant fabric performance gap in this sample of
dwellings that were designed and constructed to low energy standards
by expert teams who were also aware of the monitoring and testing
regime through the BPE programme, indicates a widespread prevalence
of this gap across the population of new-build housing in the UK. The
fabric performance gap was more profound in terms airtightness
(Table 3) with the probability of an AP performance gap being
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considerably high (Table 7) across the population of new-build housing.
Underperformance in terms of whole house heat loss and thermal
transmittance of roof and external wall was of a much smaller magni-
tude and often within expectations. Despite this windows and doors
were identified as weak points in nearly all case study developments,
suggesting that thermal weakness around openings is endemic irre-
spective of the construction system (Table 5). Analysis of the thermal
imaging survey data also revealed that thermal defects could occur
anywhere within the building fabric, from junctions/joints and roofs to
slab/ground level and service penetrations, highlighting the need to
improve specification, detailing and workmanship.

The study has also reinforced the need to have updated as-built
energy models with in-situ performance test data to reduce the per-
formance gap by capturing the impact of design and construction
changes on fabric thermal performance. Using statistical analyses, the
study has for the first time, provided adjusting factors (Table 8) that can
be applied to the design values of air permeability and thermal trans-
mittance so as to reduce the magnitude of the performance gap. This
will also help to improve the accuracy of energy models for new build
dwellings in the UK.

Although a proportionally higher proportion of PH dwellings were
found to deviate from the design intent, the magnitude and extent of
the gap was small. On the other hand, the fabric performance gap was
significant in NPH dwellings. This is why although the probability of
underperformance in terms of airtightness was considerably higher for
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Table 8
Suggested adjusting factors to be applied to design values (d.v.) for air-per-
meability and thermal transmittance (U-values).

Fabric performance
parameter in models

Adjusting Factors

Passivhaus dwellings Non Passivhaus dwellings

d.v. + 0.05m%/h/
m?@50 Pa

Air permeability Masonry dwellings:

d.v. + 1.3m%/h/m?@50 Pa

Other construction types:
+0.83m*/h/m*@50 Pa for
every 1 m®/h/m>@50 Pa decrease
in design air permeability starting
from 5m>/h/m*@50P
Wall U-value

if timber or steel if timber or steel

d.v. + 0.03W/ d.v. + 0.07 W/m*K
m2K if masonry, SIPs or concrete:
if masonry, SIPs or d.v. + 0.14 W/m?K
concrete:

d.v. + 0.05W/m?*K

Roof U-value d.v. + 0.04 W/m?K d.v. + 0.10W/m?K

PH (70%) than NPH (38%) dwellings (Table 7), the measured gap was
on average 0.5 m®/h/m?@50 Pa for PH and nearly four times higher for
NPH dwellings (Table 3). Moreover, the average discrepancy between
designed and measured performance of walls and roofs was minimal
(0.04 W/m?K) among PH dwellings, whereas it was almost three times
higher in underperforming NPH dwellings. Similarly, the percentage
deviation of whole house heat loss was only 5% for PH dwellings and
four times higher for NPH dwellings. Whether evaluated by means of a
single in-situ test (Tables 3 and 5) or by all the three in-situ tests
(Table 6), PH dwellings were seen to perform well, indicating that good
design, detailing and workmanship are key factors to reducing the
fabric thermal performance gap.

The study has also revealed that the fabric performance gap was
consistently larger for dwellings with masonry construction which is
the most common type of build system in the UK. Compared to their
timber counterpart, masonry builds were found to be leakier (Fig. 4)
and have higher external wall thermal transmittance and whole house
heat loss (Fig. 7). The AP gap of 1.3 m®/h/m?@50 Pa (Fig. 4) in ma-
sonry dwellings can be largely attributed to the common construction
practice of plasterboard dry-lining and timber intermediate floors in the
UK. Despite the expected link between airtightness and heating energy
use, the study found a weak relationship between measured air per-
meability and space heating energy use in NPH dwellings, suggesting
the influence of other factors such as building services, control and
occupant behaviour. The strong relationship between whole house heat
loss coefficient and space heating energy use, along with the fact that
there were cases with minimal air permeability gap but high whole
house heat loss or U-value gaps, reinforce the need to carry out a
comprehensive fabric performance test rather than the piecemeal AP
tests that are currently required for a sample of dwellings in a housing
development.

6. Conclusions

The cross-project meta-study based approach has statistically as-
sessed the building fabric thermal performance (in terms of measured
air permeability, whole house heat loss, thermal transmittance and
thermographic survey data) of 188 new build low energy homes (50 PH
and 138 NPH dwellings), and revealed widespread deviations from the
design intent across the majority of dwellings that were designed to
high thermal standards.

The findings show that building to the design intent is not com-
monplace. The prevalence of the fabric performance gap, more pro-
found in terms of airtightness, and the occurrence of thermal defects
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across the building fabric has highlighted the need for integrating better
detailing and workmanship, and diagnostics to detect any deviation
from the design intent. A comprehensive fabric test including air per-
meability, U-value (heat flux) measurements and thermal imaging
survey, of all new build dwellings during the construction and post-
construction stages would be more reliable than just an air permeability
test that is presently conducted for a sample of dwellings. The results
from these in-situ tests can also help to update as-built energy models to
produce predictions closer to actual performance. Identifying the un-
derlying causes of the fabric performance gap are relevant to a range of
stakeholders (designers, engineers, constructors and policy-makers)
involved in the design and delivery of dwellings. Ultimately insights
from this study can help to improve the future versions of Building
Regulations to require updated as-built models informed by results of
in-situ testing, so that dwellings’ thermal performance is as intended,
thereby contributing to national carbon targets.

Acknowledgements

We are grateful to Innovate UK for sponsoring the I-Life project
(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 fore-
sight, application no: 55480-418162), which have supported this re-
search study. The authors are also thankful to Dr. Agnese Salvati for her
assistance in revising the paper.

References

[1]

Department of Energy & Climate Change. Energy efficiency statistical summary
2015. DECC; January 2015.

[2] Her Majesty’s (HM) Government. Climate change act 2008. London: HM
Government; 2008.

[3] Gupta R, Gregg M. Appraisal of UK funding frameworks for energy research in
housing. Build Res Inform 2012;40(4):446-60.

[4] Carbon Trust. Closing the gap: lessons learned on realising the potential of low
carbon building design. Report CTG047, London; 2011.

[5] Cheng L, Tianzhen H, Da Y. An insight into actual energy use and its drivers in high-
performance buildings. Appl Energy 2014;131:394-410.

[6] Steemers K, Young Yun G. Household energy consumption: a study of the role of
occupants. Build Res Inform 2009;37(5-6):625-37.

[7]1 Fuentes E, Arce L, Salom J. A review of domestic hot water consumption profiles for
application in systems and buildings energy performance analysis’. Renew Sustain
Energy Rev 2018;81:1530-47.

[8] Schleicha J, Hillenbrand T. Determinants of residential water demand in Germany.
Ecol Econ 2009;68:1756-69.

[9]1 Yohanis YG, Mondol JD, Wright A, Norton B. Real-life energy use in the UK: how
occupancy and dwelling characteristics affect domestic electricity use. Energy Build
2008;40:1053-9.

[10] Cali D, Osterhage T, Streblow R, Miiller D. Energy performance gap in refurbished
German dwellings: lesson learned from a field test. Energy Build
2016;127:1146-58.

[11] Cathy T, Mark F. Energy performance of LEED® for new construction: final report.
Washington DC: U.S. Green Building Council; 2008

[12] Gupta R, Gregg M. Do deep low carbon domestic retrofits actually work? Energy
Build 2016;129:330-43.

[13] Jonesa RV, Fuertes A, Goodhew S, de Wilde P. The actual performance of aspiring
low energy social houses in the United Kingdom. Energy Procedia
2017;105:2181-6.

[14] de Wilde P. The gap between predicted and measured energy performance of
buildings: a framework for investigation. Autom Constr 2014;41:40-9.

[15] Guerra Santin O, Itard L, Visscher H. The effect of occupancy and building char-
acteristics on energy use for space and water heating in Dutch residential stock.
Energy Build 2009;41:1223-32.

[16] Yi CY, Peng C. Correlating cooling energy use with urban microclimate data for
projecting future peak cooling energy demands: residential neighbourhoods in
Seoul. Sustain Cities Soc 2017;35:645-59.

[17] Menezes AC, Cripps A, Bouchlaghem D, Buswell R. Predicted vs. actual energy
performance of non-domestic buildings: using post-occupancy evaluation data to
reduce the performance gap. Appl Energy 2012;97:355-64.

[18] Borgstein EH, Lamberts R, Hensen JLM. Mapping failures in energy and environ-
mental performance of buildings. Energy Build 2018;158:476-85.

[19] De Meester T, Marique AF, De Herde A, Reiter S. Impacts of occupant behaviours on
residential heating consumption for detached houses in a temperate climate in the
northern part of Europe. Energy Build 2013;57:313-23.

[20] Motuziene V, Vilutiene T. Modelling the effect of the domestic occupancy profiles

on predicted energy demand of the energy efficient house. Procedia Eng


http://refhub.elsevier.com/S0306-2619(18)30434-3/h0015
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0015
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0025
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0025
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0030
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0030
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0035
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0035
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0035
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0040
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0040
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0045
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0045
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0045
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0050
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0050
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0050
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0060
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0060
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0065
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0065
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0065
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0070
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0070
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0075
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0075
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0075
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0080
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0080
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0080
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0085
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0085
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0085
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0090
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0090
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0095
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0095
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0095
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0100
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0100

R. Gupta, A. Kotopouleas

[21]

[22]

[23]

[24]

[25]

[26]
[27]
[28]
[29]
[30]

[31]

[32]

[33]

[34]
[35]
[36]
[37]
[38]

[39]

[40]

2013;57:798-807.

Ahn KU, Kim DW, Park CS, de Wilde P. Predictability of occupant presence and
performance gap in building energy simulation. Appl Energy 2017;208:1639-52.
Rouleau J, Gosselin L, Blanchet P. Understanding energy consumption in high-
performance social housing buildings: a case study from Canada. Energy
2017;145:677-90.

Kragh J, Rose J, Knudsen HN, Jensen OM. Possible explanations for the gap be-
tween calculated and measured energy consumption of new houses. Energy
Procedia 2017;132:69-74.

Kelly S, Crawford-Brown D, Pollitt MG. Building performance evaluation and cer-
tification in the UK: is SAP fit for purpose? Renew Sustain Energy Rev
2012;16:6861-78.

Marshall A, Fitton R, Swan W, Farmer D, Johnston D, Benjaber M, et al. Domestic
building fabric performance: closing the gap between the in situ measured and
modelled performance. Energy Build 2017;150:307-17.

Alencastro J, Fuertes A, de Wilde P. The relationship between quality defects and
the thermal performance of buildings. Renew Sustain Energy Rev 2018;81:883-94.
Zero Carbon Hub. Thermal bridging guide — an introduction to thermal bridging in
homes, London; February 2016.

Energy Saving Trust. Enhanced construction details: thermal bridging and air-
tightness, CE302; October 2009.

Department of Energy & Climate Change. United Kingdom housing energy fact file
2013. DECC; December 2013.

Zero Carbon Hub. Closing the gap between design and as-built performance.
Evidence review report. London; March 2014.

Gorse AC, Glew D, Miles-Shenton D, Farmer D, Fletcher M. Building performance:
fabric, impact and implications. In: Sustainable building 2013 Hong Kong regional
conference, urban density & sustainability, 12-13 September; 2013..

Sfakianaki A, Pavlou K, Santamouris M, Livada I, Assimakopoulos MN, Mantas P,
et al. Air tightness measurements of residential houses in Athens, Greece. Build
Environ 2008;43:398-405.

Almeida RMSF, Ramos NMM, Pereira PF. A contribution for the quantification of
the influence of windows on the airtightness of Southern European buildings.
Energy Build 2017;139:174-85.

Pinto M, Viegas J, de Freitas VP. Air permeability measurements of dwellings and
building components in Portugal. Build Environ 2011;46:2480-9.

Sinnott D. Dwelling airtightness: a socio-technical evaluation in an Irish context.
Build Environ 2016;95:264-71.

Kalamees T. Air tightness and air leakages of new lightweight single-family de-
tached houses in Estonia. Build Environ 2007;42:2369-77.

Vinha J, Manelius E, Korpi M, Salminen K, Kurnitski J, Kiviste M, et al. Airtightness
of residential buildings in Finland. Build Environ 2015;93(2):128-40.

Bramiana CN, Entrop AG, Halman JIM. Relationships between building character-
istics and airtightness of Dutch dwellings. Energy Procedia 2016;96:580-91.
Jokisalo J, Kurnitski J, Korpi M, Kalamees T, Vinha J. Building leakage, infiltration,
and energy performance analyses for Finnish detached houses. Build Environ
2009;44:377-87.

Wingfield J, Bell M, Miles-Shenton D, Lowe B, South T. Partners in Innovation
project. Lessons from Stamford brook — understanding the gap between designed
and real performance, Report Number 8 - final report; November 2008.

686

[41]

[42]

[43]

[44]

[45]
[46]

[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Applied Energy 222 (2018) 673-686

AIMC4 Partners in Innovation. Information paper — lessons from AIMC4 for cost-
effective fabric-first low-energy housing Part 5: As-built performance and post oc-
cupancy evaluation. AIMC4 consortium; June 2014.

Littlewood JR, Smallwood I. Testing building fabric performance and the impacts
upon occupant safety, energy use and carbon inefficiencies in dwellings. Energy
Procedia 2015;83:454-63.

Gupta R, Gregg M, Cherian R. Tackling the performance gap between design intent
and actual outcomes of new low/zero carbon housing. In: ECEEE 2013 summer
study proceedings; 2013.

Bell M, Wingfield J, Miles-Shenton F. Seavers J. Low carbon housing: Lessons from
Elm Tree Mews. York: Joseph Rowntree Foundation; 2010.

Good Homes Alliance. Community in a cube: riverside one case study; 2014.
Johnston D, Farmer D, Brooke-Peat M, Miles-Shenton D. Bridging the domestic
building fabric performance gap. Build Res Inform 2016;44(2):147-59.

Pan W. Relationships between air-tightness and its influencing factors of post-2006
new-build dwellings in the UK. Build Environ 2010;45:2387-99.

Johnston D, Miles-Shenton D, Farmer D. Quantifying the domestic building fabric
'performance gap'. Build Serv Eng Res Technol 2015;36(5):614-27.

Farmer D, Johnston D, Sutton R, Stafford A, Eaton C. GHA Monitoring programme
2011-2013: technical report (Derwenthorpe prototypes). London: GHA; 2014.
Guerra-Santin O, Tweed C, Jenkins H, Jiang S. Monitoring the performance of low
energy dwellings: two UK case studies. Energy Build 2013;64:32-40.

Johnston D, Siddall M. The building fabric thermal performance of Passivhaus
dwellings — does it do what it says on the tin? Sustainability 2016;8:97.

Innovate UK. Building performance evaluation: overview of the programme port-
folio; November 2014.

ATTMA Technical standard L1: measuring air permeability in the envelopes of
dwellings, September 2016 Issue; 2016.

ISO. Thermal insulation — building elements — in-situ measurement of thermal re-
sistance and thermal transmittance. ISO 9869; 1994

Wingfield J, Johnston D, Miles-Shenton D, Bell M. Whole house heat loss test
method, (coheating). Centre for the Built Environment, Leeds Becket University;
2010.

British Standards Institution (BSI). Thermal performance of buildings-qualitative
detection of thermal irregularities in building envelopes-infrared method. BS EN
13187; 1999.

The Standard Assessment Procedure (SAP). Source: < https://www.gov.uk/
guidance/standard-assessment-procedure > [accessed 3 May 2017].

DomEARM. Source: <http://webarchive.nationalarchives.gov.uk/
20170130153049/, https://udc.homesandcommunities.co.uk/sites/default/files/
carbon_challenge _appendices.pdf> [accessed 3 May 2017].

Sharpe T, McGill G, Gupta R, Gregg M, Mawditt I. Characteristics and performance
of MVHR systems. A meta study of MVHR systems used in the Innovate UK Building
Performance Evaluation Programme. Technical Report, Innovate UK; 2016.

IBM. Probability Density Functions. <https://www.ibm.com/support/
knowledgecenter/en/SSLVMB_23.0.0/spss/base/densdistfunctionlist.html > [ac-
cessed 26 Feb 2018].

Gupta R, Kapsali M. Empirical assessment of indoor air quality and overheating in
low-carbon social housing dwellings in England, UK. Adv Build Energy Res 2015.
http://dx.doi.org/10.1080/17512549.2015.1014843.


http://refhub.elsevier.com/S0306-2619(18)30434-3/h0100
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0105
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0105
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0110
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0110
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0110
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0115
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0115
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0115
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0120
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0120
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0120
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0125
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0125
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0125
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0130
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0130
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0160
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0160
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0160
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0165
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0165
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0165
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0170
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0170
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0175
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0175
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0180
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0180
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0185
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0185
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0190
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0190
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0195
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0195
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0195
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0210
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0210
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0210
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0230
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0230
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0235
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0235
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0240
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0240
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0245
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0245
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0250
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0250
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0275
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0275
http://refhub.elsevier.com/S0306-2619(18)30434-3/h0275
https://www.gov.uk/guidance/standard-assessment-procedure
https://www.gov.uk/guidance/standard-assessment-procedure
http://webarchive.nationalarchives.gov.uk/20170130153049/
http://webarchive.nationalarchives.gov.uk/20170130153049/
https://udc.homesandcommunities.co.uk/sites/default/files/carbon_challenge_appendices.pdf
https://udc.homesandcommunities.co.uk/sites/default/files/carbon_challenge_appendices.pdf
https://www.ibm.com/support/knowledgecenter/en/SSLVMB_23.0.0/spss/base/densdistfunctionlist.html
https://www.ibm.com/support/knowledgecenter/en/SSLVMB_23.0.0/spss/base/densdistfunctionlist.html
http://dx.doi.org/10.1080/17512549.2015.1014843

