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Abstract

This paper presents an empirical investigation of the
building fabric thermal performance, energy use, indoor
environment and occupancy characteristics of a low-rise
block of flats in the UK, prior to a fabric-first energy
retrofit with occupants remaining in-situ. The empirical
findings were used to calibrate the energy model
Passivhaus Planning Package (PHPP) and inform the
selection of retrofit measures. Results showed that
building fabric was more airtight and insulating than
standard assumptions, but with prevalence of damp and
mould. This emphasised the need for integrating
continuous ventilation alongside insulation of walls, roofs
and windows, to avoid negative effects on occupant health
and comfort.

Key Innovations

This study has used empirical longitudinal evidence to
provide a baseline for indoor environment and energy
demand against which the effectiveness of post-retrofit
measures can be compared.

e The longitudinal data has provided insights into the
daily profiles of energy use and indoor environment,
and helped to bring occupant health, comfort and
wellbeing to the forefront in the design of retrofit
strategies. The close relationship between occupant
behaviour and pre-retrofit energy use and indoor
environment reinforced the need to ensure that
retrofit strategies are designed with resident
experience in mind.

e Pre-retrofit measuring, monitoring and surveys
helped to calibrate the PHPP energy model, refining
it to more closely match reality, informing the
selection of retrofit measures and reducing the energy
performance gap.

e  Pre-retrofit on-site work helped to identify specific
issues such as cold bridges and poor indoor air
quality.

e Collecting empirical data has led to increased
engagement and understanding amongst residents
about the retrofit works while remaining on site.

e The pre-retrofit evaluation approach could become
part of retrofit design and delivery given the benefits
it brings for residents as well as empirical knowledge
and calibrated energy models for the retrofit design
and delivery team.

Practical Implications

Pre-retrofit evaluation combining physical measurement
and feedback from occupants is recommended to establish
the baseline for measuring the effectiveness of the retrofit
measures. The in-situ data gathered about the building and
occupancy characteristics can help to calibrate the as-
designed energy models and minimise the projected
energy performance gap.

Introduction

The UK government has set an ambitious target of a
reducing greenhouse gas emissions to 22% of 1990 levels
by 2035 (Climate Change Committee, 2020). Buildings
are responsible for 17% of all GHG emissions in the UK
(Climate Change Committee, 2020), 77% of which come
from domestic dwellings, primarily from the use of fossil
fuels for heating. With 70% of these homes expected to
still exist in 2050 (Palmer and Cooper, 2013), government
legislation that deals with new-builds, such as The Future
Homes Standard (UK Government, 2019), will need to
be augmented by deep renovation/retrofit of the existing
28 million stock, around half of which was built before
1960, and a sixth before 1919 (Baeli, 2019).

Much of the responsibility for implementing this mass-
scale retrofit will fall to cities and local authorities. The
Retrofit Playbook (UK Green Building Council, 2020)
has identified a number of barriers to this: financial - high
initial costs and slow return on investment; skills shortage
within the industry; diverse housing stock and tenures;
performance gaps. Nevertheless, large-scale retrofits are
likely to become more common, either making a single
change in a large number of dwellings or multiple changes
in a more limited number of dwellings (British Standards
Institution, 2019). The UK housing stock varies in terms
of age, construction materials, dwelling form etc., making
a ‘one-size-fits-all’ approach to retrofits particularly
challenging: Plans for one group of buildings may be
inappropriate or even detrimental to another group. A
more bespoke approach is necessary, taking care to
understand the thermal performance, energy use and
indoor environment of each building targeted for retrofit.
Research into performance of retrofit projects has
identified a number of trends that reinforce the need to
examine buildings prior to retrofit.

In a pre- and post-retrofit evaluation of fifteen homes in
Ireland, improved air tightness helped to improve
occupant comfort and building temperature, but post-
retrofit reductions in air exchange rates were linked to
increased concentrations of CO,, TVOC and PMzs,
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highlighting the importance of considering indoor air
quality as well as energy efficiency in the scope of retrofit
projects (Broderick et al., 2017).

Uncertainties in the exact characteristics of the pre-retrofit
building fabric can have an impact on the effectiveness of
any retrofit measures (Loucari et al., 2016). Whilst still
delivering reductions in space-heating demand, there
could be a gap between the expected and actual energy
performance. A study of 45 deep energy retrofit projects
(Gupta et al., 2015) found that only three met their CO>
reduction target. A study of two contrasting dwellings
undergoing deep retrofits (Gupta and Gregg, 2016)
attributed the energy performance gap to a combination
of factors, including differences in number of occupants
and occupancy rates, discrepancies between designed and
as-built airtightness, and commissioning of new
technologies. Occupant behaviour has been found to play
a significant role in the effectiveness of retrofit projects
(Ben and Steemers, 2017), given that number of
occupants and occupancy patterns influence dwelling
energy use (Gupta et al., 2019). For energy retrofits to
meet their expectations, it is vital that examination of
physical characteristics of dwellings is augmented by
consideration of occupancy related factors (Jahic et al.,
2018).

This paper presents an empirical investigation of the
building fabric thermal performance, energy use, indoor
environment and occupancy characteristics of a 1950’s
six-flat low-rise building prior to undergoing a fabric-first
energy retrofit whilst occupants remained in-situ. The
findings lead to the pre-retrofit energy model (PHPP)
being refined and calibrated, and informed retrofit
strategies employed.

Methodology and case study

The pre-retrofit investigation had a multi-faceted
approach, gathering information on building fabric,
energy use, indoor environment and occupant feedback.
This information was then used to inform and refine the
PHPP design tool used to determine key elements of the
retrofit design.

Pre-retrofit building fabric was evaluated in a number of
ways: Thermographs identified thermal bridging and cold
spots within the flats; an airtightness test was conducted
over the entire six-flat building including lobby and
stairwell; a detailed site survey provided measures of U-
values for windows, roof and walls.

Gas and electricity use were monitored using RF and
COAMCT data loggers respectively (five-minute
frequency, 1 Wh precision). Meter readings and annual
statements provided further evidence as to pre-retrofit
energy consumption.

Indoor environment was monitored using high precision
devices recording at 15-minute resolution from January to
April 2019 (Table 1). Devices were deployed in living
rooms and main bedrooms of the case study flats: one
Hobo UX100 and one Tinytag TGE-0011 in each, and a
Hobo MX2301 deployed in the balcony of Flat E. Further

monitoring conducted in October 2020 provided initial
post-retrofit environmental data.

Table 1 Specifications of environmental monitoring devices.

Device and
parameters Specifications
measured
Range: -20 to +70 °C / 15-95%
Hobo UX100
. Accuracy: £0.21 °C / £3.5%
Indoor air

Resolution: 0.024 °C at 25 °C/
0.07%
Range: 0 to 5000 ppm

Accuracy: <50 ppm + 3% of
reading
Resolution: 0.1 ppm

Range: -40 to +70 °C / 0-100%
Accuracy: £0.2 °C / £2.5%
Resolution: 0.04 °C / 0.05%

temperature and RH

Tinytag TGE-0011
Indoor CO2
concentration

Hobo MX2301

Outdoor air
temperature and RH

Due to the real-world nature of the project, not all flats
were able to provide historical energy data or all of the
monitoring data streams for energy or indoor
environment. A summary of the data available pre- and
post-retrofit in each of the six case study flats is provided
in Table 2. Since post-retrofit data was limited, the pre-
and post-retrofit comparison covered fewer flats and
different times of year, both periods being shoulder
months of the heating season.
Table 2 Longitudinal data available for analysis in each of the
six case study flats during pre-, post- and pre/post-retrofit
heating season comparison (Mar-Apr 2019 and Oct 2020).

Period Data set Flat
A|B|C|D]|E
Pre-retrofit 1 year gas
1 year electricity
Gas
Indoor environment
Post- Electricity
retrofit Gas
Indoor environment
Pre- and Gas
post-retrofit Electricity
comparison | Indoor environment

Occupant surveys were conducted in each of the flats.
These provided a detailed understanding of occupancy
rates, types and patterns, and behaviours which influenced
both the indoor environment and energy consumption.

The PHPP model was used to provide a detailed
evaluation of the flats in their pre-retrofit state. Standard
values based on those typical for such flats were initially
used in the simulation. However, a number of details in
the model were updated based on the pre-retrofit data
gathered, providing a more refined model, more closely
representative of the flats in reality. With a more accurate
understanding of the energy and environmental features
of the pre-retrofit building, this model was then able to
inform the design of the retrofit — e.g. in the sizing of
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MVHR. PHPP was then used to model the post-retrofit
state of the building based on design intent details.
Although some may consider this case study as limited in
its larger-scale application due to the limited sample size,
it is contributing to a wider body of knowledge, ‘learning
stories’ that lie between the technical potential or design
intent, and what is achieved in practice and during use
(Janda and Topouzi, 2015). The case study approach is “a
necessary and sufficient method for providing reliable
information about the broader class (Flyvbjerg, 2006),
and is useful for closely examining the role of causal
mechanisms in the context of individual cases (Starman,
2013).

The case study building, located in East Anglia comprised
of six flats, three each side of a central three-storey
stairwell (Figure 1). The building, constructed in the late
1950’s, had a pitched roof, with flats having east and west
facades: living rooms and main bedrooms facing east;
kitchens, bathrooms and second bedrooms facing west.
Flats B, C, E and F had three bedrooms. Flats A and D,
the two ground floor flats, had two bedrooms, the living
rooms extending into the space of the third bedroom. To
the north was a single-storey council office and to the
south, offset, two-storey pitched roof houses.

0

O R 74\

Figure 1 East facade of case study flats.

The total floor area of each flat was approximately 70m2.
The flats were owned by the local authority, providing
social housing to occupants, each flat with a unique
occupancy: Flat A had two working adults, one of whom
worked off-shore for two weeks and was then at home for
two weeks; Flats B and E had one working single-parent
with three and two school-aged children respectively; Flat
C had an unemployed single parent with two school-aged
children and one pre-schooler; Flat D had three adults —
one retired, one working and one unemployed — and one
infant; Flat F had two retired adults.

Results
Building fabric thermal performance

Thermal images were taken both inside and outside the
building in order to identify key areas of thermal bridging
heat loss. The walls which adjoined neighbouring
buildings — flat D’s north wall to the council offices, and
flats A and B’s south walls to the neighbouring houses —
were significantly warmer than those exposed to the east
and west. In all flats, thermal bridging was prevalent at
the junctions between walls and ceilings, and around the
windows. Both top floor flats had cold ceilings due to
poorly insulated loft spaces. This site survey helped to

identify key areas to consider when designing the thermal
envelope, and where to focus post-retrofit evaluations of
the effectiveness of the works.

The airtightness test found the stairwell to have poor air
tightness, but the individual flats to be significantly more
airtight than standard assumptions would have suggested
(Table 3). Similarly, the on-site U-value test found the
building fabric to be a much better insulator than standard
assumptions would have suggested. The fabric
performance testing results were used to inform and refine
the PHPP model and consequently provide a better
understanding of pre-retrofit conditions and potential for
post-retrofit improvements.

Table 3 Airtightness and U-value test results.

Flat Flat Flat

Tested section Whole | Stairs A c E

AC/hr@50 Pa 3.2 10.1 4.1 4.2 4.3

Air Permeability
(m3/hr/im?@ 50 47 6.8 31 3.2 33

Pa)
Data COMSISIENSY | 0.996 | 0.999 | 0.994 | 0.996 | 0.992
Tested section Windows Walls Roof
U-value (W/m?K) 2.27 0.81 0.455

Energy assessment

Three of the six flats were able to provide annual
statements for gas and electricity use: flat D (up to
29/06/2019; flat E (up to 23/05/2019); and flat F (up to
29/06/2019). In flat D during the period covered,
occupancy of the flat went from a single retired occupant
to the four occupants mentioned above. Energy data was
compared against typical domestic consumption values
(TDCVs) from the Office of Gas and Electricity Markets
(Ofgem) (Figure 2). Flats D and E were found to have
consumptions higher than TDCV for both gas and
electricity. With only two retired occupants, flat F had a
22% lower gas consumption and 18% lower electricity
consumption than TDCV.
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Figure 2 Pre-retrofit annual gas and electricity use in flats D,
E and F, with Ofgem’s TDCV also shown.

Normalising energy consumption by number of occupants
(Table 4) brought the three monitored flats more closely
aligned in terms of gas consumption — an 18% difference
between the largest and smallest values compared to a
39% difference for total consumption. Normalising by
number of occupants also reversed the ranking of the three
flats, the two occupants of F consuming the most gas per
person and the four occupants of D consuming the least.
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Flat D also had the lowest electricity consumption per
person compared to E and F. It should be noted that
although flat F had only two human occupants, it was also
home to over twenty pets, many of which required
constant low-level energy consumption — e.g. tropical
fish, reptiles.

Table 4 Normalised annual gas and electricity consumption.

Total By area By occupant
(KWhlyr) (KWh/m?/yr) | (kWh/person/yr)
Flat Gas El Gas El Gas El

D 10270 | 2294 | 147 33 2568 574

E 8784 | 2626 | 125 38 2928 875

F 6280 | 1563 90 22 3140 782
Ofgem/ | 8000 | 1900 | 140 40
DECC

These annual gas and electricity data provided a pre-
retrofit benchmark against which post-retrofit annual
statements will be directly compared as a measure of the
success of the retrofit works in energy reduction,
particularly the gas consumption for heating.

Monitoring of gas consumption during the heating season
(Mar-Apr 2019) was conducted in two flats, C and D.
Diurnal profiles of hourly gas use showed some similar
trends but also some notable differences (Figure 3). Both
flats had a peak in gas consumption in the early hours of
the morning; around 07:00 in flat D, corresponding to the
start of the working occupant’s day, and around 05:00 in
flat C, too early to have been turned on manually (based
on occupant feedback from the survey) and therefore
likely to have been on a timer or thermostatic control.
During the day, typical gas consumption was around 1
kWh/hour in flat D and between 1 and 1.5 kWh/hour in
flat C. Overnight, flat D had fairly stable low-level
consumption around 0.15 kWh/hour, whereas flat C’s
consumption remained above 1 kWh/hour until around
01:00 when it decreased to below 0.6 kWh/hour, but only
briefly for 2-3 hours. Occupant surveys revealed C’s
occupant to be often awake until the early hours of the
morning and thus keeping the heating on this late.

3.0
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Gas conumption (kWh)
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Figure 3 Hourly average gas consumption during heating
season (Mar-Apr 2019) in flats C and D.

Heating Degree days (HDD) provide a measure of the
severity and duration of cold weather. Using the standard
base temperature for the UK of 15.5 °C — the average
outdoor temperature below which the typical UK
domestic dwelling would use heating to maintain
comfortable indoor temperatures — HDD were plotted
against daily gas consumption for the 52 monitored days
in March-April 2019 (Figure 4). Both dwellings had a low
but statistically significant Pearson correlation between

HDD and gas consumption, and the two linear trend lines
were very closely aligned. The trend lines defined two key
features of each flat: the y-axis intercept indicated the
baseload gas consumption when HDD =0 (11.1 and 12.2
kWh/day in flats D and C respectively); the gradient
indicated how much typical daily gas consumption
increased for each HDD (2.55 and 2.95 kWh/day/HDD in
D and C respectively). The two trend lines were very
closely aligned, expected due to the similarities of the
flats in terms of orientation and physical features.
90 B
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Figure 4 Scatterplot of Heating degree days vs. daily gas
consumption in flats C and D, with Pearson correlations and
linear trend lines also shown.

The key physical difference between the two flats was that
Flat C, being on the top floor, experienced greater heat
loss through its poorly insulated ceiling, hence its slightly
higher gradient compared to flat D.

This plot of HDD vs. daily gas consumption provided a
valuable pre-retrofit measure. Post-retrofit, the trend line
is expected to have a significantly shallower gradient as
less heating should be required for each HDD.

Indoor environmental monitoring — heating season
2019

Three flats, C, D and E, had indoor environmental
monitoring data for the pre-retrofit heating season from
Jan-Apr 2019 (Figure 5 and Table 5). Flat C had the
lowest temperatures during the heating season, with
means of 17.0 °C (living room) and 18.8 °C (bedroom).
Gas monitoring during this period found consumption
significantly lower in flat C compared to D and E, with
the occupant survey revealing that cost rather than
comfort was the most significant driver in this.

Heating season RH, monitored from Jan-Apr 2019,
revealed several areas of concern, particularly in flat C.
Flat D’s RH averaged 39.9-42.1 % due to heating being
on almost constantly throughout the day and night —
warmer air having a greater capacity to hold moisture and
therefore reducing RH. The occupant survey revealed that
both living room and bedroom were occupied for the
majority of the day and night. By contrast, flat C had very
high RH during the heating season, averaging 77.9% in
the living room and 67.1% in the bedroom. Indeed, for the
monitored heating season, RH was above 80% for 28%
and 18% of the time in the living room and bedroom
respectively. Consequently, the occupant survey,
thermographic survey and site visits revealed damp and
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mould prevalent throughout the flat. Although at the high
end of the recommended range, flat E’s RH remained
stable, the occupant able to keep it relatively under control
with an effective regime of heating and ventilation. In
light of these results, bringing RH under control by
effective use of the MVHR system was identified as a key
priority in the design and implementation of the retrofit.

The CO; concentration from Jan-Apr 2019 confirmed
what had been observed on site visits and in the occupant
survey: flat D’s occupants tended to keep their windows
open for fresh air and ventilation, even when it was cold
outside, hence much lower levels of CO, compared to
flats C and E. As with the Aug 2019 data, flat E’s bedroom
concentrations were pushed up during the night when the
occupant slept with her window closed. Regular opening
of the windows in this flat helped to limit the peaks in
concentration. Flat C had high levels of CO, and reached
the most extreme levels, the occupant tending to keep
windows closed to try to keep the heat in, despite the
detrimental effect this had on air quality, in particular
allowing RH to remain high and damp and mould to

thrive.
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Figure 5 Boxplot temperature (top), RH (middle) and CO2

distributions in monitored spaces during Jan-Apr 2019 (living
rooms-grey, bedrooms-pink).

CO, concentration (ppm)

Table 5 Descriptive statistics for monitored temperatures, RH
and COz concentration in case study flats during Jan-Apr 2019
(15-minute resolution) in living rooms (L) and bedrooms (B).

Temp Flat C Flat D Flat E
(°C) CEEGOEEOENCEEGCENGC)
N 6477 | 6476 | 8637 | 8637 | 8637 | 8637

Mean 17.0 18.8 213 | 206 | 20.6 | 20.6
Min 14.9 14.3 18.1 18.1 17.0 18.0
Max 20.9 | 25.3 244 | 231 | 28.8 | 229
RH Flat C Flat D Flat E
(%) (L) (B) (L) (B) (L) (B)

N 6477 | 6476 | 8637 | 8637 | 8637 | 8637

Mean 779 | 67.1 | 399 | 42.1 | 543 | 60.3
Min 458 | 32.8 28.1 | 287 | 28.0 | 36.8
Max 96.5 | 89.9 | 575 | 63.8 | 714 | 73.9
CO2 Flat C Flat D Flat E

(ppm) | (L) (B) L) (B) L) (B)

N 2064 | 4668 | 8610 | 8630 | 8626 | 8626

Mean 1790 | 1580 | 780 776 1246 | 1751
Min 400 400 440 400 403 436
Max 5006 | 4996 | 1467 | 2049 | 3408 | 3642

Occupant characteristics

Occupant characteristics gathered through the survey
provided context to the physical monitoring data, for
example, why measured indoor temperatures were low in
flat C. The surveys also revealed which flats used gas for
cooking (C and F), or preferred gas-heated water for baths
(B, C and F) rather than electric showers. Three flats had
occupants who smoked (B, C and D), which influenced
their window-opening habits, and five of the six flats
experienced damp and mould (the exception being E).
Only one of the flats (A) paid energy bills by direct debit.
The others, who used top-up cards, were less aware of the
details of their energy bills. Occupants in two flats, C and
D, tended to keep their heating on all day through the
heating season; while E and F used timers for morning
and evening heating; and A and B said they only turned
on the heating when they felt cold. None of the flats had
tumble driers: clothes were hung on the balconies if
available but often in the winter were hung inside to dry,
contributing to the high RH observed. Only flat A had an
extractor fan over the hob. Occupant surveys also
revealed occupants’ perceptions of their flats — features
they liked, such as the large windows providing good
natural light, and disliked, such as the cold and damp.

These findings provided the baseline for a post-retrofit
survey investigating changes in the heating patterns,
perception of the indoor environment, and any change in
energy behaviours that come about after the retrofit.

Pre-retrofit PHPP model

The PHPP allows a comprehensive range of inputs to
provide a highly detailed model of a building and predict
various aspects of its performance, in particular its space-
heating energy demands. The original model included a
number of assumptions (Table 6), which were then
modified based on information gathered from monitoring,
on-site tests and surveys and occupant surveys. The
number of occupants in the flats was significantly higher
than the standard assumption of two per flat. Based on
occupant surveys and monitored indoor temperatures, the
interior winter temperature was increased from the
assumed 20 °C to 21 °C.
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The on-site air-tightness test found the building to be
much more airtight than expected. UK dwellings built
between 1950 and 1965 have typical air tightness of 16-
17 m¥h/m? @ 50 pa (BRE, 2014). However, the on-site
test revealed an overall airtightness of 4.7 m%h/m? @ 50
pa, with flats averaging 3.2 m%h/m?> @ 50 pa and he
stairwell 6.8 m%h/m? @ 50 pa.

Standard assumptions for this type of 60-70 year-old
building included wall U-values of 1.6 W/m?K (and 1.5
W/m?K for ground floor walls) (BRE, 2014). However,
on-site measurements revealed these to be significantly
lower: 0.81 W/m?K for walls, 0.254 W/m?K for ground
floor walls, which had cavity insulation and an outer
rendering.
Table 6 PHPP model outputs from original standard
assumptions and measured inputs.

Standard
assumptions

Assumed and measured inputs

Measure/value Modified pre-

retrofit values

Number of occupants 12 19
Wall U-value 1.6 W/m?K 0.81 W/m?K
Ground-floor wall U- 15W/m?K | 0.254 W/m?K
value
Air tightness (pressurised | 16.0 m%hm? 4.7 m3hm?
test result nso) @ 50 pa @ 50 pa
Indoor winter temp. 20°C 21°C

Calculated outputs
209 kWh/m?a

Space heating demand 116 kWh/m?a

Space heating load 93 kWh/m?a | 45 kWh/m?a
Frequency of overheating 0% 0%
(>25 deg. C)
Frequency of excessively 0% 6%

high humidity (> 12g/kg)
Non-renewable primary
energy (PE): PE demand
Primary energy —
renewables (PER)
demand

354 kWh/m2a | 269 kWh/m2a

477 kWh/m2a | 320 kWh/m2a

Applying these changes to the pre-retrofit model had a
significant effect. Modelled space heating demand was
reduced by 44%, space heating load reduced by 52% and
PE demand by 24%. Notably, applying these changes also
identified a 6% frequency of excessively high humidity
(defined as >12g/kg, or 78% RH at 21 °C). This risk only
became apparent when all of these modifications were
made, and reflected the damp and mould observed on site
visits, particularly in flat C.

Selection of retrofit strategies

The empirical data revealed a number of important
features of the flats which helped to inform the retrofit
strategies employed. This was a fabric-driven project,
aiming to not only reduce the energy demand within the
flats but also to maintain and improve their indoor
environments. The approach of simply installing newer,
more efficient gas boilers, for example, was not
appropriate. Instead, the fabric-first approach meant

providing a wrap-around insulation layer to the walls,
windows and roof to reduce heating demand significantly.

Monitoring of RH and CO; concentration, alongside
occupant feedback and on-site observations, revealed that
many of the flats had issues with damp and mould.
Extractor fans were only found in one kitchen and none
of the bathrooms. Therefore, an insulation layer that
effectively sealed the indoor environment more
effectively risked exacerbating the damp and mould
issues. MVHR systems often assume/rely on unopenable
windows. However, pre-retrofit monitoring and surveys
revealed that occupants were in the habit of opening and
closing their windows for a variety of reasons, including
for ventilation when cooking, smoking, bathing or drying
clothes indoors. Consequently, the MVHR system and
windows were designed such that they allowed for
window opening by occupants to continue.

As well as these direct influences on the retrofit design,
the detailed pre-retrofit performance evaluation also had
indirect benefit to the project. Since the retrofit was
designed to be carried out with residents remaining in-
situ, resident engagement was vital. Regular on-site visits
from the researcher (independent from those designing
and delivering the retrofit) helped to keep residents
informed about the progress with retrofit works and gave
them an opportunity to ask questions. This help to
increase residents’ tolerance to the disruptions caused by
the retrofit works.

Furthermore, the detailed pre-retrofit monitoring and
measurement provided a benchmark against which the
retrofitted flats could be compared. This encouraged the
design and installation team to maintain high quality of
retrofit works, knowing that the results would be open to
a level of scrutiny more than a regular energy retrofit.

Pre- and post-retrofit initial comparison

Although data was only available for the early stages of
post-retrofit, it was possible to make some initial
comparisons with pre-retrofit data in locations where
datasets overlapped. Clearly, comparing pre-retrofit
heating-season data from Jan-Apr 2019 with post-retrofit
heating-season data from Oct 2020 is problematic.
However, this was the limitation at this stage of the
project and as more longitudinal data is gathered post-
retrofit, along with on-site air tightness testing, U-value
testing, occupant surveys and annual energy statements, a
more in-depth analysis will be possible.

For the pre- and post-retrofit periods, gas data was
available in flats C and D, and electricity data in flats D
and E. Comparing average daily consumption over the
two periods, electricity consumption decreased by 5% in
flat E (7.8 to 7.4 kWh/day) and by 47% in flat D (13.1 to
6.9 kWh/day) — understandable since there were four
occupants in Mar-Apr 2019 and only one in Oct 2020.
Daily gas consumption in flats C and D was greatly
reduced in the post-retrofit period — by 52% in flat C (33.3
to 15.8 kWh/day) and 87% in flat D (31.5 to 4.1
kWh/day), although as the HDD values indicated, the
post-retrofit period was much milder compared to the pre-
retrofit period.
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The HDD base temperature of 15.5 °C was appropriate
for the pre-retrofit building. However, the post-retrofit
building should not require heating to come on until
outdoor temperatures have fallen much lower. The
strongest correlations between gas consumption and HDD
came with a base temperature of 13.0 °C, although neither
flat had correlations significant at the 0.05 level post-
retrofit. Again, more longitudinal data should enable a
clearer understanding of how this relationship has
changed post-retrofit.

Indoor temperature and CO, concentration was monitored
in flat E during both Jan-Apr 2019 and Oct 2020. It should
be noted that during the pre-retrofit Jan-Apr 2019 period,
mean outdoor temperature was 6.9 °C compared to 11.3
°C during the post-retrofit Oct 2020. This goes some way
to explaining the significant increase in average
temperatures in both the living room and bedroom (Table
7). What is significant in these statistics is that minimum
temperatures and lower quartiles were significantly
increased in both locations — neither room getting as cold
as during pre-retrofit — whereas maximum temperatures
were also kept under control. In the living room, the peak
temperature was 4 °C lower in the post-retrofit period,
whereas the upper quartile had increased by 2.5 °C,
indicating warmer temperatures overall, but without the
extreme highs. Bedroom temperatures also increased
overall but stayed within comfortable levels.

Mean CO; concentrations reduced by 48% in the living
room and 60% in the bedroom from pre- to post-retrofit
periods, with peak concentrations also vastly reduced, the
introduction of the MVHR providing controlled air
circulation apparently proving successful in bringing
down CO; levels dramatically.

As already stated, these post-retrofit findings remain
preliminary. However, early indications are that retrofit
had been successful in reducing gas consumption and
bringing indoor temperatures and CO, concentrations to
within more comfortable and healthy levels. Further post-
retrofit monitoring will help to quantify the effectiveness
of the retrofit and how well it compares with design intent.

Table 7 Comparison of temperatures and CO2 concentrations
in flat E during Jan-Apr 2019 (pre) and Oct 2020 (post).

Measure | Statistic Living room Bedroom
(Pre) (Post) (Pre) (Post)
- N 8637 2974 8637 2962
g Mean | 206 | 234 | 20.6 | 22.4
% Median 20.6 23.4 20.6 22.4
< Min 17.0 21.2 18.0 21.4
3 Max 28.8 24.8 22.9 23.8
E 1%tQ 20.0 23.1 20.1 22.1

3Q 21.2 23.7 211 22.7
N 8626 2974 8626 2962
Mean 1246 650 1751 709
Median | 1096 612 1794 697
Min 403 400 436 400
Max 3408 2001 3642 1789
1% Q 768 526 1257 547
39Q 1612 727 2181 833

CO2 concentration
(Ppm)

Discussion

The data gathered during pre-retrofit evaluation
established the baseline performance of the flats and
revealed the differences between the six flats in the same
block, due to number of occupants, occupancy patterns,
and occupant behaviours motivated by thermal
preferences or energy costs. Flat C had much lower gas
consumption than other flats, and consequently had
significantly lower indoor temperatures. Windows were
kept closed to keep heat in as revealed in CO2 monitoring
and occupant surveys, resulting in high RH, with damp
and mould prevalent throughout the flat. The low gas
consumption was found to be due to fuel poverty rather
than occupant choice.

The occupant survey provided the necessary local context
to much of the longitudinal monitoring observations
highlighting the need to have ‘data’ as well as the ‘story’.
Flat E’s occupant preferred to keep her bedroom window
closed at night resulting in high night-time CO; levels.
Flat D’s occupants on the other hand, liked to keep their
windows open, leading to lower CO; levels, but higher
gas consumption to maintain comfort temperatures. Flat F
had few electrical appliances and relatively low electricity
consumption, but the 20+ pets throughout the home had a
significant impact on the indoor environment.

On-site fabric tests helped to refine the PHPP model,
provide a more accurate understanding of the building’s
pre-retrofit performance, and establish an empirical pre-
retrofit  benchmark for comparing post-retrofit
performance. Without the pre-retrofit performance
evaluation, the MVRH system could have been
undersized, or expensively oversized causing excessive
energy consumption and potentially worse indoor
environment. The knowledge about occupant preferences
to window opening helped to ensure that new windows
remained openable.

The pre-retrofit evaluation also enhanced engagement
with occupants who developed an understanding of how
the retrofit works would benefit them and the building.
Consequently, their tolerance to remain in-situ while the
retrofit happened increased. For those who designed and
delivered the retrofit, there was added motivation to
produce high-quality work, knowing that the results
would be scrutinised and evaluated to a greater degree
than other projects they may have worked on.

Early post-retrofit data indicated that gas consumption
had been significantly reduced — by between 52 and 82%
in the two flats which had the initial data. Electricity
consumption, which had the potential to increase due to
the installation of ‘always-on” MVHR, appeared
relatively unchanged. Indoor temperatures were more
stable - generally warmer and with less severe highs and
lows. CO, concentration was vastly reduced by the
implementation of MVHR. Continued monitoring of
energy use and indoor environment along with occupant
surveys will help to establish the extent to which the
retrofit has reduced energy consumption and improved
the indoor environment as well as identify any
performance gap and possible causes.
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Conclusion

This study has presented a systematic empirical
investigation of the building fabric thermal performance,
energy use, indoor environment and occupancy
characteristics of a low-rise block of flats in the UK, prior
to a fabric-first energy retrofit with occupants remaining
in-situ. The empirical findings were used to calibrate the
energy model (PHPP) and inform the selection of retrofit
measures.

At the pre-retrofit stage, the flats were found to be more
airtight and had lower U-values than standard
assumptions suggested. Occupant-related factors varied
from flat to flat, influencing fuel consumption and indoor
environment which were used to calibrate the energy
model. Low indoor temperatures and high RH and CO;
concentration had resulted in damp and mould issues
throughout the building. This emphasised the need for
integrating continuous ventilation alongside insulation of
walls, roofs and windows, to avoid negative effects on
occupant health and comfort.

The pre-retrofit performance evaluation also led to a
number of indirect benefits for the retrofit delivery. The
regular visits by the researchers for gathering data helped
to engage occupants, keeping them informed as the
retrofit works progressed, and giving them an opportunity
to provide feedback. This in turn made it easier to keep
the residents in-situ during the retrofit works rather than
having to rehouse them - giving significant financial
savings and much less upheaval. For the retrofit delivery
team, knowing that the project was being monitored and
scrutinised to a high level also provided those designing
and delivering the retrofit package a strong motivation to
maintain the highest standards of workmanship.

The performance evaluation approach deployed in the
study could become part of retrofit design and delivery
given the benefits it brings for residents in terms of
enhanced resident engagement as well as empirical
knowledge and calibrated energy models for the retrofit
design and delivery team. This will minimise unintended
consequences and reduce the gap between intended and
actual performance.
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