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ABSTRACT

Domestic zonal heating controls enable hydronic systems to heat rooms to different temperatures at dif-
ferent times. The first credible evidence known to the authors, of the in-use energy savings of such con-
trols, is reported. The results and research methods are globally relevant.

The energy demands and room temperatures in 68, gas-heated, owner-occupied, semi-detached
homes, in the English Midlands were monitored for a year before zonal controls were fitted in 37 of
the homes prior to the second year of monitoring. The other homes retained the existing heating controls
and so provided a matched (control) group. Surveys and questionnaires characterised the dwellings, heat-
ing systems and households.

In two thirds of the homes with zonal controls the annual gas demand decreased, in one third it
increased. Overall, the mean gas demand decreased by 3.5% relative to the homes that retained their
existing controls. Savings were achieved primarily by reducing bedroom temperatures, especially in
the evenings.

Wireless, digital zonal controls are unlikely to provide an acceptable payback through reductions in
energy bills at today’s prices, but they offer households the flexibility to react to time-of-use energy pric-

ing.

A matched (control) group is essential for the reliable calculation of energy demand changes arising
from interventions in occupied homes.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

In 2014, the buildings sector accounted for 31% of total global
final energy use, 54% of final electricity demand, and 8% of
energy-related CO, emissions or 23% if emissions from upstream
electricity generation is accounted for [28]. In the UK, approxi-
mately 14% of total emissions comes from heating homes but the
current annual emissions trajectory is incompatible with achieving
a net-zero economy by 2050 [23] and so energy efficiency improve-
ments are an imperative.

Gas-fired, hydronic heating systems dominate the English hous-
ing stock with some 93% of the 24.4 million English homes having
such systems [35]. Consequently, gas represents 64% of all domes-
tic energy consumption [2] and 18.6% of total UK energy consump-
tion by final end use [3]. Similarly, in the 27 EU countries of 2010,
30% of energy use was for heating buildings, of which 64% was gas,

* Corresponding author.
E-mail address: K.J.Lomas@Iboro.ac.uk (K.J. Lomas).
T The IPCC refers to 2017 figures by the International Energy Agency.
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oil or coal [14]. The global need to combat climate change, will
drive a shift in home heating away from fossil fuels towards elec-
tricity supplied from renewable sources both in the UK [11] and as
a component of net zero energy homes in Europe [40]. Hydronic
heating systems based on heat pumps will become common place
in Europe [18] and elsewhere [28].

The energy demand for space heating and any consequential
CO, emissions can be reduced by any combination of increased
thermal resistance and airtightness of the building fabric,
increased efficiency of the space heating system, or reduction of
the average indoor temperature by reducing the set-point or limit-
ing the duration and/or spatial extent of heating. Evidence for the
energy saving achieved by insulating the building fabric and instal-
ling more efficient heating systems is relatively robust [4]. How-
ever, reducing indoor temperatures depends on the actions and
choices of the household and, because predicting what people
might do is difficult, it is particularly challenging to quantify the
potential for energy savings. Whilst fabric efficiency measures
might be effective for decades, the long-term durability of any sav-
ings from occupants’ changes in heating behaviour is less secure.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Space heating controls are essential for the safe and cost-
effective operation of heating systems. They also enable house-
holds to achieve a desired, comfortable indoor temperature and,
perhaps, save energy by heating their home only when and where
it is needed. Typically, a programmable timer controls when heat is
delivered for space heating, and separately for domestic hot water.
A whole house thermostat limits the heat output when the house is
up to the set-point temperature?. In the EU, heating controls must
comply with the Energy Performance of Buildings Directive [40],
therefore since October 2010, new UK homes over 150 m? have sep-
arately zoned temperature and time control for living areas and
sleeping areas [22]. This is usually achieved by installing two
separately-controlled hydronic circuits and is therefore difficult to
retrofit into existing homes.

Wall mounted radiators are the most common method of deliv-
ering heat to European homes, with underfloor heating being an
alternative. Conventional thermostatic radiator valves (TRVs)
enable limited control of the set-point temperature on a room-
by-room basis. Innovation using digital and wireless technologies
has enabled the creation of programmable TRVs which can control
both the room set-point temperature and the timing of heat deliv-
ery by setting different set-points at different times in different
rooms. The programming of domestic hot water heating is unaf-
fected. These ‘smart TRVSs’ are relatively easy to fit to existing radi-
ators and can be programmed from a wireless controller or even
from a smartphone app. Typical systems are marketed by most
of the leading heating controls manufacturers, e.g., Drayton [17],
Hive [21], Tado [47], Worcester Bosch [49] and Honeywell [24]
(Fig. 1). Market analysts predict significant growth in the global
smart thermostat market (e.g., [19] and the European market for
smart TRVs (e.g., [10]).

Standalone, programmable TRVs are not linked to a central con-
troller or the boiler and only control heat delivery and room tem-
perature when the central timer has the heating switched on.
Typical TRVs of this type are manufactured by Honeywell [25]
and Pegler [42]. Professional installation of a complete wireless
system can cost more than £1000, depending on the number of
radiators and the complexity of the installation, while individual
programmable valves may be purchased for DIY installation for
less than £20. How much energy can be saved by retrofitting zonal
space heating controls in homes? The answer to this complex
socio-technical problem depends on how well the heating system
was controlled (either manually or ‘automatically’) prior to instal-
ling the new controls and how the household interacts with the
new controls: from the initial set-up of time/temperature sched-
ules to the ad-hoc interactions that change or override that
programme.

A 2014 study observed that very few UK studies have rigorously
evaluated the overall effect of providing households with techno-
logically improved heating controls in terms of energy saved
[15,16]. A later meta-analysis of also revealed the lack of robust
evidence to support the energy saving potential of nearly all space
heating controls, and noted that most studies adopted an experi-
mental protocol that could never have provided robust, conclusive
evidence [30]. However, the analysis revealed that zonal space
heating controls had more potential than other heating controls
based on some small-scale UK trials - experiments in test houses
and dynamic thermal simulation. Savings of 8-18% were found in
a two-home study using a novel predictive controller [46] and rig-
orous experiments in a matched pair of test houses with synthetic

2 In the English domestic stock as a whole, 99% of homes have a programmer and
85% a room thermostat, 76% of English homes have TRVs [36]. In some homes there is
no room thermostat and TRVs alone control the room temperatures. The heating
system is then fitted with a bypass to maintain circulation when heat demands are
low.
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Fig. 1. Honeywell Evohome controller and HR92 smart radiator valve (source,
Honeywell [26]).

occupancy [43] showed savings of around 12% [8]. Predictions
using dynamic thermal simulation indicated that the absolute
and percentage energy savings would be between 0.2 and 2.2 per-
centage points lower, in well-insulated dwellings, depending on
location [7]. The costs of the zonal control systems when compared
to the absolute energy cost savings produced long payback times,
especially so in well-insulated homes [7,8]. In other UK modelling
studies, energy savings of 10-15% [33] and 8-37% [12] have been
reported. Elsewhere, using dynamic thermal simulation, zonal
space heating controls have been reported to be ‘cost effective’
for homes in Mediterranean climates [44]. A short duration, single
home study in Canada claimed savings of c36% [27]. However, all
these studies, and particularly those that rely on modelling, make
assumptions about how households will interact with the controls
and space heating system, so do not provide reliable evidence of
the systems’ in-use performance. A qualitative survey of 100 UK
households with zonal controls observed ‘that consumers use heat
in diverse and ever-varied ways’ [9]. Neither this, or earlier field
studies, provided robust evidence about which households are
most likely to save energy and how much energy may be saved.
Field trials to identify the energy savings from interventions in
homes are notoriously challenging, and especially when these
relate to space heating. Many studies compare the measured
energy use after an intervention with the energy use before and
try to account for the different weather during each period using
heating or cooling degree days. For example, in the well-
documented CalTRACK approach [39]. In practice though, energy
demands, both before and after an intervention, depend on many
things besides the outdoor temperature: the dwelling characteris-
tics®, the pre-existing heating system and controls, occupant beha-
viour, other weather features, such as solar radiation and wind,
and diverse exogenous factors such as fuel prices and economic
and social pressures. ‘Before and after’ comparisons simply cannot
account fully for all these effects. The problem of devising a robust
trial methodology is magnified when trials seek to identify relatively
small energy savings, perhaps less than 10% for heating controls.
This paper presents the results of a multi-year field trial capable
of revealing the changes in heating energy demand resulting from
the installation of zonal space heating control systems in occupied
homes. Some variables were controlled (the house type, heating
system type and home ownership) whilst others (the prior heating
controls, the weather and diverse exogenous factors) were
accounted for by ensuring that the homes with the zonal heating
systems were matched with others having no intervention, i.e., a
control group. The difference in energy demand between the

3 Which may change, for example if occupants open windows more or less often
after an intervention than before.
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Matched Group and Zonal Control Group provides a robust mea-
sure of the energy savings.

To the authors’ knowledge, a quantitative field trial of zonal
controls of the scale and rigour presented here has not been
attempted before. The trial provides the first robust evidence of
the in-use performance of zonal control systems, not only of their
energy savings but, in a parallel project, how the controls were
used [50]. The findings are relevant in all countries where hydronic
space heating is used, whether heating is by a gas boiler, heat
pump or other systems. The results are of value to energy policy
makers, controls manufacturers, house builders, housing associa-
tions and home-owners. The methodology may assist other
researchers wishing to collect robust evidence of energy savings
in the domestic sector.

2. Trial protocols and methods
2.1. Trial design and research questions

The field trial was conducted by a multi-disciplinary group of
engineers, ergonomists and social scientists as part of the larger
EPSRC-funded, Digital Energy Feedback and Control Technology
Optimisation (DEFACTO) project [31]. Initially, 400 homes were
recruited and following a year of monitoring, in which the gas
and electricity demands, and internal temperatures were mea-
sured, selected homes were separated into two groups, one in
which zonal controls were fitted and a ‘Matched Group’ in which
the space heating controls remained unchanged. The homes were
then monitored for a second year.

The changes in heating energy demand of the homes in the
Matched Group between Year 1 and Year 2 provides the bench-
mark against which the heating energy demand changes in the
Zonal Control Group were compared. Individual homes could use
more energy, or less energy, in Year 2 than Year 1 depending on
changes to the weather and occupant heating behaviours driven,
for example, by exogenous factors. The key research question
addressed by this research was therefore: ‘Compared to the Matched
Group, does the Zonal Controls Group have a significantly greater
decrease or smaller increase in heating energy demand in Year 2 com-
pared to Year 1?7

Theoretically of course, one would expect homes where the
heating energy demand decreases to also have lower time-
averaged and/or space-averaged internal temperatures. Con-
versely, if occupants choose to use their new controls to improve
thermal comfort, i.e., to increase the internal temperature or heat
for longer, heating energy demands might increase. Individual
room temperatures thus provide an insight into how and why
the changes in heating energy demand are occurring. This enables
the following question to be addressed: ‘Are the changes in heating
energy demand resulting from the use of zonal controls consistent with
the observed changes in average indoor temperature?’.

Information about the dwelling and household, obtained
through surveys and questionnaires, ensures that there were no
other changes to the homes, such as refurbishments or changes
to the occupancy between Year 1 and Year 2. This information pro-
vides an opportunity to explore a third question: ‘For which homes,
occupied by which people might zonal controls be most beneficial?'.

2.2. Analysis method

To address the research questions, statistical analyses sought to
identify whether the change between Years 1 and 2 in the annual
heating energy demand of the two groups was, or was not, signif-
icant after accounting for the variations in individual homes’ heat-
ing energy demand changes. Throughout, the measured gas
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demand was used as the indicator of heating energy demand,
although it contains components related to domestic hot water
heating and, in some homes, gas cooking.

The non-normal distribution of the gas demand data required
that the non-parametric Mann-Whitney-Wilcoxon test be used
for this analysis [45]. To understand, and in some analyses, account
for changes in the weather, each home was associated with a local
weather station and the analysis repeated after applying degree
day corrections to the annual gas demand data.

Similar statistical analyses focussed on the gas demands on cold
days when space heating would dominate over the gas used for
domestic hot water and cooking. For these cold days, analyses also
explored whether the changes in whole house, or individual room
temperatures, were significantly different between the two groups,
again using the Mann-Whitney-Wilcoxon test.

Finally, despite having a relatively small sample of homes, an
attempt was made to identify whether the changes in internal
temperatures and gas demand arising from the installation of zonal
controls were significantly influenced by the characteristics of the
dwelling and household.

2.3. Project schedule and activities

The six-year DEFACTO project ran from 2012 to 2018 (Table 1).
The main cohort consisted of 393 owner-occupied, broad-band
connected”, gas-heated, semi-detached homes located in the Mid-
lands region of England. In the English housing stock as a whole,
64% are owner-occupied and 25% of homes are semi-detached
(30% of the owner-occupied homes) [35]. This complex project
included a home energy survey, a survey of the existing heating sys-
tem, two occupant questionnaires, gas and electricity monitoring,
room temperature monitoring, and the heating controls
intervention.

The research tools and methods were developed following a
pilot study [31,32,37,38]. The main trial, which was undertaken
between November 2014 and November 2018, is described fully
in Haines et al. [20], which includes all the survey materials used
in the pilot study (Appendix A) and the main trial (Appendix B).
The energy demand, energy rating and other characteristics of
the homes are explored in Lomas et al. [29]. Here, only the aspects
of the project relevant to the evaluation of the heating controls
intervention are described in detail.

The homes used for the heating controls trial were selected fol-
lowing the first winter of monitoring and were monitored for a
year before the homes that would receive the zonal controls were
selected. A second full year of monitoring was then undertaken
(Table 1).

The study received Loughborough University ethical approval
for both the pilot study and main study, with updates approved
when there were significant changes to the study protocol that
affected participants. Risk Assessments were also completed for
visits to participants’ properties. Data were collected and stored
in accordance with the Data Protection Act (1998) and the Project
Data Management Plan. Electronic data were stored on secure ser-
vers hosted by Loughborough University, with access only by the
project team.

2.4. Data collection

During 2015, 186 of the DEFACTO homes were fitted with gas
and electricity demand monitoring equipment and temperature
sensors. These communicated with a server via an in-home gate-

4 To enable transmission of the data collected and the operation of the zonal
control system.
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Table 1
Schedule of field trial activities and data collection.

Field trial activities and data collection Dates

1st Nov 2012 — 31st Oct
2014

1st Feb 2014 - 31st Mar
2015

1st Nov 2014 - 31 Mar 2015
1st Oct 2015 - 28th Feb

Development of research methods
Pilot study’

Main trial recruitment
Initial winter of data collection

2016

Home energy survey 4th Dec 2015 - 30th Mar
20162

Questionnaire 1 responses received 19th Nov 2015 - 18th May
2016

Baseline data collection, referred to as ‘Year 3rd Nov 2015 - 1st Nov
13 20164
Zonal controls installed in willing homes 1st Nov 2016 - 7th Mar
2017
Post-intervention data collection, referred to 8th Mar 2017 - 7th Mar
as ‘Year 2'° 2018
Questionnaire 2 responses received 30th August 2018 - 25th Oct
2018
19th Jun 2018 — 13th Nov
2018

Feedback and decommissioning

The pilot homes were retained and analysed in a parallel activity to the main
study.

2By when 95% of surveys were complete, the remainder took until October 2016.
3The year finished immediately before the first zonal controls were installed.
42016 was a leap year, so to make a fair comparison, a 365-day period of data was
selected for Year 1 and Year 2, leading to the unexpected end date of Year 1.

5The year starts immediately after the last zonal controls were installed.

way to enable remote data retrieval. Gas demand (in cubic meters
to an accuracy of +/—1%) was recorded at 30-minute intervals via a
newly installed utility meter with an automated meter reading
device connected. Electricity use (cumulatively in kWh to an accu-
racy of £ 1%) was recorded at two-minute intervals. Indoor air tem-
peratures (degrees Celsius to an accuracy of +/—0.5 °C) were
recorded at five-minute intervals. The temperature sensors were
placed on furniture or shelving at approximately mid-room height
in every room® (where possible) and avoiding direct sunlight or
other heat sources.

Each home was associated with one of seven local weather sta-
tions run by the UK Meteorological Office [34]. These provided
hourly temperature, solar radiation and wind data and enabled
standard weather-corrections to energy demands to be undertaken
as necessary (e.g., [29]).

The Evohome system delivered data to a Honeywell server. This
included set-point temperatures, thermostat temperatures, system
modes and interactions with the controller. The homeowners were
asked to consent to these data being sent by Honeywell to the
researchers to enable detailed analysis of the system. This is work
is reported elsewhere [50].

During the winter of 2015/16, a home energy survey was car-
ried out at each property by trained and certified assessors to
undertake an Energy Performance Certificate (EPC) assessment
using RASAP v9.92 [15,16] and to collect additional information
including: floor plans; the locations of radiators and presence of
TRVs; the make and model of the boiler and heating controls (with
photographs); and a list of secondary heating devices. This infor-
mation was checked carefully by the research team® and errors cor-
rected, in some cases by repeat visits to the homes by research team

5 Rooms included living room, kitchen, dining room, office/study, conservatory,
utility room, hall/landing, main bedroom, other bedrooms, bathroom, toilet and other.
Between five and 11 sensors were installed in each home, with a mean of 8.6 sensors.

6 The data collected in home energy surveys is notoriously unreliable. The project
expend considerable effort to obtain a robust set of data [20].
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members. Ultimately, a high quality set of dwelling description data
was obtained.

Two online questionnaires were completed by the householders
to provide information about the household and their use of their
home and heating system. The first, delivered prior to the Year 1
monitoring starting 19th November 2019, captured data on:
household demographics and occupancy; the use and control of
the heating system in winter and summer; and the use of sec-
ondary heating (single point gas or electric fires). The second,
delivered after the Year 2 monitoring from 30th August 2018,
had two versions, one for households in the Zonal Control Group
and one for those in the Matched Group. The questionnaire sought
to capture: any changes to the property or household since the
start of the project; the use and control of the heating system in
winter and summer, the ease of use of heating controls, and, for
the Zonal Control Group only, any use of the Honeywell Evohome
app.

Throughout the study there were numerous troubleshooting
visits to the homes by the researchers and contractors and a pro-
tracted campaign of replacing the batteries in the temperature log-
gers during Year 2. Effort was also expended on cohort retention
throughout the project.

2.5. Data cleaning

To assure that the DEFACTO dataset was reliable, the gas, elec-
tricity and temperature data was inspected and cleaned. The gas
data was mainly robust, though sometimes strings of zeroes were
recorded. In these cases, the indoor air temperatures and the elec-
tricity demand profiles were examined, and, in a few cases, homes
were eliminated from further analysis if the zeros could not be
attributed to a household being away from home for example’.

Electricity data included some extreme positive and negative
spikes which were clearly erroneous and always followed by ‘nor-
mal’ values. These were identified and removed from the dataset as
they were less than 0.2% of the sample.

Temperature data included erroneous values: extreme data
points (temperatures below absolute zero and above 80 °C), dupli-
cate records (an anomaly of the data logging process), and isolated
spikes (whenever the gradients both before and after a single value
had a magnitude greater than 1 °C per minute). These were identi-
fied and removed from the dataset and accounted for less than 0.1%
of the sample. Additionally, there were periods of missing temper-
ature data for some rooms that could not be recovered. Therefore,
checks were made to ensure that the same set of sensors was used
in Year 1 and Year 2 and homes rejected if more than 10% of daily
data points were missing during the heating season. Some homes
withdrew before the end of the monitoring period and were there-
fore excluded from further analysis.

2.6. The trial homes

Initially, 100 homes were selected for the heating controls trial
using the following criteria: they all had gas boilers less than ten
years old and had radiators rather than underfloor heating; they
were providing reliable gas and electricity data®; they had under-
gone the home energy survey; the household had completed the first
questionnaire; and none had a pre-existing ‘smart’ thermostat or
zonal control system.

Towards the end of ‘Year 1’ (Table 1), homes were randomly
assigned to either the ‘Zonal Control Group’ or the ‘Matched

7 The volumetric gas demands were converted to an energy demand using a
calorific value for 2018 of 39.7MJ/m? [5].

8 Data quality was affected by a combination of sensor failure and communications
failure leading to incomplete data sets.
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Group’. The Honeywell Evohome zonal control systems were
offered to 50 homes, free of charge, and installed by an approved
installer in 49. The system was set up with the occupants through
a standardised process®. The installer made an initial visit to each
home to assess the home and identify the number of TRVs needed,
as well as providing an opportunity for householders to ask ques-
tions. They were asked to indicate the rooms in which the pro-
grammable TRVs should be installed and schedules for these zones
so the system could be set up accordingly. At the installation visit,
householders were shown the system and given a User Manual to
keep. As part of the familiarisation process, householders were
advised to ‘play around’ with the controls having been reassured that
they could not break anything.

Subsequent drop-out of participants and further data quality
problems!? resulted in 68 homes suitable for further analysis: 37
in the Zonal Control Group and 31 in the Matched Group. Each Group
was then monitored for a second year, Year 2 (Table 1).

The characteristics of the dwelling, occupants, heating and con-
trol systems in each Group of homes is indicated in Table 2. The
average floor area of the homes, 99 m?, is similar to the averages
for all English homes (94 m?) and owner occupied homes
(108 m?) and the mean energy efficiency rating, as calculated
RASAP v9.92 [15,16], was D, which is the most common rating of
English homes. The two Groups were well-matched in terms of:
the dwelling characteristics (house sizes, number of heated rooms,
energy efficiency and calculated energy demands); the heating sys-
tem (notably the number that used secondary heating often); and
the pre-existing heating controls. There were similar numbers of
households on low income in the two groups, but in the Matched
Group there were fewer people per dwelling on average, more
homes occupied by retired people and more homes occupied all
day compared to the Zonal Control Group.

Following the second year of monitoring, the participating
households were sent a short booklet explaining our findings and
providing them with feedback about their energy demand and
how it compared to that of others in the study. All equipment
was removed and disposed of appropriately except for the zonal
control systems which the households wanted to keep.

3. Results
3.1. Calculated savings in gas demand

The reduction in gas demands due to installing zonal controls
can be calculated in a number of ways. The simplest approach (Sec-
tion 3.1.1) focusses on the total annual gas demand and requires no
weather-corrections to the data. The approach is valid because the
Matched and Zonal Control Groups were exposed to the same
weather conditions. Small differences in the weather exposure of
each individual home can be accounted for by weather-
correcting the gas demands, and this provides a second approach
to calculating the annual gas demand savings from Zonal Controls
(Section 3.1.2). We would not expect the percentage savings pro-
duced by the two methods to differ very much.

Annual calculations include warm days during which gas is
used only, or primarily, for domestic hot water heating and per-
haps cooking, and this gas use is not affected by zonal controls.
To produce an alternative, perhaps more relevant measure of zonal
controls’ effectiveness, analyses were undertaken using data from

9 Occupants were offered temporary electric heating whilst the system was
installed. In some homes the existing TRV’s could simply be replaced, in others the
system had to be drained down to install the programmable TRVs.

10 Several households had smart meters installed by their utility company. These
were incompatible with the automated meter reading device and so gas data
collection ended.
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Table 2
Characteristics of the dwellings, occupants and heating controls in each Group.
Parameter Zonal Matched
control group
group

Number of homes 37 31

Dwelling characteristics

Average occupied floor area [ m? ! 100 97

Average number of heated rooms 6.1 6.1

Number with two bedrooms or less 1 0

Average energy efficiency rating and band from 62 /D 63 /D
EPC 2

Minimum and maximum energy efficiency 43-78 45-87
rating

Annual space heating demand stated on EPC / 13,730 12,290
kWh

Occupancy characteristics

Average number of people in household 35 2.6

Number of single person households 2 4

Number of households with retired people 6 13

Number of households with HRP® over 65 years 6 6
old

Number with households with estimated 9 8
income less than £20,000

Number with permanent or all-day occupancy 15 19

Heating system

Number with combi boiler* 32 23

Number with condensing boiler® 27 23

Number with secondary heating used 17 /4 12/5
sometimes /| often

Heating controls

Programmer only 3 1

Programmer and room thermostat 4 2

Programmer, TRVs and bypass 8 5

Programmer, room thermostat and TRVs 21 22

TRVs and bypass 1 1

The average floor area of English homes in 2018 was: all tenures, 95 m?; owner-
occupied homes 108 m? [35].

2In English homes, the average Energy Performance Certificate rating band, in 2018
was 63, 46% of all English homes are in rating band D [35].

3Household Representative Person, that completed the recruitment questionnaire.
“Remaining homes have conventional boilers.

SRemainder have non-condensing boilers.

‘cold days’ only - when the heating system is likely to be in use'!
(Section 3.1.3). If zonal controls are effective, the calculated savings
should be greater than those calculated using the annual analyses.

3.1.1. Annual savings in gas demand: Simple analysis

In Year 1 (3/11/15-1/11/16), the mean gas demand in the Zonal
Control Group was larger than in the Matched Group, 16 MWh cf.
15 MWh (Table 3). However, after normalising by the floor areas of
the two groups, the Year 1 demand of the Matched Group was just
3% less than the Zonal Control Group (159 kWh/m? cf. 160 kWh/
m?).

The mean gas demand per home increased between Year 1 and
Year 2 in both Groups (Table 3), however, the mean increase in the
Matched Group (+6.81%) was more than double that in the Zonal
Control Group (+3.07%). Considering the change in gas demand
from Year 1 to Year 2 for each home individually, the median
change for homes in the Matched Group (+8.31%) was more than
three times that in the Zonal Control Group (+2.47%). A Mann-
Whitney-Wilcoxon test!? revealed that this difference in the med-

1 The data did not permit a clean approach to disaggregating the gas demands for
domestic hot water demands from the space heating demands. Cold days also include
gas use for DHW, but space heating demands will dominate, especially as the outdoor
temperature decreases.

12 The percentage changes in gas demand between the two years were not normally
distributed.
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Table 4
Changes in gas demand on cold days for the two groups of homes.
Zonal Control Matched
Year 1 Year 2 Year 1 Year 2
Number of homes 37 31
Mean floor area (m?) 100 97
Gas demand on cold days'
Mean gas demand (kWh) 15,241 15,827 14,318 15,433
Mean daily gas demand (kWh)? 51.23 50.98 47.98 49.88
Mean normalised gas demand (kWh/m?) 152 158 148 159
Mean change in mean daily gas demand? —0.48% +3.96%
Median change in mean daily gas demand —0.65% +5.64%
Weather-corrected gas demand on cold days
Mean weather-corrected gas demand (kWh) 15,515 14,719 14,662 14,414
Change in mean gas demand -5.13% -1.69%
Median change in gas demand —4.78% —0.46%
House temperature on cold days
Mean whole house temperature (°C) 19.04 18.82 19.52 19.59
Median whole house temperature (°C) 18.71 18.62 19.21 19.37

'Days in the year when the daily mean outdoor air temperature at each homes’ local weather station was below 15.5 °C.

2The number of cold days differs for each home in the trials.

3The analysis is based on the Mean Daily Gas Demand of each house rather than the Mean Gas Demand for the Group/Year.

ian percentage change of gas demand between the two Groups was
significant at the 5% level (p = 0.04)'.

The mean change in the gas demand of the Matched Group
(+6.81%) acts as the benchmark against which to compare the
change for the Zonal Control Group. Thus, all things being equal,
one would expect the gas demand of the Zonal Control Group in
Year 2 to be 17,040 kWh (i.e., 15,963 kWh x 1.0681). The actual
mean gas demand of 16,443 kWh therefore represents a 3.50% sav-
ing in the mean gas demand. This then, is the gas demand savings
we deduce from this simple analysis of the data.

3.1.2. Savings in gas demand: weather-corrected analysis

The increase in gas demand between the years is likely to be
because Year 2 was colder than Year 1, 2174 heating degree days
(HDD) compared to 1985 HDD. Weather correction can be used
to ‘normalise’ heating energy demands to a standard year. In the
UK, a HDD base temperature of 15.5 °C is used, and for calculating
the operational ratings in non-domestic buildings a standard of
2021 °C.days [13]. Coincidentally, this was also the HDD value
measured for the UK as a whole in 2016 [6]'.

After weather correcting, both the Zonal Control Group and the
Matched Group show decrease in the mean annual gas demand
between Year 1 and Year 2, of —5.97% and —2.46% respectively
(Table 3). The Mann-Whitney-Wilcoxon test indicated that the
median changes for the two Groups were significantly different
at the 10% level (p = 0.05). With the Matched Group as the bench-
mark, the expected gas demand in the Zonal Control Group in Year
2 would be 15,871 kWh (i.e., 16,295 x 0.974). The actual weather-
corrected mean gas demand was 15,322 kWh, a reduction of
572 kWh, or 3.60% compared to the expected demand'”. This is a
very similar value to that calculated without weather correction,
which is to be expected.

13 The percentage changes in gas demand and the results of the Mann-Whitney-
Wilcoxon test will be the same if analysis is done on a gas demand per unit floor area
(kWh/m?) basis.

4 The calculated change in gas demand between Years 1 and 2 is rather insensitive
to the exact value for the standard HDD.

15 Had the calculation been based on the mean gas demand of the groups and the
mean HDD experienced by the group, rather than by weather correcting each home’s
gas demand individually before taking the mean, the savings calculated would have
been the same.

3.1.3. Reduction in gas demand on cold days

To focus only on days when the heating system is likely to be in
use, and to exclude days when gas is used only for domestic hot
water and possibly cooking, the energy saving analysis was
repeated using gas data measured on ‘cold days’. These were
defined as days when the weather station local to each house
recorded a mean daily temperature below 15.5 °C'°. The nine
weather stations that covered the 68 homes recorded between 276
and 312 (mean 291) cold days in Year 1 and between 281 and 329
(mean 297) in Year 2.

Firstly, comparisons of gas demand without weather correction
are made based on the mean daily demand on cold days (the num-
ber of such days differs between the homes). The mean daily gas
demand between Year 1 and Year 2 in the Matched Group
increased by 3.96%, in contrast the mean daily gas demand of the
Zonal Control Group decreased by 0.48% (Table 4). The median
changes in the gas demand between the two groups were signifi-
cantly different at the 5% level (Mann-Whitney-Wilcoxon test,
p = 0.03). With the Matched Group as the benchmark, the expected
mean daily gas demand in the Zonal Control Group in Year 2 would
be 53.26kWh (i.e., 51.23 x 1.0396). The actual mean daily gas
demand was 50.98kWh, a reduction of 2.28kWh, or 4.28% com-
pared to the expected demand. As anticipated, this is a little greater
than the figures calculated for the annual gas demand savings.

The cold day analysis was repeated but the gas demands of each
house were individually weather corrected. This inherently
accounts for the different number of cold days at each home and
so comparisons can be made on the basis of each Group’s mean
weather-corrected gas demand. The mean gas demand of the Zonal
Control Group decreased by more than the demand of the Matched
Group (Table 4). The median changes in the gas demand between
the two groups were significantly different at the 5% level (Mann-
Whitney-Wilcoxon test,p = 0.04). With the Matched Group as
the benchmark, the expected mean daily gas demand in the Zonal
Control Group in Year 2 would be 15252 kWh (i.e,
15,515 kWh x 0.983). The actual mean daily gas demand was
14,719 kWh, a reduction of 533 kWh, or 3.5% compared to the
expected demand. This is the same as the calculation of savings
based on annual demand (Sections 3.1.1 and 3.1.2).

16 The number of cold days therefore differs from one house to the next and days
with a mean temperature above 15.5°C are interspersed with those where the
temperature is below 15.5°C, especially at the end of the traditional heating season.



KJ. Lomas, D. Allinson, S. Watson et al.

Room temperatures were available for 21 of the homes in the
Zonal Control Group and 16 in the Matched Group. For these
homes, a whole house temperature was calculated for both years
by averaging the room temperatures'’ recorded at every half hour
on every cold day. The mean and median values of this (space and
time averaged) house temperature (Table 4), suggest that, as
expected, reductions in energy demand achieved by zonal controls
are associated with reduced indoor temperatures. The matter is
investigated in more detail in Section 3.3.

3.2. Gas demand savings in individual homes

The year-to-year change in the annual weather-corrected gas
demands of the individual homes showed marked differences
between the Zonal Control and Matched Groups (Fig. 2)'8. In the
Matched Group, the median change in gas demand was —1.28%
(Table 3) and the number of homes that used less gas was similar
to the number that used more: 55% using less gas in Year 2 (up to
18% less) and 45% used more gas (up to 13% more). In the Zonal Con-
trol Group, the median change in gas demand was —6.29% (Table 3),
with 70% of the homes using less energy (up to 31% less) and 30%
more (up to 15% more, excluding the outlier). The median percent-
age change in the gas demand between the two groups was signifi-
cant at the 10% level (Mann-Whitney-Wilcoxon test, p = 0.05).

The muchwidervariationin the change of gas demandin the Zonal
Control Group might be expected because the new controls would
provoke households to pro-actively consider how to heat their home.
The greater number of homes using less energy in the Zonal Control
Group is notable, as are the high energy savings achieved in some
homes; 14 of the 37 homes with Zonal Controls made annual reduc-
tions in the weather-corrected gas demand of 10% or more. There
was no significant relationship between pre-existing controls in the
homes and whether the installation of zonal controls and the pre-
existing controls resulted in energy savings (or not).

3.3. Gas demand and whole house temperatures on cold days

It has been noted above, that if heating controls are to save
energy, then, all other things being equal, one would expect the
time and space-averaged whole-house temperature to be lower.
The overall results for the cold-day analyses (Section 3.1.3) sug-
gested that this was so, at least for the homes with zonal controls.
To investigate further, for the 37 homes for which room tempera-
tures were available, the change in whole house temperature (be-
tween Years 1 and 2) was compared to the corresponding change
in the weather-corrected gas demand (Fig. 3).

As expected, homes in which the whole-house temperature
increased in Year 2 also used more gas (quadrant Q1). Conversely,
homes that had a lower whole-house temperature in Year 2, also
used less gas (Q3). However, six homes did not follow this trend
(Q2 and Q4). This could be because the calculated whole-house
air temperatures was not representative of the true whole-house
temperature (every room did not have a temperature sensor) or
it could be due to other changes between heating seasons (e.g., dif-
ferences in internal heat gains or window-opening behaviour).

Interestingly, although the regression is not strong, (R? = 0.5),
the gas demand decreased by about 15% per 1 °C decrease in the
calculated whole-house temperature, which is comparable to the
sensitivity others have quoted'®.

17 Temperatures were available for between 5 and 10 rooms, median 8, in these 37
homes.

8 Remarkably similar variations were revealed in the weather-corrected gas
demands on cold days.

19 Others have indicated savings of around 13% for a 1K change in thermostat setting
[41] and 10% for a 1K change [48]
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Fig. 2. Percentage change in the annual weather-corrected gas demands between
Year 1 and Year 2, for homes in the Zonal Control Group and Matched Group.
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Fig. 3. The change in whole-house temperature on cold days between Years 1 and 2
and the corresponding change in weather-corrected gas demand.

3.4. Changes of temperature in individual rooms

To understand how households were using zonal controls, the
change of indoor temperature on cold days was examined for:
the whole house; the mean temperatures in all bedrooms; the
mean living room temperature; and the mean temperature in other
rooms’ (Fig. 4).

It can be seen that, in both groups, some households decreased
the median whole-house and room temperatures, but some
increased it. In all cases (whole house and all rooms) the inter-
quartile range in temperature change was greater for the Zonal
Control Group than the Matched Group, which suggests, as noted
above, that installation of the zonal control provoked engagement
with the heating system and changes to heating practices.

For the whole house, the median temperature change in the
Zonal Control Group of —0.12 K was significantly different from
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Fig. 4. The change in the indoor temperatures on cold days between Year 1 and
Year 2 in the Zonal Control Group and the Matched Group: changes for the mean
whole house, bedrooms, living room and other rooms.

the median change in in the Matched Group, +0.18 K (Mann-
Whitney-Wilcoxon test, p = 0.04). This whole house observation
arises primarily due to changes in the temperature of the
bedrooms.

In 17 of the 21 monitored homes that had zonal controls (81%), the
mean temperature in the bedrooms was lower after the controls were
fitted; in all other rooms the mean temperature change was close to
zero (Fig.4). The median change in the mean temperature of the bed-
rooms in the Zonal Control Group was —0.45 K, which was signifi-
cantly different from the median change in the Matched Group,
+0.12 K, at the 5% level (Mann-Whitney-Wilcoxon test, p = 0.01). For
thelivingroomand the combined other rooms, the changes of median
temperature between the Zonal Control Group and Matched Group
were not significantly different.

To explore further, the mean temperature in the bedrooms, as
measured at each half hour on cold days, was compared for each
Group for Year 1 and Year 2 (Fig. 5). In Year 1, the homes in the
Zonal Control Group had a mean bedroom temperature in the eve-
ning, after 17:00, that was about 0.7 K lower than in the Matched
Group. In Year 2, the evening temperatures in the Matched Group
changed very little, but the evening temperature in the Zonal Con-
trol Group decreased by between 0.3 K, at c17:00, and 0.7 K, at
21:00 (Fig. 5). The bedroom temperatures start to decrease earlier
in the evening after the controls were fitted than before. This sug-
gests that, for this sample of homes, reducing the temperature of
the bedrooms, during the evening heating period, and perhaps
heating them for a shorter period, was the preferred energy saving
opportunity.

3.5. Statistical analysis of house or household characteristics

For the homes in the Zonal Control Group, further analysis was
undertaken to determine if dwelling and household characteristics
influenced whether or not the homes used less gas in Year 2 than
Year 1.2% 2'A number of characteristics were examined: floor area,

20 The analyses were conducted using the annual gas demand, but the results were
the same when the weather-corrected annual gas demand was used for the analyses.

21 Homes were considered to use less gas in Year 2 than Year 1 if their percentage
change from Year 1 to Year 2 was less than the median percentage change from Year 1
to Year 2 for the Matched Group.

21 T T T T T T
Year 1 Heating Season ZC
— — —Year 2 Heating Season ZC
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Year 2 Heating Season Matched

Mean bedroom temperature (°C)

Time (hour)

Fig. 5. Mean half-hourly temperatures in the bedrooms during the heating season
in Year 1 and Year 2 for the Zonal Control Group and Matched Group of homes.

SAP-calculated space heating demand per unit floor area; number
of occupants and number per unit floor area; occupants’ age band;
employment status of the principal home occupant; annual house-
hold income band; and the Domestic Operational Rating in Year 1
[29]. Of these, only the annual, SAP-calculated, space heating
demand proved to be statistically significant. Even though the differ-
ences in the median annual space heating energy demands were
small, 1.3 MWh.pa in the homes that saved energy and 1.2 MWh.
pa in the homes that did not (Fig. 6), this difference was significant
at the 5% level (Mann-Whitney-Wilcoxon test, p = 0.04). This sug-
gests that households living in less thermally-efficient dwellings
are more likely to reduce their gas demands by using zonal controls.

4. Discussion
4.1. Zonal controls, energy savings and room temperatures

To the present authors’ knowledge, this paper provides the first
robust, field evidence of the space heating energy savings likely
from zonal controls. By retrofitting zonal space heating controls
in typical UK homes, the annual gas demand and the average gas
demand on cold days was reduced by an average of 3.5% compared
with homes that had no intervention. These heating energy savings
are much lower than the 8-37% that previous literature has sug-
gested [7,8,12,33,46].

The effects on heating energy demand of installing zonal con-
trols was varied between the homes. Whilst six of the 37 house-
holds in the Zonal Control Group reduced their gas demand by
over 10% (one household by 31%), the gas demand of six house-
holds increased. It seems that the new zonal controls were used
by some households to improve thermal comfort whilst in others
the controls were employed to save energy. As Sovacool et al. [9]
note, “people care about being warm and comfortable at home, .. ...
and we .. .. recognize that not everyone wants to minimize cost....".
The data set reported here has been used elsewhere to understand
the non-energy benefits of zonal controls [50].

In the homes where the gas demand reduced after the installa-
tion of zonal controls, the whole house temperatures on cold days
was also lower. This overall difference was primarily because bed-
rooms were 0.3 K to 0.7 K cooler in the evening and the bedroom
heating appeared to be turned off earlier. Perhaps the bedrooms
were previously being over-heated or heated when unoccupied.
This work therefore supports the separate control of living and
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Fig. 6. Annual SAP-calculated space heating demand for homes in the Zonal Control
Group: comparison of homes that reduced gas demand in Year 2 with homes that
used more gas in Year 2.

sleeping areas as mandated for larger new homes in the UK Build-
ing Regulations [22]. Extending this mandate to refurbishment of
existing homes could be beneficial. Standalone programmable
TRVs could be a cost-effective retrofit solution.

Households living in dwellings with a larger estimated space
heating energy demand (as calculated by the SAP) reduced gas
demand significantly more after installing the zonal controls than
households in homes with lower space heating demands. Given
that the floor area and the number of occupants were not signifi-
cantly different, this suggests that energy savings were greater in
less thermally efficient dwellings. Although in this work, the differ-
ences were small, the result does align with that from modelling
studies [7] - and is to be expected. In poorly insulated homes,
small changes in room temperature, especially bedroom tempera-
ture, will lead to greater reductions in gas demand than in well-
insulated homes (where the bedrooms may be warmed by the heat
provided to other spaces). Also, in well-insulated homes, the need
for water heating begins to dominate the gas demand, and zonal
controls do not influence this.

It can be readily imagined that large and poorly insulated
homes with fewer people living in them may be the ideal market
for zonal control technology. However, the ability to improve com-
fort without large increases in energy demand is also a potentially
valuable function of zonal control technology, e.g., in homes where
the cost of space heating is a material factor. This could reduce
rebound effects after other technological interventions, such as
fabric insulation, and thereby improve the energy savings in a
whole house retrofit.

Smart, wireless, zonal controls are not necessarily the most
cost-effective way to reduce space heating energy demand. Based
on an upfront cost of £1,000% (equipment and installation) it would
require savings of £100 per year to achieve a simple payback of ten
years. The mean savings seen here, c£41 per year on average, would
lead to much longer payback times, especially if system maintenance
costs and any discounted cash flow are considered). As noted above,
stand-alone programmable TRVs, c£20 each, may be a more attrac-
tive option in many circumstances. Both types of control have ongo-
ing associated costs for batteries, which are not required for
conventional TRVs.

Zonal controls are most likely to be installed as retrofit option to
replace ineffective, old or malfunctioning controls on hydronic
heating systems. Convenience and cost relative to other control

22 All prices are approximate and applicable at the time of writing.
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options then becomes important. Whether or not a household
saves energy will depend, as noted above, both on the systems’
use and the effectiveness and use of the previous controls.

Like any connected domestic technology, zonal controls are
hostage to the quality of the internet connection and people’s facil-
ity with new technology and concerns about data protection and
personal privacy. The Honeywell controls collect the data on room
temperatures, set-point temperatures, heating schedules and the
use made of the controller on a central server.

Overall, wireless, digital, zonal space heating controls are unli-
kely to make a significant contribution to reducing national
domestic heat demand, however they do allow some households
to make heating energy savings and others to improve thermal
comfort. The utility of zonal space heating controls will therefore
depend on the household and what they are hoping to achieve.

4.2. Field trial methodology

Trials in many branches of science use control groups as an
established and essential component of the research methodology.
The control group accounts for the ‘known and unknown unknows’
that pervade people-centred studies. In the area of building science
control groups are rarely used; even in socio-technical studies, the
complexity, duration, and so cost, are major barriers. Instead, field
trials often use small samples and/or make adventitious use of nat-
ural, or already occurring interventions (such as pre-planned refur-
bishment). The counterfactual is then modelled, perhaps using
weather correction or other approaches in order to estimate the
magnitude of change, e.g., in energy demand.

The work reported here clearly illustrates the substantial errors
associated with not using a control (matched) group, even if
weather correction is undertaken. In these trials, for example, the
annual weather-corrected gas demands of a group of homes was
16,295kWh, and in Year 2, after the zonal controls had been
installed, 15,322kWh (Table 3). The incorrectly-calculated saving
is thus 5.97%, which is much greater than the correctly-
calculated saving of 3.50%. The errors arise because of year-to-
year energy demand changes driven by exogenous factors that can-
not be accounted for by weather correction, e.g., changes in fuel
prices, wider economic and social pressures, changes in hot water
and cooking behaviours, and uncorrected weather affects like solar
radiation and wind speed. A Matched Group of homes acts as a
barometer to measure these unaccounted-for influences. In this
work, the Matched Group indicated that such influences caused a
2.46% change in the annual weather-corrected gas demand
between Years 1 and 2 (Table 3). Note that 5.97% — 2.46% =
3.51%, which corresponds to the correctly-calculated savings of
3.5%.

4.3. Wider relevance

Although this work, and much of the prior work on zonal con-
trols, has been undertaken in the UK, the results have relevance
for policy makers, construction companies, housing providers and
researchers in all countries where hydronic heating systems are
found.

The results are also pertinent when considering future, low and
zero-carbon, domestic home heating concepts, be these based on
hydrogen boilers, hybrid boilers, heat pumps, integrated commu-
nity energy systems, etc. In fact, because zonal controls provide
households with a convenient method of controlling which rooms
are heated at which times and to what temperatures, they enable
more nuanced and diverse approaches to offering demand flexibil-
ity. In particular, they enable households to respond to time-of-use
heating energy tariffs and so avoid high energy prices whilst main-
taining acceptable thermal comfort, for example by not heating
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unoccupied rooms, by temporarily heating to a lower temperature
or by moving into a single heated ‘family’ space. Thus, whilst the
absolute energy demand reductions from zonal controls might be
small, the heating flexibility offered, and the monetary savings
possible, could be valued by both energy providers and
households.

4.4. Study limitations

Although this study was larger and longer than others that have
investigated zonal controls, there were a number of limitations:
only one year of post-intervention data was analysed (although
some homes with zonal controls were monitored for two year);
all dwellings were of a similar size and type so it was not possible
to pinpoint the dwelling and household characteristics that may
lead to greater, or lesser, energy savings; and the homes were all
owner occupied, thus the impact of the controls in social housing,
for example, was not revealed.

By examining the time-varying internal temperatures in the
rooms of the homes, it would be possible to identify more clearly
when and how homes were heated and the effect that zonal con-
trols had on the temporal and spatial demand for heat. Some effort
has been made in this direction [50] but more in-depth analysis of
the room temperatures in the DEFACTO dataset would be possible.
Studies of controls could also usefully monitor the gas boiler, its
time of use and power output. Partial heating has been shown to
reduce the overall efficiency of gas boilers [7,8]. But such monitor-
ing is more complex and the DEFACTO dataset doesn’t contain such
data.

Energy saving trials that rely on people’s behaviours need a
large number of participants divided into intervention and control
(matched) groups. Even though statistically significant results
were obtained, the final cohort of homes consenting to have new
controls and providing reliable data was much smaller than
intended, despite significant efforts to maintain the cohort. The ini-
tial recruitment to field trials needs to account for likely partici-
pant drop-out rates if statistical validity is to be preserved.

In this work, households were randomly assigned to either the
Zonal Control Group or the Matched Group. Some features, notably
the number and characteristics of the occupants, differed between
the Groups. With more participating households it would be possi-
ble to match multiple criteria and so further improved the repre-
sentativeness of the Matched Group.

Multi-year trials are need because participants’ interaction with
control systems may change over time, especially through natural
evolution in household composition and potential changes in
house ownership. The initial interest in new controls may also
wane over time leading to a drift in energy demand. Considerable
effort is required to track cohorts of households over many years.

Because robust multi-year field trials of energy saving technolo-
gies require advanced planning, take a long time, and so are expen-
sive, they are rather rare in a relatively poorly resources areas, such
as building science.

5. Conclusions

To the authors’ knowledge, this work provides the first credible
evidence of the in-use energy savings of digital, wireless zonal
space heating controls. Although the monitored homes were all
gas-fired, semi-detached homes, in the English Midlands, the
results have relevance wherever hydronic domestic heating sys-
tems are used, and in the future when alternative forms of heat
production may proliferate, e.g., boilers, heat pumps or district
heating systems.
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Domestic energy demand arises from the complex interaction
of technical, social and economic factors. Simple calculations of
energy savings, which did not account for such exogenous factors,
overestimated the energy savings from the zonal controls even
after the data was weather corrected. A well-conceived ‘control’,
i.e.,, a Matched Group of homes, is essential to achieving reliable
estimates of energy savings arising from interventions. The field
methodology presented here illustrates the approach.

The installation of zonal controls resulted in a significant reduc-
tion of the mean and median annual and cold-day gas demands.
Relative to the Matched Group, the mean annual and cold-day
gas demands of the Zonal Control Group decreased by 3.5%.
Approximately two thirds of the homes with zonal controls saved
energy and one third used more energy. The mean and median
measured savings are much lower than the savings claimed in pre-
vious published studies.

The wide variation in the energy demand changes before and
after zonal control were installed, together with the changes in
whole-house temperatures on cold days, suggest that the house-
holds pro-actively engaged with the control system. Some house-
holds increased the whole-house temperature on cold days, and
increased their gas demand, whilst others reduced both the gas
demand and the whole-house temperature.

The reductions in the gas demand of the homes with zonal con-
trols was primarily achieved by reducing the temperature and
duration of heating of bedrooms during the evening. The resulting
median change in the whole-house temperature on cold days was
significantly greater in the Zonal Control Group than the Matched
Group. The temperatures in other rooms also changed, sometimes
yielding a higher average temperature and sometimes a lower
temperature.

Of all the dwelling and household characteristics examined,
only the dwelling’s annual heating energy demand as estimated
by the UK Standard Assessment Procedure had a significant impact
on energy savings. The median energy savings were significantly
greater in the less energy efficient (poorly insulated) homes. This
result aligns with others’ general observations, although in this
work the absolute differences in the savings were small.

Wireless, digital zonal controls are expensive and unlikely to
provide an acceptable payback through reductions in energy bills.
They may, however, provide some households with a more conve-
nient method of controlling their heating system and enable a flex-
ible response to changes in time-of-use energy prices.
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