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Abstract—One of the largest single uses of energy, and in most
countries therefore oil and gas, is the heating and cooling of
buildings. Much of the built environment we need to decarbonise
by 2050 is already built. Adapting this infrastructure is going to
be disruptive and expensive, and take time we arguably do not
have. The main current approach to limiting this consumption is
to try to tightly control the indoor conditions to a given setpoint
temperature. But, is there another approach? We have conducted
a year-long study of the actual thermal performance of a large
non-domestic building. We find that there are three significant
socio-technical gaps between the buildings systems’ perception of
how the building performs and the temperatures experienced by
building users which affect peoples’ comfort and waste energy. In
contrast with traditional approaches, we argue for more flexibility
and adaptivity in both the policy and and how the building is
controlled to address this. We believe that mitigating these gaps
and avoiding the wasted energy and associated indirect emissions
is a significant opportunity for future ICT for sustainability
systems.
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I. INTRODUCTION

Heating and cooling non-domestic buildings make up 11%
of energy-related emissions globally, with the largest share
originating from space heating and cooling [1]. 60% of
this globally is met by fossil fuels. Active cooling demand
has tripled since 1990 [1]. There is no question that huge
proportions of the existing built environment need signifi-
cant improvements to reduce this energy burden and help
us decarbonise our heating and cooling. The very changing
climate itself will likely significantly increase, rather than
reduce, this demand further—since energy is normally needed
to bring high temperatures down and low temperatures up to
meet social expectations and standards for comfort worldwide.
More extremes of temperature outdoors will lead to less
temperature stability indoors unless it is controlled in some
way—conventionally by adding more heating or cooling!

To keep these temperature adjustments in check and be
able to respond to the constantly changing conditions, the
intuitive and traditional technological response is to add more
sensors and control equipment to address comfort issues.
This is partially motivated by a facilities managers’ desire
to have increased coverage and more data to inform their
organisational strategy, and to more precisely automate heating
and cooling through granular control of when and where
heating and cooling is applied and of set point temperatures

within buildings. If automation leads to a more consistently
controlled building, it might be argued, there should be fewer
complaints from its users to contend with!

Yet, as we report in this paper, in our experience it has
become clear that often the building occupants are neither par-
ticularly comfortable nor have sufficient agency or user-facing
controls to address this. Further, complaints, once raised,
seemingly also have led to little actual effect in resolving the
underlying problems. Substantial parts of the building seemed
to be significantly overheated, even when sparsely occupied,
and not just on those rare sunny days in our part of the
world'. What is causing this overheating, even within a fairly
recent Northern European building? Not least, this represents
a significant waste of energy and associated GHG emissions
due to unnecessary space heating.

As a case study, we set out to instrument our environ-
ment more systematically, we were specifically interested in
where and when overheating was occurring, whether there
was substance to the complaints, and what, if any, effect
radiant heat from the sun and other weather related factors
was having on the ambient temperatures experienced. We
created and deployed a simple data logging infrastructure in 17
individual single-occupant offices for almost a year. Drawing
upon Fanger’s seminal thermal comfort framework as a lens
to analyse the results [2]. The findings support our initial
assumptions that there are significant issues which are not
captured by the existing pre-installed building management
sensors—or require further nuanced contextualisation in the
building to be properly understood.

This paper is not intended to present a complete analysis of
these data (this will be found elsewhere) nor the occupants’
comfort; rather, our intention is to highlight opportunities that
are available to our community as developers of possible
technical solutions to help address this significant and energy
intensive challenge. Our analysis uncovers three key gaps in
relation to building energy management and thermal comfort,
and we discuss how ICT can have a role in bridging these
gaps that are potentially more cost and carbon-effective than
business-as-usual approaches. If widely deployed, this could
offer significant potential for saving energy and related emis-
sions savings in similar buildings worldwide.

'Northern UK, Western Europe.



II. BACKGROUND AND RELATED WORK
A. ICT4S, Thermal Comfort and Overheating

We are not the first to discuss non-domestic energy-related
topics at ICT4S. Work has featured sensor networks and archi-
tectures for intelligent building monitoring [3], [4]; utilising
building management data for energy system diagnostics and
transitions [S5], [6]; office interventions, co-operative games,
and co-working for energy reduction [7], [8], [9]; ICT potential
for decarbonising buildings [10], [11]; and organisational
decision-making and stakeholder attitudes [12], [13].

Regarding thermal comfort and overheating more specifi-
cally, ICT4S has considered both domestic and non-domestic
settings, for example proposing using heat from supercom-
puters to warm cities [14]; studied energy managers and the
impact of a thermal comfort lens in managed apartments [15];
indoor temperature awareness using ambient displays [16];
and, of heat pumps in domestic settings [17], [18], [19]—
including identifying when they malfunction [20].

Work in domestic thermal comfort in HCI and Ubicomp
more generally has tended to focus on optimisation of heating
and cooling on behalf of users. i.e., where control systems
and digital interventions try and more efficiently achieve a set
point temperature such as 21°C. For example, more optimal
preheating of domestic buildings when they are predicted to
be occupied [21], improving heat models that consider the
thermal transfer between rooms and floors [22], or using
thermal cameras to explore the temperature of spaces [23].

Our work aligns more closely with the holistic approach of
Clear et al., who explored domestic thermal comfort broadly,
considering how individuals can improve their own comfort
by adopting adaptive behaviours such as changing clothing,
opening windows and doors [24], [25]. Critically, individuals
are called to adapt by working with their environment, to
achieve comfort and also reduce energy consumption for
heating. In later work situated in offices, occupants were
shown to prefer spaces where they feel more comfortable, and
were offered an interface for finding desks that better match
their thermal experiences and preferences [26]. An individual’s
thermal comfort has been connected to their productivity [27]
and health [28]. Recasting the terminology ‘to hot desk’,
‘Cool Desking’ [29], [30] speaks to the needs of those who
are specifically looking to find cooler and more comfortable
spaces to work in as they need to.

B. Thermal Comfort

Thermal comfort is subjective but also has been charac-
terised through experimentation and embedded in standards
which govern the indoor environment of buildings. When
someone is thermally comfortable, they are said to be in a
state of mind where they express satisfaction with their thermal
condition [31]. This is a subjective judgement, and relates
to a thermal strain based on dynamic heat transfer between
the person’s body and their environment. It thus relates very
much to each individual and what they individually experience.
Being thermally comfortable is an important concept as it

affects an individual’s overall well-being, productivity and
health—but central to our argument, maintaining ‘a comfort-
able temperature’ for everyone can consume vast amounts of
energy [27], [32]. It should be clear that to do so is always
at best a compromise, where the least number of people are
dissatisfied.

Thermal comfort is often crudely associated with ambient
air temperature, and indeed, we are conditioned to do so
via thermostats and ambient temperature displays. Standards
suggest non-domestic building management systems should
generally maintain a temperature at 21°C in UK [33]. But
thermal comfort is thought to be more than this: in the 1970s,
Povl Ole Fanger’s foundational work [2] explored several
possible additional parameters of thermal comfort, arriving at
his well known six-parameter model: air temperature, radiant
temperature (reflected heat, e.g., from the sun, walls and sur-
faces), air humidity, and air speed. Plus two further parameters
relating to the individual: clothing level and metabolic rate.
The 21°C set point temperature enshrined in building standards
is believed to originate from assumptions following from these
studies. 21°C was thought to be comfortable for those studied
at the time. Later critics have pointed out that these studies
lack in participant diversity and do not reflect the modern
workplace; being with predominantly of seated white middle-
aged men in 1970s business attire [29], [34], [35].

Humans are found to readily adapt and find “comfort”
within an eight-degree range over a day, with some actively
seeking the thermal delight from a more dynamic and chang-
ing thermal environment (known as ‘Alliesthesia’) [36], [37]. It
may be that rapid changes in operative temperature> more di-
rectly govern perception of “comfort”, than a specific ambient
temperatures [38]—despite commonly held ‘folk associations’
of comfort with particular and specific temperatures [39].

Studies have shown that people can and do make themselves
comfortable within the range of conditions they commonly
experience [40]. Naturally, these conditions vary significantly
around the world. Expectations of what comfort is are in
fact societally defined [41], and there is no single shared
expectation of this that would please everyone. In fact, what is
clear from the literature, is that people have different personal
experiences and interpretations of comfort depending on age,
gender, underlying health conditions, geography and cultural
experiences—all of which intersect and compound their ex-
pectations [29]. Even per individual, what is comfortable now
may well not be soon after activity, recent meals, adjusting
clothing, and so on.

Despite a body of work focusing on thermal comfort in
the home, the workplace is less well studied. Workplaces are
more complex in that they are often shared, with different
expectations about the degree to which building users are
expected to be able to influence their comfort, and the controls
available for them to do so. Lack of control compounds
an individual’s lack of agency and perceived responsibility

2Qperative temperature is a single factor that combines ambient and radiant
temperatures, sometimes with an air flow and humidity factor.






