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Measuring the thermal performance of occupied homes
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Abstract: The phenomena of the “performance gap” and challenging climate legislation, has led to calls for a
whole house thermal measurement framework for occupied homes, using the heat transfer coefficient.

A refurbished 1930’s 3-bedroomed semi-detached house, was equipped with both high-quality and low-cost
temperature sensors, along with a synthetic occupancy schedule to mimic human activity. The results from a
previous co-heating test were used as a benchmark. Some of the low-cost sensors were deliberately placed in
inappropriate locations to determine the effect of doing so. There were two 29-day monitoring periods the
second involved the opening of windows. The research concluded that; It is possible to measure the heat transfer
coefficient of an occupied house, small battery powered sensors perform as well as high quality equipment, they
are not required in every room, although some care in placement is required, and opening windows increases
heat transfer coefficient by approximately 10%.
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1. Introduction

The built environment accounts for 40% of the UK’s final energy demand. Three quarters of
that demand is for space and water heating (BEIS 2015). The average UK household currently
consumes 3,900 kWh of electricity, and 13,800 kWh of gas annually (Palmer et al 2016).

Around 83% of domestic properties have gas fired central heating. This accounts for
approximately 70% of domestic CO, emissions. (Parker and Cooper 2011, National grid 2014).
Itis likely that these demand figures will increase, as the office for national statistics (2017) is
predicting that the UK’s population will increase to around 74 million people, requiring
around 33 million homes by 2050.

It is entirely possible that energy consumed for domestic space and water heating can
be reduced. A relatively simple, inexpensive and fast method to combat climate change, is
the reduction of energy being used for heating water and living spaces of homes. The IPCC
(2007) argues that “improving efficiencies in both new builds and older housing stock could
be one of the most cost-effective measures to combat global warming”. Additionally, the EU
Action Plan for Energy Efficiency, claims that “wall and roof insulation offer the greatest
opportunity to save energy and reduce emissions” (EU COM 545 2006).

The heat transfer coefficient (HTC) of a house is a significant parameter in its energy use,
it accounts for the heat loss through the building envelope, walls, floor and roof etc. At
present this value is either generated theoretically during the design phase for compliance
purposes, or gathered from un-occupied homes using whole house heat loss methods to
determine its value.

A major concern for the construction industry is the “performance gap” this is where
some property’s fail to achieve pre-calculated levels of energy use. The widely held causes for
this gap are; poor construction methods, poor quality materials and compliance modelling
errors. The development of a new framework which uses the HTC value as its metric, should
have a consequential reduction in the performance gap.



The main inhibitor to date has been the amount of equipment needed to conduct the
test. Therefore, this research intended to discover the minimum equipment levels necessary,
to conduct the data collection, and maintain accuracy levels, in order to develop an everyday
method to determine the HTC value in occupied homes.

2. Method
The house used for the tests, is one of a matched pair of semi-detached houses that
Loughborough University maintains (Figure 1).

Figure 1 Test house front elevation (RHside) and Test house rear elevation (LH side)

The house is located in the East Midlands town of Loughborough, in a residential area
close to the Loughborough University campus, the front elevation of the house faces roughly
south (160°). It was constructed circa 1930 using contemporary construction methods for the
time, such as; brick cavity walls, suspended timber floors (uninsulated), there is a pitched tiled
roof, with 300mm of loft insulation.

The house also has; uPVC double glazed windows and doors, gas fired hydronic central
heating via a condensing combination boiler, (Worcester Greenstar 30 CDi combi SEDBUK
rating 90.2% efficient) which also supplies the domestic hot water (DHW), there are radiators
to all rooms, except the upstairs hallway, each radiator has thermostatic radiator valves (TRV)
except the downstairs hallway.

The research consisted of 2 phases of 29 days days each, back to back with the only
difference being the windows of some rooms were opened automatically during the second
phase.

2.1 Air permeability

This element of the test house buildings physics describes the air infiltration rate, and
therefore the potential amount of cold air entering the building. The higher the number of air
changes per hour (ACH), the higher infiltration rate, which will result in a higher heat loss rate,
resulting in a higher (worse) HTC value and could potentially be more expensive to heat than
the same style property with a lower ACH rate.

The mean 50 result from the 16 tests was 14.9 mg’/h/m2 @ 50Pa. For comparison;
newly built houses now have to comply with part L of the building regulations, a house must
have a g50 of less than 10 m?/h/m? @ 50Pa, and the guidelines for best practice are a q50 of
5 m>/h/m? or lower.



2.2 Co-heating test

The co-heating test requires the house to be empty for between one and three weeks along
with a raised internal temperature of 25°C using electric heaters in each room as per Johnston
et al (2013), this essentially precludes the co-heating test from being used in occupied homes.
The resultant HTC value of 216 Watts / Kelvin (W/K) was used as a benchmark for the analysis
of its datasets.

There are however some differences in the conditions of the co-heating test and this
study (Table 1), mainly being; gas heat input via central heating, the inside air is not fan
assisted so there could be temperature differences in rooms, the house is at a lower
temperature, there was no synthetic occupancy in co-heating test and the curtains were being
opened and closed in this research but not in the co-heating test.

Table 1 Differences between a co-heat test and an occupied dwelling

Co-heating test Occupied house
25°C throughout 21°C Living room 19°C rest of house
Air mixed by fan even temperature Only convection movements of air different
throughout temperatures throughout
Windows/ main doors closed Windows main doors open and closed
Curtains open Curtains opening and closing
No occupants Random heat gains/losses from occupants
No DHW losses DHW losses
Sensors in every room Cannot use as many sensors in occupied
home
Sensors can be placed in good locations Sensors may have to be placed in poor
locations

2.3 Synthetic occupancy
In order to represent the typical heat gains from the normal activity of occupants and
electrical equipment such as; lighting, cookers, TV’s computers washing machines and fridges
etc. The test house was fitted with equipment to mimic human activity. No gains were
mimicked in hallway, bathroom or small bedroom. The heat gain equipment was controlled
by, a “Z— wave smart home controller Vera 3” (Vera 2018).

Curtains to all windows were opened at 08:00 (09:30 Sat/Sun) and closed at 16:00.
Doors to the three bedrooms were closed and other internal doors left open.

Table 2 Equipment used for synthetic gains

Equipment used for synthetic heat gains

Location Equipment

Bar heater 120W * 3 Bar heater 60w *1
Living Room 20w CFL bulb * 3

Bar heater 60w * 1 site light 400w *1
Kitchen fan heater 1500w *1

site light 400w *1 Bar heater 60w * 1
Dining Room CFL bulb 20w *1

Large Front Bedroom Bar heater 120w * 1 CFL bulb 20w *1

bar heater 120w * 3 Bar heater 60w *1

Back Bedroom 20w CFL bulb * 4




2.4 Data collection

During this experiment two types of temperature sensors were used, the test house was
already fully equipped with high-quality U-type thermistors with 40mm black globe
temperature sensors in all rooms, plus one to the exterior, that were wired into a data logger
taking readings at one-minute intervals.

In addition to these fifty small battery powered temperature sensors were also
deployed, six sensors were placed in every room of the test house. Three sensors were placed
centrally in each room one 500mm down from the ceiling and one 500mm up from the floor
and one central at 1.2m height. which were all shielded from solar activity using insulated
tubes to maintain airflow. These were termed “well placed” as they fall within the guidelines
for sensor placement and were shielded (Morton 2016).

Some of the sensors were deliberately placed in poor locations, to understand the effect
in a real occupied house, one was placed on the window sill, one outside the shielding tube
of the centre middle small battery powered temperature sensor and one on the back wall of
the room.

Weather data for the period 10™ March to 08" May was sourced from both
Loughborough University weather centre approximately 1km from the test house, and from
Sutton Bonington weather station approximately 8km away from the test house.

Gas and electricity usage were recorded by Enica optipulse data loggers. This system
works by recording the pulse of light emitted from a light emitting diode (LED) by the meter
every 0.01m? of gas is used or 0.001 of a kWh.

2.5 Data analysis method

The raw temperature data was converted into daily mean inside (T;) and daily mean outside
(To) temperatures, this is an average for a 24-hour period. In this study it was felt more
appropriate to use the daily time period from 05:00 to 04:59. This time period chosen as it
was prior to sunrise for the period of the research, this should allow as much of the daily solar
gains as is reasonably possible, to dissipate before the sun rose again.

The daily mean temperatures are then converted into floor area weighted
temperatures by multiplying them by their room floor area and then dividing by total floor
area. Then it is possible to work out the Delta T (AT) figure. AT is the daily mean difference in
temperature between daily mean outside temperature and daily mean inside temperature,
and is derived by removing the daily mean outside temperature from the daily mean inside
temperature. The final HTC figure is calculated using a “Siviour plot” (Johnston et al 2013).

3. Results
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Figure 2 Small battery sensors compared to High quality sensors (windows open and closed)



Figure 2 shows the two sensor types compared; between windows closed and open the small
battery sensors (SBS) record an increase of 19W/K = 9.8%, and the high-quality sensors (HQS)
record an increase of 18 W/K = 9.7%

When comparing SBS to HQS with the windows closed HQS 185 W/K SBS 194 W/K is a
difference of 4.9%. with the windows open HQS 203 W/K SBS 213 W/K difference = 4.9%. this
is within the £10% error expected in co-heating tests (Jack et al 2017).
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Figure 3 change in HTC value as rooms are removed from analysis
:legend BB = box bedroom K = kitchen B = bathroom H = hallway RB = rear bedroom FB = front bedroom

The bar chart in Figure 3 displays the change in HTC value when removing the data from
one room at a time starting with the full house and reducing rooms by N — 1 until just the
living room sensor remains. The HTC recorded using all sensors with windows closed is 194
W/K and with the windows open is 213 W/K. In this analysis these figures will be used as the
baseline HTC's.

The yellow bars are the HTC values for windows open, the blue boxes on them are the

percentage difference to the full house value and the blue bars are the windows closed phases,
and the orange boxes on them are the percentage difference to the full house value.
The HTC values can be observed to drop at every iteration of room sensor removal, marginally
at first, but as more rooms are removed from the analysis the difference grows larger,
although the difference using only the living room data is still less than 10% for windows
closed and 6% for windows open, which is within maximum variations argued by Jack et al
(2017) of between 8-10%.

Of the six SBS sensors located in each room of the test house, there were certain
locations that regularly gave the hottest or coldest reading, the hottest daily mean
temperature for both windows open and closed on 75% of occasions was the centre top
sensor, which was placed 500mm down from the ceiling. The coldest daily mean was recorded
by sensors placed on the window sills, on 62% of occasions these sensors recorded the lowest
temperature in the individual rooms.

4. Conclusions

The saving of energy used for domestic space and water heating will be essential for the UK
to achieve its 2050 targets, according to the IPCC (2007) improving the efficiencies for both
the new constructions and the retrofitting of older homes, could be the “most cost-effective”
measure to fight both CO2 emissions and global warming. Also, an EU Plan for Energy
Efficiency, argues “wall and roof insulation offer the greatest opportunity to save energy and
reduce emissions” (EU COM 545 2006).



To the authors knowledge this is the first time that this type of study has been performed,
involving specifically; side by side comparison of both high quality and low-cost sensors with
a subsequent window open phase. Although this was a small study the results allow for the
following conclusions:

It is possible to measure the heat transfer coefficient of an occupied house. The HTC
values achieved during this study compare satisfactorily (within 8-10%) with the co-heating
value.

Small battery powered sensors perform as well as high quality equipment. The
temperature reading follows very similar patterns with perhaps only 0.5°C maximum
difference at any point, the exterior sensors also show a good similarity to the weather station
data.

Sensors are not required in every room. Although this study used sensors in every room
this would not be required in an occupied house, a minimum of three separate locations for
larger houses and two for smaller houses should be sufficient

Care needs to be taken regarding placement of the sensors. Two sensor locations stood
out as bad practice, they were the window sill and the centre 500mm from the ceiling. There
was negligible difference between the other sensor placements.

Opening the windows in this study increased the heat transfer coefficient by
approximately 10%.
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