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Homes contribute 22% of UK carbon emissions, 45% of which are primarily for space heating energy.
Delivery of highly insulated homes, new build and retrofit, is needed to help meet the UK’s 2050 net zero
carbon target. Similar policies are being adopted across the developed world to limit rising carbon emis-
sions. Unfortunately, most new and retrofitted buildings use as much as 250% more energy than pre-
dicted by computer models at design stage, the so-called ‘energy performance gap’. Although emerging
evidence suggests that buildings built to the low-energy Passivhaus standard do not demonstrate such
a gap, data are often from small-scale forensic investigations. Here, we present the first large-scale sys-
tematic evaluation of this standard in occupied buildings using multi-year data from 97 UK Passivhaus
dwellings spread across 13 sites. As frequency and type of data collection varies between sites, we adopt
a pessimistic approach to the analysis by systematically over-estimating space heating demand in the
presence of uncertain data. Results pooled across multiple years, show that mean observed space heating
demand is 10.8 kWhm2a�1 (SD 9.1) with no statistically significant difference against predicted demand
of 11.7 kWhm2a�1 (p = 0.43, d = �0.1). These results provide powerful evidence in favour of the
Passivhaus standard as a reliable means of obtaining low-energy and low-carbon buildings and should
be seen in the context that the space heating demand of the average UK home is currently about 145
kWhm2a�1 and a new build home about 50 kWhm2a�1.

� 2020 Published by Elsevier B.V.
1. Introduction

1.1. Performance gap

All buildings constructed to meet a prescribed energy standard
or code are at risk of a performance gap, described as the difference
between the predicted thermal and energy performance derived
from computer simulations and the actual measured building fab-
ric and energy use once the building is occupied [1–4]. This is
because some variations in measured energy performance natu-
rally appear due to differences in household sizes, occupation pat-
terns and chosen internal comfort temperatures [2,4]. Therefore, it
would be usual for some buildings to use more energy than pre-
dicted, and others less. However emerging research shows that
many buildings use more energy than predicted, than those that
use less than predicted, suggesting the presence of a systematic
bias in the actual energy performance of buildings compared to
design expectations [5].

Dwellings use 28% of all UK final energy [6], contributing 22% of
total emissions by end user [7], compared to non-domestic build-
ings which contribute 12% of total emissions [8]. As there is little
sign of an abatement in these emissions [9,10], a performance
gap in dwellings will have a significant impact on overall energy
and emissions reduction targets. Space heating demand typically
makes up 66% of total energy use [11], so greater than predicted
space heating will impact the overall energy performance of a
dwelling more than any other individual end-use. The UK’s Zero
Carbon Hub concluded that there is clear evidence of an energy
performance gap in new dwellings, which is a risk to homeowners,
developers, and government (ZCH, 2014). Field testing has shown
that fabric heat losses can be between 50% and 60% more than
design predictions [12,13], and space heating demand typically
100%–150% greater in new build homes [2,14]. The main identified
reasons for this energy performance gap are the quality of the
design and building modelling, construction and commissioning,
occupancy patterns, user behaviour, and robustness of post occu-
pancy testing [1–3,14–18].

One of the challenges to understanding the energy performance
gap is the lack of post-construction monitoring [19]. This shortage
of performance data means that the building industry does not
know if it is delivering on the expected energy standards. At the
time of writing, the UK government is consulting on a new Future
Homes Standard [20], partially designed to address performance
gap concerns. However, without a strong evidentiary basis, there
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Table 1
Summary of the main elements of the Passivhaus standard.

Energy Limiting standard

Space heating demand �15 kWhm2a�1

Heat load �10 Wm2a�1

Primary energy
demand

�120 kWhm2a�1

Building fabric Limiting standard
Floor/Walls/Roof �0.15 Wm2K�1

Windows and doors �0.8 Wm2K�1

Air permeability �0.6achn50

Thermal bridges Zero
Overheating �10% occupied hours over 25 �C (internal

temperature)

1 These are not disaggregated by domestic and non-domestic, but the overwhelm-
ing majority are known to be domestic.
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is a risk that the energy performance gap may not be eliminated
and may even increase [1,12]. Therefore, it is imperative that
homes built to today’s standards meet design expectations, whilst
considering user preferences, to ensure that any improvement in
regulation translates into a similar improvement in actual building
performance.

1.2. Passivhaus

Passivhaus is a demanding energy performance standard for
both domestic and non-domestic buildings [21], and is a leading
global low-energy building specification. To date, over 65,000
buildings have certified to this standard, including 1,300 in the
UK [22,23]. A Passivhaus is designed to deliver super-insulated
and airtight comfortable buildings, that have a space heating
demand so low that there is no requirement for a conventional
heating system. The low heating loads could be met through a
heating element in the mechanical ventilation system alone, with-
out compromising on comfort, though other heating systems are
also used.

The maximum permitted annual space heating demand in a
European climate is� 15 kWhm2a�1 or a heating load� 10Wm2a�1.
In addition, there are minimum requirements for U-values, ther-
mal bridges, air permeability, primary energy use and overheating
risk. A summary of the main elements of the Passivhaus standard is
given in Table 1. Crucially, space heating demand is calculated
using Treated Floor Area [TFA), which excludes certain elements
such as internal partitions, double height ceilings and any area
below 1 m in height, e.g. under staircases. As annual space heating
demand is divided by TFA, and not total or built floor area, this
tends to encourage the maximisation of usable floor area within
the building during the design process.

Designing and demonstrating compliance with the Passivhaus
standard is achieved using Passive House Planning Package (PHPP)
which was developed by the Passive House Institute (PHI) in 1988
and is based on EN 832 (ISO 13 790). PHPP comprises of a series of
interconnected spreadsheets representing steady state monthly
heat flow and is used to calculate the annual heat balance, final
energy demand and overheating risk. It has been calibrated with
dynamic simulation models (DYNBIL) and verified against mea-
sured consumption data [24,25].

Each certified Passivhaus goes through a quality assurance pro-
cess, through a detailed review of the design and construction,
including evidence from site, by an experienced independent certi-
fier. This is to ensure that the buildingwill perform as intended [26].

1.3. Passivhaus case studies in the UK

There have been several in-depth case studies of UK-certified
Passivhaus homes, typically on individual sites, and often provide
a forensic analysis of the performance of the building fabric (sum-
marised in Table 2). The results of post-construction building test-
ing show small variations in heat loss coefficients, in situ U-values,
and air permeability, but in general the measured results were
close or very close to design predictions [27]. As these values are
already very low, a small change gives a disproportionally large
percentage increase or decrease. To put the results in context,
the Leeds Beckett new build co-heating study shows the differ-
ences between modelled and measured heat loss in 27 new build
non-Passivhaus UK dwellings [28]. The average difference between
designed and measured performance was + 50WK�1 (i.e. 50%
greater than predicted) with two buildings losing twice as much
heat as predicted. When seven certified Passivhaus dwellings were
tested using the same methodology, the average difference in heat
loss was + 6WK�1 (7% greater than predicted), with one dwelling
losing less heat than predicted [28]. As our summary of current
studies incorporating Passivhaus dwellings in Table 2 shows, when
space heating demand was measured, most UK Passivhaus dwell-
ings (75%) perform better than design predictions. Whilst the
results from these case studies are illuminating, as Ridley et al
state ‘‘Great care must be taken not to overstate the results from single
case study houses, only when the monitored performance of several
UK Passive House dwellings becomes available will an assessment of
their overall performance be possible”. (29p.68)

1.4. Large-scale post-occupancy evaluation

The largest reported post-occupancy evaluation from Pas-
sivhaus dwellings comes from the EU project CEPHEUS (Cost Effec-
tive Passive Houses as European Standards). Set up between 1998
and 2001, this tested the technical feasibility and viability of the
Passivhaus standard in Germany, Sweden, Austria, Switzerland,
and France. In total, 221 housing units on 14 different sites were
constructed and over 100 were monitored.

The average space heating demand across all sites for year one
was 19.6 kWhm2a�1 with a standard deviation of 9.9 kWhm2a�1,
compared to the design standard of 15 kWhm2a�1. Although this
is an increase of 30%, it is from a low baseline and can hence be
considered to be a qualified success. At the time, this was an 84%
reduction in heating energy demand compared to the building
codes, with many of the building components and practices
employed being new to industry actors [25,38].

This project has a large sample of dwellings, however there were
time constraints on monitoring and some measured heating data
was extrapolated from a partial year. The results showed large dif-
ferences in space heating consumption, both between the 11 differ-
ent projects and also among different dwellings on the same site.

Two decades have passed since the CEPHEUS data were col-
lected. Meanwhile, the Passivhaus standard has spread to other
countries, such as the UK. At the time of writing, the UK govern-
ment is also considering the direction in which Parts L and F of
the building regulations will evolve, such as through the public
consultation on the Future Homes standard [20]. As both this stan-
dard and Passivhaus aim to minimise the energy performance gap,
it is timely to undertake an analysis of the performance of Pas-
sivhaus homes in the UK. Since space heating is the primary driver
of performance, our main aim is to assess whether the observed
space heating demand of Passivhaus homes matches their pre-
dicted demand at design stage.

2. Methods

Our aim is to compare predicted and observed space heating
energy consumption for a sample of Passivhaus homes. There are
around 1,300 certified Passivhaus units1 in the UK, which form



Table 2
Summary of post-occupancy case studies of UK Passivhaus dwellings.

Study No of dwellings Space Heating demand (kWhm2a-1) Research Findings

Design (D) Actual (A) DD-A

[28] 7 Co-heating testing only Co-heating testing showed a variation between �10 WK�1 and + 8 WK�1 (�15%
to + 21%).

[30] 1 13 7
(partial data only)

�6 In situ U-value testing showed increase in U-value from 0.09 Wm2K�1 to 0.10
Wm2K�1 and 0.13 Wm2K �1. However measured space heat demand was less than
design prediction.

[31,32] 2 15
17

9
26

�6
+9

In situ testing showed a slight increase in U-value from design 0.095 Wm2K�1 to
0.105 Wm2K�1 in one dwelling. Increase in heat loss coefficient from 58 WK�1 to 62
WK�1 and from 37 WK�1 to 45 WK�1 (+8%, +21%). Air testing met Passivhaus
standards. Space heating demand less than predicted in one dwelling and greater in
the other.

[29,33] 1 15 12 �3 Co-heating test below design figure by 15%, heat flux testing in line with design
figures. Slight increase in air permeability, some minor faults with building services.
Space heating demand less than design predictions.

[34,35] 14 Space heating not measured
separately

In situ U-value testing showed increase from design 0.09 Wm2K�1 to an average of
0.15 Wm2K�1. Airtightness deteriorated and only five units met the standard after
two years.

[36] 3 Mean air leakage rate between 0.66 and 1.30 achn50, in situ U-value testing showed
no difference in some U-values and an increase from 0.08 to 0.13 Wm2K�1, co-
heating testing showed an increase of between 2 and 7 WK�1.

[37] 4 13
13
12
12

40
4
9
6

+27
�9
�3
�6

Air permeability increased to between 1.6and 1.9 achn50, increase in in situ U-values
from 0.10 Wm2K�1 to 0.12 Wm2K�1. Space heating less than predicted in three units,
greater in one.
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the population from which we must draw our sample. A statistical
power analysis with typical values for significance2 (i.e. a = 0.05),
power3 (i.e. b = 0.8) and small effect sizes of between 0.2 and 0.34

[39,40] suggests a sample size of 198 to 90, respectively. A small
effect size is appropriate, as the baseline target demand is low for
Passivhaus homes (i.e. 15 kWhm2a�1). The population standard
deviation is unknown, but if we assume that this is the same as
the target value of 15 kWhm2a�1, then our assumption of a low
effect size suggests differences between predicted and mean
demand of between 3 and 4.5 kWhm2a�1 or greater would be ter-
med significant.

Using the above analysis as a guide, we obtained heating and
temperature data from 97 UK Passivhaus dwellings through a com-
bination of (i) monitoring programmes by consultants, (ii) publicly
available Innovate UK data from the Building Performance Evalua-
tion programme, and (iii) self-reported data from homeowners.
The main requirement for inclusion in the study was the availabil-
ity of at least one year’s heating data as well as indoor tempera-
tures. Predicted space heating demand was obtained from the
Passivhaus certificate for each dwelling. However, as the observed
data was spread across multiple sites and collected by different
actors, they do not follow a homogenous measurement protocol.
Overall, they can be classified into three categories, as shown in
Table 3 (further details in Appendix 1). It is clear that dwellings
falling into Category 1 will provide the clearest picture of perfor-
mance as space heating demand is directly measured, whereas this
will need to be inferred from total heating consumption for Cate-
gories 2 and 3.

Ideally, data should come frommetering over at least two years,
as the first heating season can show higher demand while the
moisture in the building’s construction materials dries out and
building services are fine-tuned [25]. However, this is not always
possible and so the minimum requirement was only for a single
heating season of data. It is likely that this will tend to produce
higher space heating demand, thus biasing the results against the
2 The probability of returning a Type I error, i.e. a false positive.
3 The probability of returning a Type II error, i.e. a false negative.
4 That is, the difference between the predicted and actual space heating demand

will differ by at least 0.2 to 0.3 standard deviations.
achievement of the standard and increase the performance gap,
but this is consistent with our methodological approach, described
further below.

2.1. Methodological approach

Given the disparate sources of data and their varying levels of
resolution and detail, our overall approach is to be conservative
wherever estimates are used. In other words, we systematically
over-estimate space heating demand wherever we are uncertain
of either modelled or observed data, biasing our results against
the achievement of the standard. That is, we undertake a series
of adjustments, described further below, that will inflate space
heating demand, thus making it harder for the dwelling to meet
the Passivhaus standard of 15 kWhm2a�1, and potentially creating
a greater gap between observations and predictions5. The only
exception to this is the normalisation process (described in Appendix
3) which is aimed at neutralising bias in model predictions. The
adjustments are mapped against the categories of data shown in
Table 3 and are described further below.

2.2. Adjustment 1

In Category A data (Sites 1–11 in Appendix 1), where space
heating demand was separately measured, the following minor
adjustments were used to account for any uncertainties in data
collection.

� Internal floor areas: In some cases, it was uncertain if the
reported space heating data was calculated from gross internal
floor area as used in the Standard Assessment Procedure (SAP
2012), used to show compliance with Part L1A of UK Building
Regulations, or TFA as used in a PHPP assessment. As TFA
excludes certain elements such as internal partitions, double
height ceilings and any area below 1 m in height (e.g. under
5 It is noteworthy that for dwellings whose observed space heating demand is
lower than predicted, such adjustments will tend to push results closer towards
predictions. This bias is acceptable as the current problem is primarily to do with
observed demand being around two orders of magnitude higher than predicted.



Table 3
Summary of sites and data collection.

Category Dwellings Years of data Heat data Indoor temperature

Flats Houses Total Type Frequency Frequency

A 5 27 32 1–3 years Separately measured space heating Varies 5–15 min
B 4 35 41 3 years Total heat only Monthly n/a
C 12 13 24 2 years Total heat only Bi-annual Hourly

Fig. 1. Measured monthly space heating demand from 10 Passivhaus and 18 Code
for Sustainable Homes (Level 5 and 6) dwellings.
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staircases), TFA is typically 10% lower than gross internal floor
area [41]. This tends to produce a higher estimate of space heat-
ing demand than when using gross floor area. Hence, in our
data, if space heating demand was reported by floor area with-
out specific reference to TFA and a PHPP assessment, a reduc-
tion of 10% floor area was made and the space heating
recalculated. Appendix 6 shows a summary of the TFA for each
dwelling.

� Complex heating and hot water systems: Site 10 had a wood stove
providing heating and hot water. The allocation to space heat-
ing was based on the manufacturer’s stated percentages.

� Distribution losses: No allowance was made for distribution
losses as individual heating systems were located within the
thermal envelope and therefore these losses would provide use-
ful heat in winter.

2.3. Adjustment 2

Here, we look at Category B data with combined space heating
and hot water demand from a heat meter within each property. All
of these come from Site 12 (Appendix 1). Hence, a method is
needed to separate weather and non-weather loads (hot water
use).

A simple method would be to use summer loads (when it is
assumed there are no heating degree days), as an indicator of hot
water use and extrapolate to calculate annual hot water demand.
This is then deducted from total heat to estimate annual space
heating [42–44]. This method is based on two assumptions: (i)
That summer heat consumption is for hot water only, and (ii) that
hot water use is consistent throughout the year with no marked
differences between summer and winter use.

In highly insulated, airtight homes, there can be more confi-
dence in the first assumption, and this can be tested using measure
space heating data from low-energy dwellings. Fig. 1 shows the
monthly measured space heating demand from two sources: 10
Passivhaus6 and 18 low-energy homes (Code for Sustainable Homes7

(CSH) level 5 and 6 dwellings), representing 61 winter and summer
seasons. There is little or no space heating demand recorded in June,
July, and August, and Table 4 gives the percentage of monthly total
heat that is space heating demand from the measured data. There-
fore it is reasonable to infer that heat demand for these months is
for hot water loads only.

From this, the percentage of annual space heating demand used
each month was calculated (See Table 4).

The second assumption is that monthly hot water loads are con-
sistent over the year. Literature from field tests suggests that hot
water consumption reduces in July and August, the ‘‘summer
slump” which could be attributed to occupants taking summer hol-
idays or other reasons [45] and could result in an underestimate of
annual hot water use [44].
6 Of the 32 in Category A, only 10 had monthly metered space heating.
7 A low energy homes standard developed in the UK but now largely abandoned.
8 The UK’s national calculation methodology, compliant with the European

Performance of Buildings Directive, that allows a standardised comparison of the
energy and environmental performance of dwellings.
Standard Assessment Procedure8 (SAP, version 2012) methodol-
ogy includes a reduction in hot water consumption in the summer
months and achieves this by applying different monthly factors to
average hot water use across the year, as shown in Table 5 below
[46]

Since SAP applies to a wide range of dwelling performance cat-
egories, it would be naïve to assume the same factors also apply in
super low-energy buildings such as Passivhaus. Hence, we test this
assumption using measured hot water data from the same low-
energy dwellings as before (excluding three further units9). Fig. 2
shows the mean monthly summer (defined as June, July, and August)
hot water use compared to the mean monthly hot water use for rest
of the year.

The figure shows that with the exception of houses 4 and 7, all
the dwellings used more hot water on average in the winter
months compared to the summer, with a mean difference of 25%.
Therefore, to assume mean monthly summer hot water use repre-
sents average monthly hot water use for the rest of the year would
be incorrect. In general, the simple approach would underestimate
annual hot water demand and therefore significantly, and unreal-
istically, overestimate annual space heating demand.

Using the monthly hot water data from these 25 dwellings, a
monthly factor was calculated in line with the approach
used in SAP (2012) and the equation to do this is shown below
(Equation 1).

Monthlyfactor ¼ ðannualmeasuredhotwaterdemand
12 Þ

monthlymeasuredhotwaterdemand

Fig. 3 shows a boxplot of the monthly measured factors from
the 25 dwellings with a line of best fit, compared to the SAP
(2012) hot water factors given in Table 5. The SAP (2012) hot water
factors and measured factors have some differences, with the mea-
sured factors showing lower hot water use in summer compared to
the SAP.
9 Hot water data was mixed with a solar thermal installation making it hard to
disaggregate.



Table 4
The percentage of annual space heating demand typically used each month.

Month Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Percentage 20% 18% 12% 6% 3% 1% 0 0 3% 7% 12% 18%

Table 5
SAP 2012 monthly factor for hot water use.

Month Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Factor 1.1 1.06 1.02 0.98 0.94 0.90 0.90 0.94 0.98 1.02 1.06 1.10

Fig. 2. Comparison of mean summer hot water use compared to the rest of the year
from 7 Passivhaus and 18 Code for Sustainable Homes (Level 5 and 6) dwellings.

Fig. 3. Comparison of monthly measured hot water factors (indicated by the solid
line) and SAP (2012) hot water factors (indicated by dashed line).

Table 6
Adjustment 2: calculation of annual space heating demand using estimated hot water
use from summer heat.

Step Variable to compute Explanation

Step 1 HotwaterJune�August measured total heat (kWh) June, July,
and August

Step 2 HotwaterSAPuplift
P HotwaterJune

0:9 þ HotwaterJuly
0:9 þ HotwaterAugust

0:94

Step 3 Hotwaterbaseline Hot waterSAP uplift
3

Step 4 HotwaterMonthly Hotwaterbaselineð ÞxSAPhotwaterfactors
Step 5 HotwaterAnnual

P
HotwaterMonthly

Step 6 AnnualTotalheat
P

TotalheatMonthly

Step 7 SpaceheatingAnnual AnnualTotalheat � HotwateAnnual
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The measured factors show a larger ‘‘summer slump” which
would result in a higher estimation of hot water use and a subse-
quent lower space heating demand. In line with the cautious
approach, the SAP factors were applied to the measured Category
2 data to estimate annual hot water use. This approach uses sum-
mer total heat meter readings and the method described in Table 6.

As all the dwellings were single units and heat metered at the
point of entry to the home, no additional calculations were made
for distribution losses or boiler efficiency [44].
2.4. Adjustment 3

This adjustment applies to data with the lowest temporal reso-
lution, i.e. Category C. All the dwellings in this category are drawn
from Site 13 (Appendix 1). Twice yearly gas meter readings were
taken, once in late spring/summer and the second in early autumn.
A table of meter reading dates is given in Appendix 2.

The simple approach would be to apply adjustment 2 described
above. However, some summer meter reading dates included both
the key summer months (June, July, and August), and additional
months where there could be some space heating demand. For
example, some readings were taken early in spring and included
March and April which could include some space heating demand
(e.g. in Fig. 1 above). Therefore, if hot water use was estimated
from this data using adjustment 2, there is a risk of an overestima-
tion of summer hot water use and a subsequent underestimation of
space heating demand in the winter heating season. This is con-
trary to the cautious approach. Therefore, a further adjustment
was developed to extract space heating demand from total annual
hot water use (Tables 7 and 8).

Fig. 4 shows the monthly proportion of total heat, with a best fit
line using regression analysis.

Using the principles of steps 1–3 the following are then
calculated.
2.4.1. Adjustment for boiler efficiency
The space heating demand calculation in PHPP does not take

into account the efficiency of the gas boiler [21]. Therefore, an
adjustment is needed if data is from gas meter readings (Site 13).
A natural gas boiler efficiency of 89.5% (SEDBUK 2009) was
assumed, the minimum requirement for Part L1A 2016 [47]. In
reality, boiler efficiencies are likely to be less [48], therefore this
is a conservative approach which may lead to an overestimation
of space heating demand.
2.5. Comparison of data collection methods

We determine the quality of results obtained from Adjustments
2 and 3, using the separately measured space heating and hot



Table 8
Adjustment 3 calculating space heating demand from annual meter readings.

Step Variable to
compute

Explanation

Step 1 AnnualTotalheat meter readings – see table above
Step 2 HotwaterSummer AnnualTotalheat*

P
(Monthly percentages

June, July, and August from Table 15)
Step 3 HotwaterSAPuplift

P HotwaterJune
0:9 þ HotwaterJuly

0:9 þ HotwaterAugust
0:94

Step 4 Hotwaterbaseline HotwaterSAPuplift
3

Step 5 HotwaterMonthlyMonthly Hotwaterbaselineð ÞxSAPhotwaterfactors
Step 6 HotwaterAnnual

P
HotwaterMonthly

Step 7 AnnualTotalheat
P

TotalheatMonthly

Step 8 SpaceheatingAnnual AnnualTotalheat�HotwaterAnnual

Table 7
Adjustment 3 steps 1–3.

Step Variable to compute Explanation

Step 1 TotalheatAnnual There are two years of Category 3 data
(see Appendix 2). Year 1 m readings start
on 31 August and for each dwelling there
are meter readings for between 378 and
402 days. Year 2 m readings contain
between 336 and 380 days, and 83% of
dwellings have a full year or more of data.
If no adjustments are made, for Year 1
there will be an overestimation of total
energy use. For Year 2, two dwellings are
29 days short of a complete year and two
dwellings 18 days short. Therefore Year 1
data was pro-rata and excess days added
to Year 2 to create two sets of data of
365 days.

Step 2 TotalheatMonthlyratios Using the combined space heating and hot
water data from the 25 low-energy homes
in Fig. 1 plus the three years Category 2
data (a further 39 homes) annual total
heat for each dwelling was calculated.
From this the percentage of monthly total
heat to annual total heat is calculated (see
Fig. 4)

Step 3 HotwaterSummer From Table 15 Appendix 5, we observe
that for June, July, and August typically 5%,
4.4% and 4.4% of total heat is used. Using
the same principle as Adjustment 2, we
can assume this represents hot water use
only and calculate the average over the
three months to estimate summer hot
water use. Then the SAP factors are
applied to estimate annual hot water use,
which is taken from the total heat annual
reading to estimate annual space heating
demand. Finally, this is adjusted to take
boiler efficiency into account.\

10 Unless otherwise stated, results use raw (i.e. not temperature normalised) data.

Fig. 4. Percentage of monthly total heat from 64 Passivhaus and low-energy homes.
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water use data from our 25 low-energy homes (two homes with
zero measured space heating were excluded).

To apply Adjustment 2, monthly space heating and hot water
data were combined to mimic Category B data. One outlier was
removed. The mean measured space heating demand was 11.68
kWhm2a�1, and the mean estimated space heating demand 10.64
kWhm2a�1. The mean difference between estimated and measured
was found to be 0.03 kWhm2a�1 (less than1% difference, s = 1.9
kWhm2a�1).

Similarly, to apply Adjustment 3, monthly space heating and
hot water measurements were initially combined to create total
monthly heat, and then further combined into two measurements,
summer and winter. The summer data contained the months of
April, May, September, and October to ensure the method to esti-
mated summer space heating was tested. This mimics Category C
data. The mean measured space heating demand was 11.68
kWhm2a�1, and the mean estimated space heating demand 11.22
kWhm2a�1. The mean difference between estimated and measures
using Adjustment 3 was �0.54 kWhm2a�1 (4% difference, s = 4.5
kWhm2a�1).

Results for both methods are summarised in Fig. 11 and Fig. 12
in Appendix 7. These relatively small differences provide confi-
dence in the adjustments, and were therefore applied to the Cate-
gory B and C data.
3. Results

Annual space heating demand10 for all the dwelling types is
shown in Fig. 5, with the mean target space heating demand com-
puted from the prediction on the PHPP certificates, as well as the
Passivhaus maximum of 15 kWhm2a�1.

We observe that the mean annual space heating demand for the
97 dwellings in our data set is 10.8 kWhm2a�1 (s = 9.1 kWhm2a�1)
compared to a mean target of 11.7 kWhm2a�1 (s = 3.2 kWhm2a�1).
A paired t-test confirms these differences to be negligible (p = 0.43,
Cohen’s d = -0.1). As there are outliers at both ends, it is worth not-
ing that the median demand is 9.2 kWhm2a�1, further below target
demand. As the gap between mean target and mean measured
space heating demand is �0.9 kWhm2a�1 and on average the
homes are performing as expected, we conclude there is no perfor-
mance gap for the data set as a whole.

Fig. 6 shows the difference between mean measured space
heating demand (kWhm2a-1) for all available years (i.e. between
1 and 3 years) and the space heating demand prediction as shown
on the Passivhaus Certificate for each dwelling. Of the 97 homes in
our data set, 52 (54%) used less energy for space heating than pre-
dicted and 45 the same or more. The mean difference between
mean measured annual space heating and the certified target is
�0.25 kWhm2a�1 (s = 9.5 kWhm2a�1).
3.1. Annual space heating demand by dwelling type

Fig. 7 shows the mean annual space heating demand, separated
into dwelling types (Houses and Flats).

The mean space heating demand for flats was 12.7 kWhm2a�1

compared to the mean target of 7.7 kWhm2a�1, but below the Pas-
sivhaus maximum of 15 kWhm2 a�1. The mean space heating
demand for houses was 11.1 kWhm2 a�1, compared to a mean tar-
get of 12.9 kWhm2 a�1. Therefore, on average the houses were
using less space heating demand than predicted and the flats more.



Fig. 6. Difference between observed mean annual space heating demand with certified target for each dwelling for all years of operation. Negative numbers indicate
dwellings used less heating than predicted.

Fig. 5. Measured space heating demand (kWhm2a�1) for 97 new build Passivhaus dwellings in the first year of operation, compared to the mean predicted demand on their
Passivhaus certificates (red small dash) and the target maximum under the Passivhaus standard (15 kWhm2a�1, black wide dash).

Fig. 7. Mean annual space heating demand by dwelling type.
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3.2. Annual space heating demand by data category

Fig. 8 shows mean annual space heating demand separated into
the three categories of data. The mean annual space heating
demand for Categories A, B and C were 12.2 kWhm2 a�1, 11.0
kWhm2 a�1 and 11.3 kWhm2a�1 respectively (standard deviations
were 13. 5 kWhm2a-1, 5.7kWhm2a-1 and 5.9 kWhm2a-1), com-
pared to a mean PHPP prediction of 13.9 kWhm2 a�1, 12.2 kWhm2

a�1 and 8.0 kWhm2a�1, respectively. Category A and B data were
below the PHPP prediction. Category C data shows an increase in
measured heating over PHPP prediction. This is likely due to the
inclusion of 11 flats with a very low PHPP prediction of 4 kWhm2-
a-1, which resulted in a much lower mean target.
Fig. 8. Mean annual space heating demand by

Fig. 9. Temperature normalised annual space heating demand for 56 hom
3.3. Normalisation of space heating demand

Internal temperatures were available for 56 homes, for which
group the mean annual space heating demand was 11.9
kWhm2a�1, slightly above the mean target of 11.4 kWhm2a�1.
Space heating demand for Year 1 was normalised using mea-
sured internal and external temperatures. This reduced the
mean annual space heating demand of the 56 dwellings from
11.9 to 10.3 kWhm2a�1 (�1.6 kWhm2a1, Fig. 9), further reducing
average space heating demand below target demand. On aver-
age, for each 1 �C temperature difference above or below
20 �C, space heating demand increased or decreased by 1.9
kWhm2a�1 (16%).
treated floor area for each data category.

es for which internal and external temperature data were available.
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4. Discussion

The energy performance gap is a concern for both the construc-
tion industry and consumers. If homes consistently use more
energy for space heating than predicted, this impacts on carbon
emissions reporting at a governmental level, contributes to climate
change and potentially places more people in fuel poverty. There-
fore, having confidence that homes built to a certain standard meet
that standard is vital for both improving energy efficiency in our
homes and for managing carbon emissions reductions nationally.
The three main reasons for the performance gap cited in the liter-
ature are (i) poor build quality on site, (ii) occupant behaviour, and
(iii) the limitation of building models.

Current consultation on the FutureHomes Standard (FHS), due to
be implemented in 2025, sets to at least halve the energy use from
new buildings. The FHS includes measures to both increase the effi-
ciency of new homes and reduce the performance gap. Our results
show that UK homes built to the Passivhaus Standard do not show
the same space heating performance gap as observed in the litera-
ture. Mean space heating demand (10.8 kWhm2a�1) is about 1
kWhm2a�1 below the mean predicted space heating (11.7 kWhm2-
a�1), with no statistically significant difference. When comparing
each dwelling with the prediction on the Passivhaus certificate, just
over half of the dwellings used less energy for space heating demand
than predicted (52outof97homes). Houses used less space heating
demand than predicted, on average, and the flatsmore – though this
is likely biased by the relatively small sample of flats in our data set
(20%), but all were well below target demand of 15 kWhm2a�1.

While occupant behaviour is a contributor to the performance
gap, our results show that this can be limited though Passivhaus
design. Ten homes had no space heating demand at all, 83 of the
97 (86%) homes used less than 15 kWhm2a�1. Only five homes
(5%)usedmore than30kWhm2a�1,which is still belowthepredicted
performance of a new build UK home. These results also show that
Passivhaushomesarebeing consistentlydelivered in theUK,not just
on individual projects, but also from large sites, with a mixture of
tenures. TheUK results are an improvementon themean spaceheat-
ing from the EU CEPHEUS data (19.6 kWhm2 a�1), which suggests
that knowledge, skills, and technologies have developed within the
15 years between the two data sets. While the UK homes had, on
average, less annual space heating demand, the standard deviations
are comparable to thoseobserved inCEPHEUS. Such similarities over
these large data sets are suggestive of the typical effect that uncer-
tainties such as occupant behaviour may have on demand.

Normalisation can reduce the limitation of building models, the
third element of the performance gap. The results showed that
internal and external temperature normalisation reduced the mean
space heating demand by 1.6 kWhm2a �1, or 13%. Within the data
set, for each 1 �C difference in internal temperature from the mod-
elling assumption, there was a mean space heating difference of 1.9
kWhm2a�1. This was in line with the findings of the Passive House
Institute [44] and shows the need to include normalisation as part
of any monitoring programme, as small temperature differences
can result in noticeable changes to space heating demand.

As there is a lack of post-occupancy data from buildings, our data
set included three categories of collection: disaggregated heat
metering (A), monthly total heat (B), and bi-annual meter readings
(C). Reassuringly little difference was observed between the mean
measured space heating demand in each (Category A 12.2 kWhm2-
a�1, Category B 11 kWhm2a�1 and Category C 11.3 kWhm2a�1). Cat-
egory A and Category B datawere less than predicted, with Category
Cdata slightly higher, likely due to the largenumberof flatswith low
predicted demand. Category A data had the greatest standard devia-
tion, 13.5 kWhm2a�1, compared to 5.7 kWhm2a�1 and 5.9 kWhm2-
a�1 for the other categories. This is not unexpected, as Category 1
contained the largest number of sites (11outof13) and therefore a
bigger variation in dwelling types and construction methods.

The inclusion of these diverse categories of data implied the
need for adjustments to extract the space heating demand compo-
nent where this was not directly measured (Categories B and C).
The two adjustment procedures shown here were tested against
data where space heating demand was separated from total heat.
Of the two, Adjustment 3 (applied to Category C) slightly overesti-
mated space heating demand which is within the ethos of taking a
cautious approach. Both adjustments rely on assumptions about
hot water use over the year which can vary considerably and can
therefore significantly impact space heating demand estimates.
Adjustment 2 (applied to Category B) is more accurate as data
can be taken from monthly readings when it is reasonable to
assume there is no space heating demand. Adjustment 3 relied
on assumptions about the ratio of monthly total heat to annual
total heat. This can vary considerably (see Fig. 2) and is dependent
on household composition and hot water use patterns. The data-
base to calculate the total heat ratios was small (25homes) and a
larger database would yield more typical usage patterns. However,
both adjustments performed well, though Adjustment 2 was better
due to the higher temporal resolution, as above. Therefore, these
adjustments can be powerful tools in estimating space heating
demand in the presence of limited data. Adjustment 2, especially,
implies that the collection of non-forensic building performance
data (i.e. at the dwelling level) at-scale could be achieved at lower
cost through monthly total heat data collection rather than the
extra investment into disaggregated metering.

To improve energy efficiency and reduce carbon emissions, the
FHS is considering combining improved building fabric and the
integration of low carbon heat. This would be governed by limita-
tions on a main metric of primary energy, a secondary metric of
carbon emissions and introduce a third affordability index to
ensure that new homes can be heated at a reasonable cost. To
reduce the performance gap, future compliance with Part L could
include improving quality control on site, focusing on installation
of insulation, detailing around windows, reducing thermal bridging
at junctions, improving airtightness, and introducing site checks,
including providing photographic evidence. All of these are already
part of the Passivhaus certification process, to maintain quality
control between design and construction.

The other significant concern with highly insulated homes is the
perceived risk of greater overheating compared to less insulated
homes. However, recent work has provided strong evidence
against this, both through a comprehensive global-scale modelling
study [49], as well as large-scale observational data of Passivhaus
homes in the UK [50] which can be favourably compared to data
from typical homes [51,52]. These results strongly suggest that
Passivhaus buildings overheat either at the same or lower rate than
comparable typical, less insulated, buildings.

5. Conclusion

Overall, our results provide clear evidence that compliance with
the Passivhaus standard delivers low-energy homes, with no per-
formance gap, which are affordable to heat and without the need
for complex metrics. When taken together, with the lack of evi-
dence for increased overheating risk, the Passivhaus approach
emerges as a ‘‘proven” candidate for off-the-shelf adoption within
the Future Homes Standard as a method whose as-built perfor-
mance can be clearly demonstrated at-scale. Since the Future
Homes Standard is expected to be in place five years from the time
of writing, our results are not only timely, but also provide, for the
first time, the comprehensive evidentiary basis that is needed to
transform the future design and construction of homes in the UK.
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Table 9
Source of space heating data for the Passivhaus database.

Sources of space heating data

Site Number
of
dwellings
with data

Total
dwellings
on site

Source of space heating data

Category A data
Site 1 3 3 Space heating separately sub

heat metered on site; raw data
provided by consultant

Site 2 12 20 Space heating separately sub
metered on site, raw data
provided by consultants

Site 3 1 1 Underfloor space heating
separately sub-metered, annual
reading provided by owner

Site 4 1 1 Sub metered data from Innovate
UK

Site 5 3 18 Innovate UK data and report
card, space heating separately
sub metered

Site 6 2 2 Sub metered data from Innovate
UK

Site 7 1 1 Sub metered data from MVHR
electrical element, wood use
from Innovate UK report card.
Data for towel rail not available

Site 8 2 3 Innovate UK report card, space
heating separately sub-metered

Site 9 2 5 Innovate UK report card.
Combination of sub metering an
manual meter readings with
some assumptions.

Site 10 4 8 Sub metered data from Innovate
UK
implementation of this study. Data created during this research
are openly available for the University of Bath data archive at
https://doi.org/10.15125/BATH-00793.
5.1 Appendix

5.2 Appendix 1. Space heating and temperature data

Space heating and temperature data came from a variety of
sources which are summarised in Table 9 below. On some smaller
sites all the dwellings were measured, and on larger developments
only a selection of the dwellings.
Dwelling types

Within the monitored units on the 13 sites, there were the
following dwelling types (See table 9).
Source of
temperature
data

Heating system Internal External Length of
monitoring
period

Gas boiler for heating and
hot water

Hourly
temperature
sensor in
living room

Hourly
external
sensor on
site

2 years

Gas boiler for heating and
hot water

Hourly
temperature
sensor in
living room

Daily data
from local
weather
station

1 year

Gas boiler for heating and
hot water

Hourly
temperature
sensor in
living room

Daily data
from local
weather
station

2 years

Gas boiler for heating and
hot water. Electrical post
heater in MVHR unit
separately metered

Hourly
temperature
sensor in
living room

Hourly
external
sensor on
site

1 year

Electrical post heater in
MVHR unit and solar hot
water

5-minute
temperature
sensor in
living room

15-minute
external
temperature
sensor

1 year

Gas boiler for heating and
hot water Solar hot water.
Electrical post heater in
MVHR unit separately
metered.

5-minute
temperature
sensor in
living room

5-minute
external
temperature
sensor

2 years

.

Electrical post heater in
MVHR unit, wood stove and
electrically heated towel rail

5-minute
temperature
sensor in
living room

5-minute
external
temperature
sensor

2 years

Electrical post heater in
MVHR unit, solar hot water
in one unit

5-minute
temperature
sensor in
living room

5-minute
external
temperature
sensor

1 year

d
LPG gas heating and hot
water. Electrical post heater
in MVHR unit, solar hot
water.

5-minute
temperature
sensor in
living room

5-minute
external
temperature
sensor

1 year

Wood stove and solar hot
water to thermal store for
direct heating and hot water
and post heater in MVHR
unit

5-minute
temperature
sensor in
living room

5-minute
external
temperature
sensor

1 year

https://doi.org/10.15125/BATH-00793


Table 10
Number and type of dwellings.

Dwelling Type House Flats Total

Houses 75 19 97

Table 11
Summary of meter reading dates Site 12.

Meter reading dates

Dwelling Reading date 1 Reading date 2 Reading date 3

1 31/08/2015 17/03/2016 13/09/2016
2 31/08/2015 17/03/2016 07/10/2016
3 31/08/2015 17/03/2016 13/09/2016
4 31/08/2015 17/03/2016 13/09/2016
5 31/08/2015 17/03/2016 13/09/2016
6 31/08/2015 17/03/2016 13/09/2016
7 31/08/2015 17/03/2016 06/10/2016
8 31/08/2015 17/03/2016 10/10/2016
9 31/08/2015 25/05/2016 06/10/2016
10 31/08/2015 07/04/2016 10/10/2016
11 31/08/2015 03/06/2016 06/10/2016
12 31/08/2015 17/03/2016 07/10/2016

Meter reading dates

Dwelling Reading date 1 Reading date 2 Reading date 3

1 13/09/2016 20/03/2017 29/09/2017
2 13/09/2016 20/03/2017 11/09/2017
3 13/09/2016 20/03/2017 11/09/2017
4 13/09/2016 20/03/2017 11/09/2017
5 06/10/2016 20/03/2017 26/09/2017
6 10/10/2016 20/03/2017 11/09/2017
7 06/10/2016 20/03/2017 11/09/2017
8 10/10/2016 20/03/2017 11/09/2017
9 06/10/2016 20/03/2017 27/09/2017
10 13/09/2016 20/03/2017 11/09/2017
11 13/09/2016 20/03/2017 27/09/2017
12 12/09/2016 20/03/2017 11/09/2017

Table 9 (continued)

Sources of space heating data Source of
temperature
data

Site Number
of
dwellings
with data

Total
dwellings
on site

Source of space heating data Heating system Internal External Length of
monitoring
period

Site 11 1 28 Sub metered data from Innovate
UK

Electrical post heating in
MVHR unit

10-minute
temperature
sensor in
living room

10-minute
external
temperature
sensor

1 year

Total 32
Category B data
Site 12 41 42 Total heat (space heating and hot

water) metered to each dwelling
from centralised boiler. Monthly
readings from heat exchanger.

See adjustment on
separating heating from
combined data

n/a n/a 3 years

Total 41
Category C data
Site 13 24 38 Total heat (space heating and hot

water) from individual gas
boilers. Biannual gas meter
readings.

See adjustment on
separating heating from
combined data

Hourly
temperature
sensor in
living room

Daily data
from local
weather
station

2 years

Total 24
Total all units 97
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5.3 Appendix 2. Meter readings dates Site 12 (Category C data)

5.4 Appendix 3. Normalisation method

Steady-state building simulation models such as Passive House
Planning Package (PHPP) assume monthly fixed internal tempera-
tures and degree days from regional climate data to estimate space
heating demand [21,53]. Site and time-specific weather is likely to
be different from those assumed from long-term records. These
differences in external temperatures could result in higher or lower
heating demand than predicted during modelling [42] and for low-
Meter reading dates

Dwelling Reading date 1 Reading date 2 Reading date 3

13 31/08/2015 17/03/2016 13/09/2016
14 31/08/2015 08/01/2016 13/09/2016
16 31/08/2015 17/03/2016 12/09/2018
16 31/08/2015 08/01/2016 12/09/2016
17 31/08/2015 17/03/2016 12/09/2016
18 31/08/2015 17/03/2016 12/09/2016
19 31/08/2015 17/03/2016 12/09/2016
20 31/08/2015 17/03/2016 12/09/2016
21 31/08/2015 17/03/2016 12/09/2016
22 31/08/2015 08/01/2016 12/09/2016
23 31/08/2015 17/03/2016 12/09/2016
23 31/08/2015 17/03/2016 12/09/2016

Meter reading dates

Dwelling Reading date 1 Reading date 2 Reading date 3

13 12/09/2016 20/03/2017 11/09/2017
14 12/09/2016 20/03/2017 11/09/2017
16 12/09/2016 20/03/2017 11/09/2017
16 12/09/2016 20/03/2017 11/09/2017
17 12/09/2016 20/03/2017 27/09/2017
18 12/09/2016 20/03/2017 11/09/2017
19 12/09/2016 20/03/2017 11/09/2017
20 12/09/2016 20/03/2017 11/09/2017
21 12/09/2016 20/03/2017 11/09/2017
22 12/09/2016 20/03/2017 11/09/2017
23 12/09/2016 20/03/2017 11/09/2017
23 12/09/2016 20/03/2017 11/09/2017
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energy homes such as Passivhaus this difference could be as much
as 5 kWhm2a�1 [44].

In addition, many occupants heat their homes to higher than
assumed internal temperatures or for longer, for comfort reasons
[54,55], which will create a disparity between assumed and real
internal temperature differences. For example, post-occupancy
data from European Passivhaus studies show typical internal tem-
Table 12
Summary of normalisation method from CEPHEUS (2003). The ’climate’ and
’verification’ sheets refer to those sheets in PHPP and contain the external weather
data and internal temperature data, respectively.

Step Variable to compute Explanation

Step 1 QHeatingmeasured Measured annual space heating
demand (kWh)

Step 2 QHeating20 Modelled annual space heating
demand (kWh) summed from
monthly values in PHPP using
measured monthly external
temperatures and solar radiation
manually inputted into the ‘climate’
sheet and the standard internal
temperature of 20 �C in the
‘verification’ sheet.

Step 3 QHeatingreal Same as QHeating20 but with
measured monthly internal
temperatures, manually inputted into
the ‘verification’ sheet.

Step 4 Calculate normalisation
factor (fti)

fti ¼ QHeating20
QHeatingreal

Step 5 Apply normalisation
factor to measured space
heating

QHeatingnorm ¼ QHeatingmeasured � fti

Table 13
Amended method for normalisation for internal and external temperatures.

Amended
Step 2

QHeating20 Modelled annual space heating demand (kWh)
summed from monthly values in PHPP using site-
specific regional climate data for monthly external
temperatures and solar radiation from the
‘climate’ sheet and the standard internal
temperature of 20 �C in the ‘verification’ sheet.

Amended
Step 3

QHeatingreal Same as Qheating20 but with measured monthly
internal temperatures, manually inputted into the
‘verification’ sheet and measured monthly external
temperatures manually inputted into the ‘climate
sheet’.

Table 14
SAP (2012) hot water factors compared to the monthly measured hot water factors from

Month Jan Feb Mar Apr May

SAP 2012 Factor 1.10 1.06 1.02 0.98 0.94
Measured factor 1.20 1.14 1.08 1.02 0.96

Table 15
Percentage of monthly total heat to annual total heat.

Month Jan Feb Mar Apr May Jun

Proportion 0.147 0.122 0.098 0.078 0.061 0.050
peratures to range between 21 �C and 24 �C [54,56]. Internal tem-
peratures are known to have a significant impact on space heating
demand and typically it is estimated that a 1 �C increase in internal
temperature translates to a 10% increase in space heating demand
[57]. In Passivhaus buildings, this increase is greater and for each
1 �C temperature above 20 �C, space heating consumption can rise
by 2kWh m2a �1[44]. As space heating demand is already low, this
translates to a 12–15% increase per 1 �C [44]. Therefore a Pas-
sivhaus home with a 22 �C winter internal temperature may have
a space heating demand between 4 and 5 kWh m2a�1 above
planned consumption [44]. Hence, when comparing ‘‘predicted”
and ‘‘observed” demand, it is important to normalise for both the
above effects, to ensure a like for like comparison.

Hence, normalising for internal and external temperatures will
ensure that any gaps between predicted and measured space heat-
ing demand, which can be accounted for by temperature differ-
ences between measured conditions and modelling assumptions,
are identified and accounted for. The CEPHEUS project described
a normalisation method to correct for actual internal temperatures,
taking into account measured external temperatures and solar
radiation [56,58], seen in Table 12.

This method has been modified to consider internal and exter-
nal temperature differences at step 2 and the step 3 calculation of
Q Heating 20. Solar radiation and internal heat gains were not
included, as these variables were found to have minimal impact
on the calculation of the correction factors [59]. The amended
method is described in Table 13.

The CEPHEUS methodology assumes there is access to the orig-
inal PHPP for each site, which may not always be possible. We have
previously shown that normalising using this method is possible
using any PHPP assessment, provided measured internal tempera-
tures do not fall well below 20 �C [59]. As there was no access to
the PHPP assessment for all the sites, a single domestic PHPP from
a different site was used to undertake normalisation.
5.5 Appendix 4. Comparison of SAP and measured hot water
factors

Table 14 gives a comparison of the calculated hot water factors
compare to SAP hot water factors
5.6 Appendix 5

5.7 Appendix 6. Treated floor area (TFA)

Fig. 10 shows the Treated Floor Area (TFA) for each
dwelling. Most dwellings had a TFA of less than 100 m2, except
26 low-energy homes.

Jun Jul Aug Sept Oct Nov Dec

0.90 0.90 0.94 0.98 1.02 1.06 1.10
0.89 0.85 0.88 0.91 0.95 1.00 1.06

Jul Aug Sept Oct Nov Dec Total

0.044 0.044 0.053 0.070 0.097 0.135 1



Fig. 10. Dwelling type and Treated Floor Area (TFA).

Fig. 12. Comparison of annual measured and estimated space heating demand
using Adjustment 3 on data from low-energy dwellings.
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for three houses, two of which were over 300 m2. Houses are
shown in light grey, flats in black. All flats were between 39 m2

and 67 m2.
5.8 Appendix 7. Comparison of data collection methods:
Adjustments 2 and 3

Fig. 11 shows a comparison of the measured annual space heat-
ing demand by TFA (light grey columns) to estimated annual space
heating by TFA (dark grey columns) using Adjustment 2.
Fig. 11. Comparison of annual measured and estimated space heating dem
Fig. 12 shows a comparison of the measured annual space heat-
ing demand by TFA (light grey columns) to estimated annual space
heating by TFA (dark grey columns) using Adjustment 3.
and using Adjustment 2 on measured data from low-energy dwellings.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.enbuild.2020.110240.
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